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Abstract

The in vivo activities and conformational changes of ribosome recycling factor from Thermoanaerobacter tengcongensis (TteRRF)
with 12 successive C-terminal deletions were compared. The results showed that TteRRF mutants lacking one to four amino acid res-
idues are inactive, those lacking five to nine are reactivated to a similar or a little higher level than wild-type TteRRF, and those lacking
ten to twelve are inactivated again gradually. Conformational studies indicated that only the ANS binding fluorescence change is cor-
related well with the RRF in vivo activity change, while the secondary structure and local structure at the aromatic residues are not chan-
ged significantly. Trypsin cleavage site identification and protein stability measurement suggested that mutation only induced subtle
conformation change and increased flexibility of the protein. Our results indicated that the ANS-detected local conformation changes

of TteRRF and mutants are one verified direct reason of the in vivo inactivation and reactivation in Escherichia coli.

© 2007 Elsevier Inc. All rights reserved.
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Protein synthesis consists of initiation, elongation, ter-
mination, and ribosome recycling. When translation of
an mRNA has been completed on the ribosome, the pep-
tidyl-tRNA with a nascent polypeptide is translocated
into the ribosome P site, and a stop codon is translo-
cated into the ribosomal A site. Then a class I release
factor, RF1 or RF2, binds to the ribosomal A site,
and induces the release of the nascent polypeptide. After-
wards, a class II release factor, RF3, binds to the ribo-
some, catalyzes the release of RF1 or RF2, and
dissociates in a GTP-dependent manner [1-4], leaving
behind a post-termination ribosomal complex consisting
of mRNA, deacylated tRNA at the P site, and an empty
A site. Dissociation of the post-termination complex,
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recycling of the ribosomal subunits back to a new round
of initiation is an essential step in protein synthesis [5].
Ribosome recycling factor (RRF)? is an essential factor
to trigger the dissociation of the post-termination com-
plex [6-11]. RRF homologues have been found both in
prokaryotic and eukaryotic organelles such as chloroplast
and mitochondria [12-14]. All reported RRFs are highly
similar in amino acid sequences [15,16]. The crystal and
solution structures of RRFs from six different bacterial
species have been solved [15-21]. All of these structures
comprise two domains connected by a flexible hinge:

2 Abbreviations used: RRF, ribosome recycling factor; EcoRRF, Esch-
erichia coli RRF; TteRRF, Thermoanaerobacter tengcongensis RRF;
TthRRF, Thermus thermophilus RRF; CD, circular dichroism; MS, mass
spectrometry; PCR, polymerase chain reaction; IPTG, isopropyl-p-Dthi-
ogalactopyranoside; ANS, l-anilino-8-naphthalenesulfonate; MALDI,
matrix assisted laser desorption ionization; TOF, time of flight.
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domain I displays a three-stranded o-helix bundle struc-
ture, and domain II exists as a three-layer PB/o/B
sandwich structure. The two domains are arranged in
an L-shaped conformation. A study of domain swapping
between Escherichia coli RRF (EcoRRF) and Thermo-
anaerobacter tengcongensis RRF (TteRRF) revealed that
the RRF domain I bind to ribosomes, and domain II
plays a crucial role in the concerted action of RRF
and EF-G for the post-termination complex dissociation
[22].

Interestingly, Fujiwara et al. reported that in a cross-
species-complementation experiment, the Thermus ther-
mophilus RRF (TthRRF) mutant lacking five amino
acids from its C-terminal end (7thARRFACS) could effi-
ciently rescue the temperature sensitive phenotype
E. coli strain (fir® phenotype) at the non-permission
temperature of 42°C but not the full-length protein.
This suggested the existence of modulator activity of
the C-terminal tail of TthRRF [7,15]. Based on the crys-
tal structure of TthRRF, Toyoda et al. ascribed this
modulator activity to the increase of the flexibility of
the inter-domain interaction of 7thRRF, which was fur-
ther confirmed by genetic mutation studies at the inter-
domain loops [15]. Unfortunately the C-terminal
modulator element was not confirmed in RRF from
other bacteria species, such as Mycobacterium tuberculo-
sis [23]. Therefore, it was necessary to retest the C-ter-
minal modulator effect by using a RRF from another
thermophilic bacterium.

Three questions to be addressed are particularly inter-
esting. First, does the modulator activity of the C-termi-
nal tail of TthRRF also exist in other thermophilic
RRFs? Second, if it does, how many C-terminal amino
acid residues could be deleted before the activity in
E. coli is lost? Finally, what is the structural basis of
the C-terminal tail modulator activity? To answer these
questions, 7t¢eRRF was chosen as a model. The reasons
for choosing this RRF protein were threefold. First, both
TteRRF and TthRRF are from thermophilic bacteria,
and their amino acid sequences are highly homologous
[24]. Second, although neither of them can efficiently res-
cue E. coli using its fir'"® phenotype, slow growth of the
transformant harboring plasmid for the expression of
TteRRF or TthRRF was observed after prolonged incu-
bation, indicating that weak residual activity still remains
in TteRRF and TthRRF under heterologous conditions
[7,24]. Twelve successive C-terminally truncated TteRRF
mutants (AC1-ACI12) were created (Fig. 1). The ribo-
some recycling activity of the 7teRRF mutants was com-
pared with wild-type TzeRRF using in vivo activity
assays in E. coli. Moreover, the possible mechanism of
the C-terminal tail modulator activity of thermophilic
RRFs in E. coli was also examined by comparing subtle
changes in their conformation between wild-type
TteRRF and its C-terminally deleted mutants by using
circular dichroism (CD), fluorescence spectra, and mass
spectrometry (MS).

