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ABSTRACT

Ribosome recycling factor (RRF), in concert with elongation factor EF-G, is required for disassembly of the postter-
mination complex of the ribosome after release of polypeptides. The crystal structure of Thermus thermophilus RRF
was determined at 2.6 Å resolution. It is a tRNA-like L-shaped molecule consisting of two domains: a long three-helix
bundle (domain 1) and a three-layer b/a/b sandwich (domain 2). Although the individual domain structures are similar
to those of Thermotoga maritima RRF (Selmer et al., Science , 1999, 286:2349–2352), the interdomain angle differs by
338 in two molecules, suggesting that the hinge between two domains is potentially flexible and responsive to
different conditions of crystal packing. The hinge connects hydrophobic junctions of domains 1 and 2. The structure-
based genetic analysis revealed the strong correlation between the hinge flexibility and the in vivo function of RRF.
First, altering the hinge flexibility by making alanine or serine substitutions for large-size residues conserved at the
hinge loop and nearby in domain 1 frequently gave rise to gain of function except a Pro residue conserved at the hinge
loop. Second, the hinge defect resulting from a too relaxed hinge structure can be compensated for by secondary
alterations in domain 1 that seem to increase the hydrophobic contact between domain 1 and the hinge loop. These
results show that the hinge flexibility is vital for the function of RRF and that the steric interaction between the hinge
loop and domains 1 and 2 restricts the interdomain angle and/or the hinge flexibility. These results indicate that RRF
possesses an architectural difference from tRNA regardless of a resemblance to tRNA shape: RRF has a “gooseneck”
elbow, whereas the tRNA elbow is rigid, and the direction of flex of RRF and tRNA is at a nearly right angle to each
other. Moreover, surface electrostatic potentials of the two RRF proteins are dissimilar and do not mimic the surface
potential of tRNA or EF-G. These properties will add a new insight into RRF, suggesting that RRF is more than a simple
tRNA mimic.
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INTRODUCTION

After release of nascent polypeptides by polypeptide
release factors (RF; RF1 and RF2), the posttermina-
tion complex composed of the ribosome, deacylated
tRNA, and mRNA needs to be dissociated for the next
round of protein synthesis+ It is likely that the ribosomal
P-site and A-site remain occupied with a deacylated

tRNA and RF1 or RF2 protein (for a review, see Naka-
mura et al+, 1996, 2000) upon release of the polypep-
tide chain+ Early studies done by Kaji and colleagues
in the 1970s showed that an extraribosomal protein,
referred to as ribosome recycling factor (RRF), is re-
quired for the dissociation of the posttermination ribo-
somal complex in bacteria (Hirashima & Kaji, 1972)+
They noticed that RRF, in concert with the elongation
factor EF-G, triggers a dissociation of the polysome
complex into monosomes in vitro (for a review, see
Janosi et al+, 1996)+ These findings led many research-
ers to speculate that dissociation releases deacylated

Reprint requests to: Yoshikazu Nakamura, Department of Tumor
Biology, The Institute of Medical Science, The University of Tokyo,
P+O+ Takanawa, Tokyo 108-8639, Japan; e-mail: nak@ims+u-tokyo+
ac+jp+

RNA (2000), 6:1432–1444+ Cambridge University Press+ Printed in the USA+
Copyright © 2000 RNA Society+

1432



tRNA and RF as a final step for recycling+ Alternatively
after ribosome dissociation, a translocase may be re-
quired to move deacylated tRNA and RF to the E- and
P-sites of the ribosome, respectively, prior to the com-
plete decomposition+ How RRF dissociates the post-
termination complex has long been puzzling+

Ehrenberg and colleagues have reported that bacte-
rial RF3 accelerates the dissociation of RF1 and RF2
from the ribosome in a GTP-dependent manner, thereby
taking part in the RF-recycling step+ Rapid recycling of
ribosomes requires both RF3 and RRF in vitro (Freis-
troffer et al+, 1997; Pavlov et al+, 1997)+ An increased
RF3 activity enhanced peptide release in vivo at strong
RF1- and RF2-binding signals such as UAAU and
UGAU, more effectively than at the weak termination
signals such as UGAC (Crawford et al+, 1999)+ Faster
rates of association of RF1 and RF2 lead to a slower
rate of RF dissociation from the ribosome at strong
stop signals (Poole et al+, 1995), unless RF3 efficiently
accelerates release of RF1 and RF2 (Crawford et al+,
1999)+ Upon GTP hydrolysis, RF3 is also released from
the ribosome, thereby leaving behind the posttermina-
tion complex with mRNA, deacylated tRNA in the P-site,
and the empty A-site, which is believed to be a sub-
strate for RRF in concert with EF-G (Hirashima & Kaji,
1972)+ The early work by Kaji and colleagues argued
for complete decomposition of the ribosome complex
into monosome, deacylated tRNA and mRNA by RRF
(for a review, see Janosi et al+, 1996), whereas more
recent work by Ehrenberg and colleagues has argued
for the release of the 50S subunit from the complex,
leaving mRNA and deacylated tRNA bound to the 30S
subunit in the in vitro minigene translation (Karimi et al+,
1999)+

While this work was being prepared for publication,
the work of Selmer et al+ (1999) on the structure of
Thermotoga maritima RRF (tmRRF) was published,
which provides a fascinating scenario for this puzzle+
They have found that the 2+55 Å crystal structure of
tmRRF superimposes almost perfectly with tRNAPhe

except for the amino acid-binding 39 end+ They pro-
posed that RRF was a perfect tRNA mimic to explain
the mechanistic disassembly of the posttermination ri-
bosomal complex (Selmer et al+, 1999; for a review,
see also Nissen et al+, 2000)+ They speculate that RRF
binds to the A-site of the ribosome and that EF-G trans-
locates RRF from A- to P-site and deacylated tRNA
from P- to E-site of the ribosome in GTP-dependent
manner, where it would dissociate rapidly+

It is known that RRF is essential for bacterial growth
(Janosi et al+, 1998; Fujiwara et al+, 1999)+ Recognition
of a stop codon by RF is a slow process (Yarus &
Curran, 1992), and it is possible that a relatively high
fraction of the ribosomes are bound to the stop codon+
Once these peptides are released by RF, rapid re-
cycling of ribosomes may be important for rapidly
growing bacteria+ To date, RRF homologs are found

universally in prokaryotes as well as in a mitochondria
of the budding yeast, Saccharomyces cerevisiae, and
chloroplasts of spinach (Rolland et al+, 1999)+

We have previously isolated and characterized the
gene for Thermus thermophilus RRF (ttRRF) (Fujiwara
et al+, 1999)+ Intact ttRRF failed to complement a con-
ditionally lethal RRF mutation of Escherichia coli; how-
ever, deletion of the C-terminal five amino acids of ttRRF
permits complementation, suggesting a modulator ac-
tivity for the C-terminal tail of ttRRF+ The central archi-
tecture and functional role of RRF in translational control
and the unique modulator activity of the C-terminus
piqued our interest in a structural investigation+ Here
we present the 2+6 Å crystal structure of ttRRF+ The
tertiary structures of each domain of tmRRF and ttRRF
are similar+ There is, however, a marked difference in
the hinge angle between two domains in T. maritima
and T. thermophilus+ We have introduced mutations
into this hinge and neighboring residues of ttRRF to
examine the functional importance of the hinge+ Based
on the genetic data as well as the structural and archi-
tectural similarities and distinctions between these two
RRF proteins and tRNA, we will discuss to what extent
a predicted tRNA mimic may or may not explain RRF,
to get a new insight into ribosome recycling factor+

RESULTS

Crystallographic structure determination

For the structure solution of ttRRF, a conventional heavy
atom search was performed, yielding a platinum deriv-
ative (Table 1)+ Using a single crystal of the Pt deriva-
tive, we collected diffraction data at three wavelengths
(l1 5 1+0200 Å, l2 5 1+07125 Å, l3 5 1+07176 Å) lo-
cated at fluorescence edge (two data sets) and at a
distant shorter wavelength+ From this data, we calcu-
lated phases using the multiwavelength anomalous dis-
persion (MAD) methodology (Table 1; see Materials
and Methods for details)+ The final model included all
185 amino acids, and 84 water oxygens+ The final R
and Rfree values were 23+2% and 30+5%, respectively
(Table 1), with a mean positional error of 0+38 Å (Luz-
zati, 1952)+