Fig. 1. Crystal structure of 7thARRF using PDB ID: 1EH1.pdb. TthRRF
is similar to T¢eRRF in its biological features. This graph was generated
using MolMol software. The side chains of eleven C-terminal residues
(equivalent to twelve TteRRF C-terminal residues) are indicated. The
equivalent Tyr and Trp residues are also indicated as stick-and-ball
figures.

Materials and methods

Bacterial strains, plasmids, and chemicals

The E. coli LJ14 is a MC1061 strain (fi"*), in which the chromosomal
wild-type fir allele was replaced with a mutant allele (V117D) [6], allowing
E. coli LJ14 to grow at 30 °C but not at 42 °C. This strain was used for the
in vivo activity assays of wild-type TteRRF and its C-terminally deleted
mutants by complementation analysis. pET-DB was constructed in our
laboratory [25] and used for the expression of 7teRRF and its mutants.
pQE-60, a vector with a strong Ts promoter, was purchased from QIA-
GEN. It was used to construct pQE-77eRRF and its C-terminally deleted
mutants for analysis of the complementation of E. coli LI14 (fir").
Restriction endonucleases were from NEB, and the DNA ligation kit was
from Takara. All other reagents were of analytic grade.

Construction of plasmids for the expression and the in vivo
complementation assay of TteRRF and its C-terminally deleted
mutants

pET-DB-T7eRRF and pQE-T7eRRF were constructed as described
previously [22,25]. The twelve C-terminally deleted mutants (77¢eRRFACx
(x =1, 2,...and 12)) were obtained by polymerase chain reaction (PCR)
using pET-DB-T7eRRF as a template. The N-terminal primer for all of
the twelve mutants was 5-GGT ACC ATG GGT AGC GAT TAT TTG
AAA GAC AGT G-3/, containing an Ncol restriction site (bold). The
C-terminal primers for 72eRRFACx (x = 1, 2,...and 12) were 5'-GAT TGG
ATC CTT ATT CCA TTA TCT CCT TTT CTT TAG C-3', 5'-GAT TGG
ATC CTT ACA TTA TCT CCT TTT CTT TAG CCT C-3', 5'-GAT
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TGG ATC CTT ATA TCT CCT TTT CTT TAG CCT CTA C-3,
5’-GAT TGG ATC CTT ACT CCT TTT CTT TAG CCT CTA C-3,
5'-GAT TGG ATC CTT ACT TTT CTT TAG CCT CTA CCA TTT TG-
3/, 5"-GAT TGG ATC CTT ATT CTT TAG CCT CTA CCA TTT TG-3',
5'-GAT TGG ATC CTT ATT TAG CCT CTA CCA TTT TGT C-3/,
5’-GAT TGG ATC CTT AAG CCT CTA CCATTT TGT CTA TTT CC-
3/,5'-GAT TGG ATC CTT ACT CTA CCA TTT TGT CTA TTT CC-3,
5’-GAT TGG ATC CTT ATA CCATTT TGT CTA TTT CCT TGA TG-
3/,5'-GAT TGG ATC CTT ACA TTT TGT CTA TTT CCT TGA TG-3,
5’-GAT TGG ATC CTT ATT TGT CTA TTT CCT TGA TGT ATT TA-
3’, respectively, containing BamHI restriction sites (bold). The PCR
products were inserted into the Ncol and BamHI sites of pET-DB and
pQEO60, respectively, after digestion with the same enzymes, resulting in
pET-DB-TteRRFACx and pQE-Tt¢eRRFACx. Each plasmid (pET-DB-
TteRRF and pET-DB-Tt¢eRRFACx) was transformed into E. coli
BL21(DE3)pLysS for the expression of 7teRRF and its mutants and each
plasmid (pQE-T7eRRF and pQE-TzeRRFACx) was transformed into the
E. coli LI14 strain (fir") for the complementation assay.

Expression and purification of TteRRF and its C-terminally deleted
mutants

All TteRRF proteins were expressed in a soluble form and the details
of the purification and characterization of the proteins were as described
previously [24,26]. In brief, each plasmid was transformed into E. coli
BL21(DE3)pLysS cells. Fresh cultures of the transformants were induced
with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG), and the over-
expressed proteins were purified by metal chelating affinity chromatog-
raphy. Because twenty-two amino acid residues including a Hisg tag and a
thrombin cleavage site were fused in-frame to the N-terminal end of each
protein when its gene was cloned into the pET-DB vector [25], each
protein was first expressed as a Hisg-tagged protein. Further purification
was performed using a Sephacryl S100 column after the N-terminal pep-
tide had been removed by thrombin cleavage. Each purified protein
appeared as a single band on an SDS 15% polyacrylamide gel. The protein
concentration was determined using the same molar extinction coefficient
of 10810 M~! ecm™! at 280 nm, which was calculated from the amino acid
compositions following the procedure described by Pace et al. [27].