With a molecular mass of 20,994 Da, RRF is one of
the smallest translational factors+ The portion of ttRRF
defined by the electron density has dimensions of 60 3
45 3 25 Å and consists of two domains (Fig+ 1A)+ The
topological scheme of secondary structures is given in
Figure 1B+ Domain 1 is a three-helix bundle containing
residues 1–29 and 107–185+ Helices H1 (residues
3–26), H4 (residues 108–146), and H5 (residues 151–
183) are tightly packed against each other with ex-
tended hydrophobic interaction+ Domain 2 is a globular
structure containing residues 34–102, in which four-
stranded antiparallel b-sheet (S3, S4, S6, and S5) on
one side and two-stranded antiparallel b-sheet (S1 and
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S2) and two short a helices (H2 and H3) on the other
side are positional to point their hydrophobic side chains
to the interior+ Thus, domain 2 exhibits a sandwich en-
veloping an extended hydrophobic core, which stabi-
lizes the domain structure+Domains 1 and 2 are bridged
by two loops, loop 1 (residues 30–33) and loop 2 (res-
idues 103–106)+ The contact area of the domains is
892 Å2 (7+6%) out of the total area of the two domains+
This is lower than normal and is interpreted as indicat-
ing that the interaction between domains 1 and 2 is
relatively weak+

Comparison to T. maritima RRF

The primary structures of ttRRF and tmRRF proteins
are 43% identical without any internal gaps or inserts
(Fig+ 2)+ Their secondary structures are almost identi-
cal except that a four-residue a helix is assigned be-
tween S2 and S3 b-strands in tmRRF (Selmer et al+,
1999), but is missing in ttRRF+ Hence, helices H4 and
H5 of ttRRF correspond to H5 and H6 of tmRRF+ Each

domain structure of ttRRF superimposes almost per-
fectly with tmRRF (Fig+ 3)+ Root mean square deriva-
tive value of distance between two Ca chains upon
fitting is approximately 1+4 Å in domain 1 and 1+6 Å in
domain 2+ However, their overall structures are remark-
ably distinct because two domains of ttRRF and tm-
RRF are oriented differently+When two crystal structures
are compared on the basis of one domain, the other
domain rotates 338 between two molecules (see Fig+ 3)+

The hinge structure

Domains 1 and 2 are bridged by loop 1 and loop 2,
which we refer to as a hinge+ These two loops are
composed of conservative residues in different RRF
proteins (see Fig+ 2)+ Because there is no strong inter-
action between domains 1 and 2 of ttRRF and tmRRF,
the hinge may be potentially flexible and the different
interdomain angles of both crystals may be reflecting
the different packing conditions suitable for individual
crystal growth+ Comparison of the two RRF structures

TABLE 1 + Crystallographic data collection and statistics of the final model of ttRRF+

Native Pt l1 Pt l2 Pt l3

Space group P3221 P3221
Cell constant a (Å) 71+5 71+5
Cell constant c (Å) 79+6 79+5
Wavelength (Å) 1+5418 1+0200 1+07125 1+07176
Resolution (Å) 50–2+6 50–2+2 50–2+2 50–2+2

(last shell) (2+66–2+6) (2+25–2+2) (2+25–2+2) (2+25–2+2)
Completeness (%) 99+7 97+8 98+1 98+1

(last shell) (98+7) (93+5) (93+1) (94+3)
^I &/^dI & 17+6 24+3 22+9 23+4
Multiplicity 3+8 3+0 3+0 3+0
Rmerge 0+038 0+038 0+038 0+038

(last shell) (0+234) (0+209) (0+241) (0+231)
Phasing powera

Centric — 1+00 1+06
Acentric — 1+78 1+73

Rcullis
a

Centric — 0+72 0+73
Acentric — 0+71 0+70
Anomalous 0+86 0+84 0+85

Figure of merit 0+51 (50–3+0 Å resolution)
After solvent flattening 0+73 (50–3+0 Å resolution)

Refinement
Resolution (Å) 10–2+6

R factor 0+232
Rfree 0+305

Number of water molecules 84
Average B-factors (Å2)

Main chain 50+2
Side chain 55+3

Rmsd bonds 0+013
Rmsd angles 1+93
Ramachandran plot (%)

Most favored 92+9
Disallowed 0+0

aThe reference wavelength for phasing purposes was l1+
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suggests that the movement of the hinge may be fa-
vored to rotate around the axis crossing the two loops
(Fig+ 4A, shown as a blue bar)+ This speculation gets
some support from the structural point of view+ First,
both termini of loop 2 are part of the hydrophobic cores
of two domains (see below), hence the flexibility of loop
2 may be restricted by the remaining two residues in-
cluding Pro+ Second, loop 1 and loop 2 are weakly, if at
all, connected by hydrophobic interaction between the
main chain of loop 1 and the side chain of loop 2,
forming a friable surface, as seen also with tmRRF+
Therefore, the hinge is likely to prefer a rotation around
the axis on this surface although the movement to other
direction(s) could not be excluded completely at present+
We will refer to this flexibility as a “gooseneck” model+

Functional assessment of hinge loop 2

Hydrophobic amino acids are conserved in loop 2 (po-
sitions 103–106) and Pro is universally conserved at

position 104 (see Fig+ 2)+ To investigate the functional
importance of the hinge structure, we substituted Ala
individually for Ile, Pro, Pro, and Leu at positions 103–
106 of ttRRF, and examined the activity of these vari-
ants by the intergeneric complementation test using
the temperature-sensitive lethal RRF mutant of E. coli
(frr-3 )+ It is known that the intact ttRRF is unable to
complement the E. coli frr-3 mutation (Fujiwara et al+,
1999)+However,Ala substitutions for Ile103 and Leu106
conferred the ability to complement for full-length ttRRF,
resulting in a gain-of-function phenotype+ Specifically,
E. coli frr-3 cells transformed with ttRRF-bearing plas-
mids containing either an I103A or L106A allele grew
almost normally at 42 8C, whereas Ala variants for
Pro104 and Pro105 grew poorly under these condi-
tions (Table 2)+ These results suggest potentially dis-
tinct roles for the central two Pros and the flanking Ile
and Leu for the action of RRF in heterologous condi-
tions+ It is conceivable that the flexibility of the hinge is
increased by reducing the size of residues 103 and

FIGURE 1. Schematic drawings of the struc-
ture of ttRRF+ A: Ribbon diagram of ttRRF show-
ing the overall fold+ a-helices and b-strands are
drawn in red and green, respectively+ B: Topol-
ogy diagram of ttRRF+ Color coding is the same
as in A+
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106, which are directly connected to hydrophobic cores
of both domains (discussed below), leading to gain of
function, whereas Pro is architecturally required for re-
stricting the hinge orientation (see Fig+ 5A)+

Functional assessment of hinge loop 1

Loop 1 of the hinge is composed of conserved resi-
dues, most of which are small hydrophilic amino acids
such as Thr, Gly, and Ala at first, second, and fourth
positions, except for Arg32 at the third position (see
Fig+ 2)+ Given that the size of amino acids in the hinge
loop may influence the activity of RRF, one could spec-
ulate that the conserved Arg32 residue might play a
critical role as well+ To test this assumption, Arg32 was

replaced by Ser, Ala, or Gly, and the resulting variants
were examined for their complementation capacity+ As
shown in Table 2 with the intact C terminus, Ser, Ala,
and Gly variants acquired complementation activity,with
the efficiency of complementation related to the size of
the substitution: the smaller the side chain, the better
the gain of function+

Functional assessment of C-terminal tail

To assess what role the C-terminal residues have, we
removed amino acids one by one from the C terminus
(EKKEQEILG at positions 177–185) of ttRRF, and mon-
itored complementation activity in the E. coli RRF mu-
tant+ Removing one, two, or three amino acids did not