Circular dichroism (CD) spectra

The CD spectra of TteRRF and selected 7teRRFACx mutants (x = 1,
4, 5,9, 12) 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 uM for far-UV CD (250-200 nm) in
50 mM phosphate buffer, pH 7.4. 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 ([0]).

In vivo assays for RRF activity

The in vivo assay was performed by monitoring the complementation
of E. coli LI14 (fir®) with TteRRF and its mutants (7TteRRFACxs),
respectively. The plasmids pQE-T7eRRF or pQE-Tt¢eRRFACxs, which
express TteRRF or the TteRRFACx mutants, were transformed into
E. coli LJ14 (fir®). Since the wild-type TteRRF has weak complementa-
tion of E. coli LI14 (fir"), in order to easily observe the changes in
complementation activity, cultures were started with 2% (v/v) inoculums
from freshly grown (at 30 °C) overnight cultures instead of 0.06% (v/v) as
described previously [22]. The growth was monitored by recording culture
turbidities at 600 nm at regular intervals at the permissive (30 °C) or non-
permissive (42 °C) temperatures.

Fluorescence spectra
The intrinsic fluorescence emission spectra of 7TteRRF and selected
TteRRFACx mutants (x =1, 4, 5, 9, 12) were measured at 25 °C using a

Hitachi F-4500 fluorescence spectrophotometer with a slit width of 5 nm.
The excitation wavelengths were 284 nm and the concentration of each
protein was 5 uM in 50 mM phosphate buffer, pH 7.4. For measurement
of binding fluorescence, 1-anilino-8-naphthalenesulfonate (ANS, Sigma)
was used as a hydrophobic fluorescence probe. The excitation wavelength
was 350 nm, and each sample contained 5 uM RRF protein and 50 uM
ANS in 50 mM phosphate buffer, pH 7.4.

GdnHCl-induced equilibrium denaturation

To investigate the changes in stability induced by the C-terminal
deletions, the TteRRFACx mutants (x=1, 4, 5, 9, 12) were selected
according to their in vivo complementation activity to E. coli LI14 (fir").
GdnHCl-induced denaturation of TteRRF and its selected mutants was
measured at 25 °C by monitoring the change in the CD signal [0],55 nm With
a l-mm path length quartz cuvette. Each sample contained 5 puM of
protein in 50 mM phosphate buffer, pH 7.4, with different concentrations
of GdnHCI. The samples were incubated overnight at 25 °C before the
experiments were conducted. The data were obtained by the average of
four scans. The unfolding progress was determined by

Y=y

f=— (1)
Yp =N

where y is the measured CD, yy is the CD for the native state of RRF and

yp Is that of the extrapolated value for the denatured state, assuming that
they are linearly dependent on the GdnHCI concentration, i.e.,

Ix = W+ my[GdnHCI], )
and
Vo = ¥ + mp[GdnHCI]. 3)

Evaluation of the isothermal unfolding curves was performed numerically
following the procedure of Santoro and Bolen [28] using two-state model
equations through the software of SigmaPlot 6.0:

_IN +yp0Q
=0 0 (4)
0= exp (7 AGY (H,0) I—Q;nG[GdnHCH)’ )

where AGY, (H,O) is the standard Gibbs free energy change for unfolding
in the absence of denaturant, and m; is the slope of the plot of AGgpp ver-
sus denaturant concentration, according to:

AG = AGY,(H,0) — mg[GdnHCI]. (6)

Limited hydrolysis of protein samples using trypsin and peptide
identification by MALDI-TOF-MS

TteRRF and selected mutants 7teRRFACxs (x =1, 4, 5, 9,and 12)
were dissolved with a concentration of 1 mg/ml in the cleavage buffer
(100 mM Tris-HCL, 2 mM CaCl, at pH 7.5), then trypsin (from Sigma,
Ca. No. T 1426) was added with a final concentration of 1 pg/ml and
incubated at 37 °C for different lengths of time. The samples were first
precipitated by adding cold trichloric acetic acid to a final concentration of
10% and incubated on ice for 30 min, then collected by centrifugation at
13,000g at 4 °C for 20 min. The pellets were then lyophilized. Before mass
spectrum measurement, the dried samples were first dissolved in 10 pl
solution containing 50% MeCN and 0.1% trifluoric acetic acid for matrix
assisted laser desorption ionization-time of flight-mass spectrometry
(MALDI-TOF-MS) analysis [29]. A solution of freshly prepared a-cyano-
4-hydroxycinnamic acid (10 mg/ml) in 70% MeCN and 0.1% TFA was
mixed with the same volume of the above sample solution. A total of 1.0 pul
of the sample mixture was applied onto the MALDI target and allowed to
dry. MALDI-TOF-MS were acquired on an AXIMA-CFP plus mass
spectrometer equipped with a 337.1-nm nitrogen laser. Mass spectra were
obtained in positive ion and linear mode with an acceleration voltage of
20 kV and averaged over 100 laser shots. Each spectrum was internally
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calibrated using single charged and double charged apomyoglobin
(equine) as standard. The data above 3000 Da was collected and analyzed
using Masslynx v4.0 software.