FIGURE 2. Alignment of representative RRF sequences from different bacteria+ The species aberrations are given as
follows: TTH, Thermus thermophilus (GenBank accession number AB016498); TMA, Thermotoga maritima (AE001792);
HIN, Haemophilus influenzae (P44307); ECO, Escherichia coli (P16174);AAE, Aquifex aeolicus (AE000703); BME, Brucella
melitensis (U53133); HPY, Helicobacter pylori (P56398); BST, Bacillus subtilis (Z99112); SAU, Staphylococcus aureus
(AF033018); MLE, Mycobacterium leprae (Z97369); CTR, Chlamydia trachomatis (U60196); MGE, Mycoplasma genitalium
(P47673); RPR, Rickettsia prowazekii (Q9ZE08); SOL, Spinacia oleracea (AJ133751)+ The numbering corresponds to
ttRRF+ Red rectangles and green arrows indicate a-helices and b-strands, respectively+ Conserved or conservatively
substituted residues in the molecular surface are colored pink, hydrophobic core residues are colored blue, and the hinge
residues are marked by green boxes+
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confer any detectable activity, but removal of Glu182 in
the variant with four amino acids deleted exerted a
small but significant capacity to complement the E. coli
defect+ As expected, deletion through Gln181 (referred
to as DC5) conferred on ttRRF the full capacity to com-
pensate for the E. coli RRF defect+ This gain-of-function
property of ttRRF was retained with deletions up to
eight amino acids, but was abolished upon removal of
the ninth amino acid+ These results confirmed that the
C-terminal tail, especially the edge of a helix H5, plays
a critical role in modulating the RRF activity+

A string of charged residues constitutes positions 177–
182 (EKKEQE)+ These charged amino acids cluster at
the helical region close to loop 2 and may decrease the
flexibility required for the action of ttRRF with the E. coli
translational apparatus+ The removal of these residues
may eliminate steric hindrance and increase the flexi-
bility of the hinge variability, leading to a gain of func-
tion+ To test this assumption, serial bulky-to-small amino
acid substitutions were generated for Glu182 to Glu177,
corresponding to the set of serial deletions created
above+ These substitutions should not affect the a he-
lical configuration+ Surface residues, Lys178, Gln181,
and Glu182, were substituted to Ser, and interior resi-

dues, Lys179 and Glu180,were substituted to Ala+Con-
sistent with the prediction,Glu182 r Ser enabled ttRRF
to compensate fully for the E. coli RRF defect (Table 2)+
These results suggest that a steric (or electrostatic)
hindrance between the hinge and the C-terminal tail
restricts the activity of ttRRF+ Other serial variants,
KKESS, KKASS, KAASS, SAASS, and KAEQS (where
substitutions are underlined),more or less acquired the

FIGURE 3. Ribbon diagram representation of the superposition of
ttRRF (yellow) and tmRRF (blue; Protein Data Bank accession code
1dd5) viewed down the rotation axes (marked by red dots) of mol-
ecules+ A: Domain 1 is superimposed+ B: Domain 2 is superimposed+
Note that each domain is nearly identical between ttRRF and tmRRF
but rotates 338+

FIGURE 4. Comparison of molecular mobility between ttRRF and
tRNAPhe+ A: ttRRF+ B: Yeast tRNAPhe+ Hinge regions are colored
purple: residues 30–33 and 103–106 of RRF (this article), and nt 7,
28–30, 42, 43, and 66 of tRNA (Matsumoto et al+, 1999)+ A rod pen-
etrating RRF is the rotation axis of the molecule+ Arrows indicate the
direction of movement of each rigid group+

TABLE 2 + Intergeneric complementation activity of T. thermophilus
RRF variants carrying mutations in the hinge and C-terminus+

Complementation capacity
with C-terminal change

Hinge mutation
Intact

( + + +KKEQEILG)
DC5

( + + +KKE)
Glu182 r Ser
( + + +KKEQSILG)

None (wild type) 1/2 111 111
Experiment 1 (loop 1 mutagenesis)