Results

In vivo complementation activity assays of TteRRF and its
C-terminally deleted mutants in E. coli LJ14 (fir")

It is known that RRF is an essential protein for bacterial
growth since deletion of the RRF gene is lethal in E. coli
[30], as are temperature-sensitive (fir"*) mutations [6]. Com-
plementation analysis allowed the in wvivo activity to be
tested. The TteRRF and its C-terminally deleted mutants’
genes cloned in pQE-TteRRF and pQE-TteRRFACxs
were tested for intergenetic complementation of the
E. coli LJ14 (fir") strain. The growth rates of the various
transformants in liquid cultures at the permissive (30 °C)
and non-permissive (42 °C) temperatures were monitored.
As expected, all the transformants harboring pQE-TteRRF
or pQE-TteRRFACxs grew at the same rate at the permis-
sive temperature (Fig. 2a), suggesting that the expression of
these RRFs was not toxic to E. coli (data not shown) [22].
However, at the non-permissive temperature (42 °C), the
growth of all of the transformants was inhibited to different
degrees (Fig. 2b). For Wt TteRRF, even after 12 h culture,
no exponential growth phase occurred, which was consis-
tent with our previous report [24]. In order to compare
the relative activity change of TteRRF mutants, Fig. 2¢c
shows the relative growth rate of E. coli LI14 (fir") trans-
formed with pQE-TteRRF or pQE-TteRRFACxs (x =1,
2,...and 12) at the non-permissive temperature (42 °C)
after 8 h culture. It can be seen that deletion of one to four
residues from the C-terminal end of 77RRF
(TteRRFACI1-TteRRFAC4) causes the growth rate to be
severely decreased; deletion of five to nine residues
(TteRRFACS5-TteRRFACY) causes the growth rate to be
increased to the same level or even a little higher than the
wild-type TteRRF; however, further deletion of up to
twelve residues results in a gradual but complete loss of
growth. These results indicated that C-terminal residues
of TteRRF could modulate its complementary activity in
E. coli.

p

Fig. 2. In vivo activity assays of TteRRF and its C-terminal mutants at
different temperatures. (a) Growth curves of various transformants of
E coli LI14 (fir') at the permissive temperature (30°C). Vector,
transformants with pQE60, TteRRF, transformants with pQE-77¢RRF,
TteRRFACx (x =1, 4, 5, 9, 12), transformants with pQE60-77eRRFACx
mutants (x = 1,4, 5,9, 12). (b) Growth curves of various transformants of
E. coli LJ14 (fir") at the non-permissive temperature (42 °C). The
transformants are the same as those indicated in (a). (c) Relative growth
rate of E. coli LJ14 (fir") transformed with pQE-T:eRRF or pQE-
TteRRFACx mutants (x =1, 2,...12) at the non-permissive temperature
(42 °C). The bacterial culture turbidity was monitored at 600 nm after
incubation for 8 h, and the relative value of transformant harboring pQE-
TteRRF was set as unity. The details of the experiment conditions are
described in the text.

Far-UV CD spectra of TteRRF and its C-terminally deleted
mutants

Far-UV CD spectra were used to assess the secondary
structure, and in particular, the a-helix content of 7t¢eRRF
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Fig. 3. Far-UV CD spectra of TteRRF and its C-terminally deleted
mutants TteRRFACI1, TteRRFAC4, TteRRFACS, TteRRFACY9, and
TteRRFAC12. The spectra were obtained at 25 °C; the details of the
experimental conditions are described in the text.

and its mutants. The appearance of two negative peaks at
208 and 222 nm in a CD spectrum is usually considered
to be indicative of the content of a-helical structure in a
protein [31,32]. The helix fraction can be calculated based
on the mean residual ellipticity of a protein at 222 nm
according to the following equation [33,34]:

Helix% = —[0] 1y, - 1/40,000 - (n — 4),

where 7 is the number of peptide bonds. Fig. 3 shows the
far-UV CD spectra of TteRRF and its mutants. Deletion
of one residue from the C-terminal end of 77/¢eRRF leads
to the signal at 222 nm increasing about 8%, but the dele-
tions of four or five residues leads to a signal increase of
about 4%. Even for TteRRFACI12, the signal decrease at
222 nm was only 8%. These results indicate that deletion
of the C-terminal residues may have no significant effect
on the secondary structure of 77eRRF, especially the
a-helix structure of TteRRF domain I, which corresponds
well with the finding the activity of some C-terminally
deleted mutants was equal to or even higher than the activ-
ity of the wild-type TteRRF in E. coli.

Intrinsic fluorescence spectra of TteRRF and its C-terminally
deleted mutants

In RRF molecules, there are four tyrosine residues and
one tryptophan residue in the RRF molecule located at
positions 4 and 166 (Y4 and Y¢6) in domain I, and at posi-
tions 43, 44, and 69 (Y43, Y44, and Wg) in domain II of
TteRRF [24]. Changes in the intrinsic fluorescence spectra
after excitation at 284 nm could reflect the changes in the
local environment of these aromatic residues. Fig. 4 shows
the fluorescence emission spectra of 77eRRF and its
mutants. Compared with the fluorescence emission spec-
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Fig. 4. Intrinsic fluorescence spectra of TteRRF and its C-terminally
deleted mutants. Intrinsic fluorescence emission spectra of 7teRRF and its
mutants TteRRFACI1, TteRRFAC4, TteRRFACS5, TteRRFACY9, and
TteRRFACI2 at 25 °C. The concentration of each protein was 5 uM in
50 mM phosphate buffer, pH 7.4. TteRRF (6.0 GdnHCI) denotes the
spectra measured under 6M GdnHCI, and Gly-Trp denotes the spectrum
of dipeptide with a concentration of 5 pM. The baseline denotes only 6 M
GdnHCI in the buffer. The excitation wavelength was 284 nm and the
emission wavelength was from 300 nm to 500 nm. The slits of both the
excitation and emission were 5 nm.

trum of TteRRF in 6 M GdnHCI, the intrinsic fluorescence
intensity of both TteRRF and its mutants is much lower,
showing that the intrinsic fluorescence for both TteRRF
and its mutants is quenched by an intramolecular mecha-
nism that has not been identified yet [35]. There was only
a slight difference in their fluorescence emission spectra,
indicating that the C-terminal deletions did not signifi-
cantly change the local environment of these aromatic res-
idues (domains I and II) in the mutants.

ANS binding fluorescence spectra of TteRRF and its
C-terminally deleted mutants

ANS is widely used as a hydrophobic fluorescence probe
to measure the changes in the surface hydrophobicity of
proteins. The difference in surface hydrophobicity reflects
changes in the exposure of hydrophobic side chains, which
could be used as an indicator of the local conformation
change of hydrophobic areas [36-40]. To further examine
the possible changes in the conformation induced by the
C-terminal deletions of TteRRF, the ANS binding fluores-
cence spectra of TteRRF and its mutants were measured.
Fig. 5a shows the fluorescence emission spectra of ANS
in the presence of 77eRRF and its mutants. In contrast
to ANS itself, wild-type T7eRRF could bind with ANS,
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Fig. 5. ANS-binding fluorescence spectra of TteRRF and its C-terminally
deleted mutants. (a) Fluorescence spectra of ANS in the presence of
TteRRF and its C-terminal mutants 77¢eRRFACI, TteRRFAC4,
TteRRFACS5, TteRRFACY, and TteRRFACI12 at 25 °C. The excitation
wavelength was 350 nm, and each sample contained 5 uM RRF protein
and 50 pul ANS in 50 mM phosphate buffer, pH 7.4. (b) The fluorescence
intensity change versus the number of deleted C-terminal residues at
507 nm. The data were obtained from (a).

as indicated by the emission maximum wavelength move-
ment from 520 to 507 nm, and the fluorescence intensity
increase, suggesting that the molecular surface of 7teRRF
has one hydrophobic area, suitable for transferring ANS
from aqueous solution to a hydrophobic microenviron-
ment in certain degree. C-terminal deletion of 7Tt¢eRRF
could lead to changes in the ANS binding fluorescence
spectrum. For TteRRFACI and T:eRRFAC4, the ANS
binding fluorescence intensity became weaker than wild-
type TteRRF with a small but detectable red shift to
511 nm at its maximum emission wavelength, but for
TteRRFACS, TteRRFAC9 and TteRRFACI2, the ANS

binding fluorescence intensities increased obviously, with
a small blue shift to 505 nm, in contrast to wild-type
TteRRF. The fluorescence intensity change at 507 nm,
the emission maximum wavelength for wild-type 7teRRF,
was plotted versus the number of residues deleted as shown
in Fig 5b. This plot shows clearly the ANS binding fluores-
cence intensity change of 7t¢eRRF induced by C-terminal
deletion, suggesting that the C-terminal deletions make
the local conformation of the hydrophobic areas of
TteRRF mutants change from a suitable sorting conforma-
tion of ANS for wild-type TteRRF to less suitable sorting
conformations for TteRRFACI and AC4, and then to
much suitable sorting conformations for 77eRRFACS,
AC9, and AC12.

MALDI-TOF-MS analysis of TteRRF and its C-terminally
deleted mutants after limited proteolysis with trypsin

Mass spectrometry has been used to determine prote-
ase cleavage sites, serving as a powerful tool to probe sub-
tle conformational changes induced by mutations [29]. In
order to obtain more information about subtle conforma-
tion changes, TteRRF and its mutants, 7TteRRFACI,
AC4, ACS, AC9, and AC12, were analyzed by MALDI-
TOF-MS after trypsin digestion as described in Materials
and methods. Fig. 6 shows the mass spectra of 7teRRF
and its mutants after digestion for 5 min, which represents
the digestion at an early stage. For Tt¢eRRF, there are
only three peaks of this protein with one, two, and three
hydrogen ions bonded, indicating that no obvious prote-
ase cleavage occurred under the selected conditions. In
contrast, for TteRRFACI1, AC4, and ACS5, besides the
multiple charged molecular peaks of these intact proteins,
a number of additional peaks were observed, and the
peak number increased from 7teRRFACI1 to AC4, and
to ACS5. However, with further deletion for TteRRFAC9
and AC12, the additional peaks shown above became sig-
nificantly decreased, indicating that the conformational
integrity of TteRRFAC9 and AC12 was severely dam-
aged, causing them to be much more sensitive to proteol-
ysis. The partially digested products were degraded into
small peptides under the same conditions; these peptides
could not be identified when the mass range was above
3000 Da selected. Table 1 lists some of the identified pep-
tides of TteRRFACI from Fig. 6 with abundant peaks. It
can be seen that most of them are secondary cleavage
products, and they were distributed in domains I and II
and the hinge regions. Although no initial enzyme cleav-
age site could confidently be determined from the identi-
fied peptides, these cleavage sites became more
accessible to trypsin than the intact 7teRRF molecule,
suggesting that the C-terminally deleted mutations induce
some conformation changes around these cleavage sites,
which makes these cleavage sites more flexible and easy
for protease access. In other words, the C-terminal trun-
cation of TteRRF induced subtle conformational change,
including flexibility change.
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Fig. 6. MALDI-TOF-MS analysis of 7teRRF and its C-terminally deleted mutants after limited proteolysis with trypsin. MALDI-TOF-MS of 7teRRF
and its mutants digested with trypsin at 5 min. (A1) MS for wild-type 7teRRF. (A2) MS for TteRRFACI1. (A3) MS for TteRRFAC4. (A4) MS for
TteRRFACS5. (A5) MS for TteRRFACY. (A6) MS for TteRRFACI12. The molecular ion peaks identified were labeled as MH™, MH,>*, and MH,** for
one, two and three charges. In addition to the molecular ion peaks, some digested peptides were also labeled out.

Table 1
Trypsin hydrolyzed peptide identification of TteRRFACI1

Peptide Theoretical Measured value Cleavage site
sequence  value of peptide MH"(m/z) (+deviation) position
MH" 21391.51 21401.4(+9.89) None
MH,>* 21391.51 10698.8(+2.045) None
MH,** 21391.51 7132.13(+0.63) None
Aso-Egs 179537 17947.6(—7.1) Close to hinge
Ves—E1s4  14188.40 14186.6(—2.80) Domain II
Riio-Eisa  9088.9 9085.6(—4.3) Domain 1
Az9-Rig9 8888.23 8889.3(+0.07) Hinge
G_>Rg; 7234.27 7235.8(+0.53) Domain II
G_,Rs3 6184.07 6183.5(—1.57) Domain II
D134*E184 6185.02 61835(—252) Domain 1
D|34—K17g 5425.14 54298(+366) Domain 1
Ki4-Ejg4  5429.19 5429.8(—1.39) Domain 1
As-Kgo 5431.24 5429.8(—3.44) Hinge and
domain II
Vo7-Ri29 3922.72 3928.4(+5.68) Domain II and
domain I
Ve4—Roog 3931.55 3928.4(—4.15) Domain II
G Ry 3455.78 3457.9(+1.12) Close to hinge

Stability of TteRRF and its C-terminally deleted mutants

Thermal unfolding of 7teRRF has been reported previ-
ously [24]. Within a temperature range up to 85 °C, no
unfolding occurs. Among the selected mutants in this

study, unfolding of only 7teRRFACI2 could be completed
at temperatures below 85 °C, by a two-state mechanism
(data not shown), suggesting that all of the truncation
mutants used could be folded with similar but not the same
structures as WT TteRRF, including at the in wvivo
complementary activity assay temperature of 42 °C. In
order to quantitatively evaluate the stability changes
induced by the C-terminal deletions, GdnHClI-induced iso-
thermal unfolding of 77eRRF and its selected mutants,
TteRRFACI, AC4, AC5, AC9, and AC12, were measured
by monitoring the changes of the far-UV CD signal at
222 nm. Fig. 7a shows the equilibrium unfolding transition
progress in a series of GdnHCI concentrations, where the
native states were set as zero and the fully unfolded states
at 6 M GdnHCI were set as unity. The unfolding of each
RRF follows a two-state transition, and the thermody-
namic parameters of the standard Gibbs free energy
(AG?{ZO) and mg values, the slope of free energy versus
denaturant concentrations, were obtained by numerically
fitting the data to Egs. (1)—(6). The C,, value, the concen-
tration of GdnHCI at which half of each protein molecule
is denatured, was also calculated from Eq. (6) (Table 2).
The deletion of C-terminal residues leads to protein stabil-
ity determined by C,, value decreased monotonically, while
according to the Gibbs free energy values, the stability of
TteRRF was less changed until nine residues from its
C-terminal was deleted. Further deletion of the C-terminal
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Fig. 7. GdnHCl-induced isothermal unfolding of 77¢RRF and its selected
mutants. (a) Unfolding progress of 7t¢eRRF and its mutants monitored by
changes in the CD signal at 222 nm at 25°C. Squares ([J) indicate
TteRRF, circles (O) TteRRFACI, upright triangle (A) TteRRFAC4,
upside down triangle (57) 77eRRFACS, triangle pointing left (<)
TteRRFACY9 and triangle pointing right (>) TteRRFACI12. (b) The
relationship of mg and C,, values versus the number of residues deleted at
the TteRRF C-terminal. The filled circles (@) denote the m value changes
and open circles (O) the C,,, changes. Detailed experimental conditions are
described in Materials and methods.

residues causes the TteRRF to become less stable, as indi-
cated by both Gibbs free energy and the C,, values. The
different changes of Gibbs free energy and C,, values for
TteRRF and its mutants are due to the mgs value changes
[Eq. (6)]. As shown in Fig. 7b, the deletion of four C-termi-
nal residues leads to a significant increase of the mg value
from 3.01 to 4.88 kcal 1/mol® (62% increase), but the dele-
tion of five to twelve C-terminal residues leads to a gradual

Table 2

Stability parameters from isothermal GdnHCl-induced unfolding
Proteins AG?HO (kcal/mol) mg (keal I/mol?) Cn (M)
Wt TteRRF 9.83 +0.56 3.01 +£0.17 3.26
TteRRFACI 8.95+1.10 2.89 +0.34 3.10
TteRRFAC4 11.48 £1.74 4.88 +0.74 2.35
TteRRFAC5 10.25 £ 0.61 4.38 +£0.26 2.34
TteRRFAC9 8.59 +0.72 3.80 +0.31 2.26
TteRRFACI12 2.97+0.49 2.51 £ 0.31 1.18

decrease of their mg values. As the denaturant m value
has been linear correlated well with the change of solvent
accessible surface areas of denatured and native proteins
[42], and deletion of the C-terminal residues decreases only
slightly the solvent accessible surface area of the unfolded
TteRRF, these ms changes could be used as an indicator
for native protein surface change caused by C-terminal
mutation. This result supports the hydrophobic surface
change of TteRRF mutants detected by ANS analysis.

Discussion

In the present study, it was verified that the C-terminal
of TteRRF, a highly homogenous thermophilic protein,
functions similar to 7thRRF in E. coli. Removing one
amino residue from its C-terminal leads to 7t¢eRRF inacti-
vation. Removing five residues is helpful for expressing its
dissociation function in E. coli, and the maximal number of
residues that could modulate TteRRF’s activity is twelve.
This result confirmed the hypothesis that C-terminal resi-
dues serve as a modulator element for the functional
expression of RRF. The difference in the regulation behav-
ior of TteRRF and TthRRF is that after deletion of five
residues at its C-terminal, 7thRRF could obtain much
higher dissociation activity than wild-type 7thRRF in
E. coli [7], while for TteRRF the degree of activation is
restored to values only equal to or a little higher than
wild-type TteRRF. If a low inoculation dose of 0.06% is
used (as most laboratories used), even after 12 h culture,
the E. coli LJ14 strain has no significant growth (data
not shown), and the reactivation effect modulated by its
C-terminal cannot be observed. This difference indicated
that the role of C-terminal modulation for 7tARRF and
TteRREF is slightly different. The deletion of ten to twelve
C-terminal residues causes TteRRF to lose its dissociation
activity gradually as its stability becomes significantly
lower and it becomes more susceptible to protease diges-
tion (Figs. 6 and 7).

Conformational studies of TteRRF mutants indicated
that successive deletion of the twelve C-terminal residues
induced a local conformation change detected by extrinsic
fluorescence ANS probe. The fluorescence intensity of
ANS is sensitive to dielectric properties of its environment
and is enhanced under hydrophobic conditions. Wild-type
TteRRF could bind one ANS (data not shown) with an
increase in the fluorescence emission intensity and a blue



L. Zhang et al. | Archives of Biochemistry and Biophysics 466 (2007) 211-220 219

shift of the emission maximum wavelength, indicating that
TteRRF has a hydrophobic surface area at its molecular
surface, defining a meaningful local conformation. Trunca-
tion mutants of 7teRRFACI1 and TteRRFAC4 lead to the
decreased binding fluorescence of 77t¢RRF to ANS
(Fig. 5b), indicating the interaction surface of 7teRRF
with ANS has been changed. This decrease coincides with
the inactivation of the weak T7eRRF complementary activ-
ity in E. coli (Fig. 2c). When five residues from its C-termi-
nal were removed, the ANS binding fluorescence was
increased to a level higher than that of wild-type 7teRRF
(Fig. 5b), and the residue activity of 7teRRF mutants
was observed to be as high as or a little higher than wild-
type TteRRF (Fig. 2¢). Further deletion of 7TteRRF C-ter-
minal residues caused the ANS binding fluorescence to
remain at a similar level. Correspondingly, the complemen-
tary activity of TreRRF mutants retained its activity from
TteRRFACS5 to TteRRFACY9, and then the activity
decreased gradually. The gradually decreased activity from
TteRRFAC10 to TteRRFAC12 was due to a decrease in
the protein stability, causing the proteins to be more acces-
sible to protease, in other words, causing subtle conforma-
tion changes of TteRRF. The same trends of ANS binding
fluorescence with 7T7eRRF complementary activity from
TteRRFACI1 to AC9 in E. coli suggest a direct correlation
between the local conformational change of the ANS bind-
ing hydrophobic surface and T77eRRF complementary
activity in E. coli. In contrast, no significant globule con-
formation change is indicated by the similar far-UV CD
spectra (Fig. 3), especially the a-helix structure of TteRRF
domain I, and local conformational changes at the aro-
matic residues by similar intrinsic fluorescence (Fig. 4).
At present the location of the ANS binding site on 7t¢eRRF
is unclear. However, structural analysis implies the interdo-
main region of RRF is one possible target. The main func-
tion of domain I in RRF is to bind with ribosome 70S
complex, and domain IT mainly has a disassembly function
through concerted interaction with EF-G. This molecule
could regulate its interdomain location by changing the
interdomain angle, while keeping each domain conforma-
tion unchanged, as suggested by the crystal structure of
E. coli RRF with a hydrophobic ligand decyl-B-p-malto-
pyranoside (PDB ID: 1EKS8) or without this ligand (PDB
ID: 1ISE) [18,19], of which each domain showed small
RMSD. Moreover, previous study also suggests that there
is a hydrophobic hole at the interdomain region, which
could be targeted by a decyl-B-p-maltopyranoside hydro-
phobic side chain. Although the C-terminal of domain I
has no direct strong interaction with domain II, interdo-
main interaction has been found from several RRF crystal
structure (e.g., in TmRRF crystal structure, there is electro-
static interaction between Lys3INE close to domain I and
Glul810E2 at domain II with a distance of 3.08 A [17] but
not in TthRRF crystal structure [20].) This interaction
tends to decrease the interdomain angle, and deletion of
the C-terminal residues is helpful for this change. However,
when five residues were deleted, the above interdomain

interaction was removed and caused the interdomain angle
increase. The trend of the structural change analysis was
the same as observed from the ANS binding fluorescence
change and in vivo complementary activity changes. This
strongly implies that the interdomain region may be a
potential ANS binding region.

Previous studies by Toyoda et al. assumed that the flex-
ibility increase of the interdomain loops is the dominant
reason of TthRRF reactivation in E. coli [20]. However,
none of the conformation probes used in this study could
be used as specific probes for the interdomain flexibility
change in solution. Hence, at present it is unclear whether
C-terminal truncation of TteRRF could specifically
increase the flexibility of the interdomain hinge. In con-
trast, it is clear that C-terminal truncation of TteRRF
could increase molecular flexibility as a whole. According
to the C,, values of TteRRF and its mutants, the C-termi-
nal deletions cause the mutants to be unstable to different
extents, depending on the number of amino acid residues
deleted. Since a protein’s flexibility correlates well with its
stability (e.g., overall flexibility is reduced when thermosta-
bility is increased [41]), the fact that TteRRF mutants lack
five to nine amino acid residues from their C-terminal end
(TteRRFACS to AC9) and have enhanced their comple-
mentation activity to the temperature-sensitive E. coli
strain (fi*"*) at the non-permissive temperature (42 °C)
may be due to the fact that the mutations provide these
mutants with more suitable flexibility to interact with ribo-
some 70S and EcoEF-G; excessive flexibility for ACI2
causes the loss of their complementation activity. However,
the overall flexibility change itself was not responsible for
the inactivation of TteRRFACx (x =1, 2, 3, 4) versus the
wild-type of TteRRF, indicating that the flexibility increase
may contribute to but is not the sole reason for
TteRRFACx (x =1, 2,...9) activity change. This is further
confirmed by the trypsin digestion experiments. That
results indicated that even for mutant 7teRRFACI the
flexibility increase as suggested by trypsin cleavage site
increase is not limited only in the interdomain region, but
is also located at domains I and II. This conformation
change can regulate the inactivation or reactivation of
the in vivo complementary activity of TteRRF through its
C-terminal tail.

In summary, in this report the modulator role of the
TteRRF C-terminus on its complementary activity in
E. coli was verified by using a successive deletion mutation.
Removing one to four residues could inactivate 7teRRF’s
complementary activity and removing five to nine residues
could reactivate TreRRF’s complementary activity in
E. coli. The structural basis of this modulating effect is
due to local conformational changes as monitored by
ANS fluorescence probe. Although the role of flexibility
increase of the interdomain hinge in the reactivation of
TteRRF could not be ruled out, it is clear that C-terminal
truncation inducing a flexibility increase is not limited
only in the inter-domain loops, but is also located at
domains I and II.
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