R32S 1 ND ND
R32A 11 ND ND
R32G 111 ND ND

Experiment 2 (loop 2 mutagenesis)
I103A 11 1/2 11
P104A 1/2 1/2 11
P105A 1/2 11 ND
L106A 111 1 111

Mutations in hinge loop 1 (experiment 1) and loop 2 (experiment
2) were manipulated by site-directed PCR mutagenesis in T. ther-
mophilus RRF protein carrying intact, DC5, and Glu182 r Ser
C-termini+ Plasmid pIQV27 derivatives carrying these singly or dou-
bly altered ttRRF genes were transformed into temperature-sensitive
lethal frr-3 strain (YN3576), and transformant cells were streaked on
LB agar plate and incubated at restrictive temperatures above 39 8C+
Intergeneric complementation capacity was scored by colony size
and growth: 111: normal growth (large colony); 11: fair growth
(medium colony); 1: weak growth (small colony); 1/2, sick growth
(tiny colony); 2, no growth+ ND: no data+
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capacity to complement the E. coli RRF defect (data
not shown) although some of these alterations might
also affect the a-helical configuration+

Functional interplay between hinge
and C-terminal tail

When loop 2 Ala substitutions, including gain-of-function
ones, were combined with another gain-of-function
change, DC5, these double alterations, with the excep-
tion of the Pro105 r Ala change, reduced or nullified
the acquired activity of ttRRFDC5 (Table 2, DC5)+ There-
fore, the hinge alterations showed opposite effects on
the RRF activity depending on whether its C-terminus
was intact or truncated (see Fig+ 5A,B), showing that
the alterations in loop 2 and the C-terminus are not
synergistic+ These genetic observations suggest that
the C-terminus and the hinge at loop 2 of RRF are
interactive+ The loop 2 Ala variants did not impair the
acquired capacity of the Glu182 r Ser change (Table 2),
suggesting that the presence of a complete C-terminal
tail is required to maintain correct hinge flexibility in the
absence of Ile103 or Leu106+

Genetic selection of compensatory alterations

Genetic selection was designed to provide compensa-
tory alterations for loss-of-function alleles to direct our
understanding of functional and/or physical intradomain
and interdomain interactions+ First, plasmid pIQV27 car-
rying the ttRRF-P104A hinge variant was mutagenized
with hydroxylamine (allowing both C r T and G r A
substitutions), transformed into the RRF knockout E.
coli, and viable colonies were selected+ Fourteen inde-
pendent ttRRF revertants on the plasmid that acquired
the complementation activity were characterized+ They
were grouped into three classes containing amino acid
substitutions at positions 106, 180, and 182 (Table 3)+
Based on the steric view, the conservative Pro104 is
required for curving the hinge of ttRRF; a newly borne
Phe106 in the same loop 2 may substitute for this bend-
ing via compensatory hydrophobic interaction (predic-
tion A in Table 3)+ The other two variations may not be
directly involved in the hinge function, but may partici-
pate in the other fate of protein interaction or stability
(prediction B, discussed below)+

Second, intragenic suppressors were selected from
ttRRFDC5 and also carrying Pro104 r Ala using the
mutator strain mutagenesis (unbiased mutagenesis)+
Twenty-four revertants thus isolated were classified to
11 secondary substitutions at 10 positions (Table 3)+
Five alleles are located in domain 1 and the other half
are in domain 2 (see Fig+ 7)+ Intriguingly, none of them
overlapped with alleles obtained from a single P104A
variant (discussed below)+ From the structural point of
view, it is not immediately obvious how these suppres-
sors are able to compensate for the defective hinge
except for Val115 r Met and Ala117 r Val+ Because
Val115 and Ala117 are part of the hydrophobic core of
a helix H4 and are located near the junction to the
hinge, these small-to-bulky amino acid changes might

FIGURE 5. Three-dimensional structure of the hinge region+ A: Wild-
type ttRRF in which hinge loops and C-terminal 5 residues are col-
ored green+ B: ttRRFDC5 (ttRRF structure from which C-terminal five
residues are removed)+ C: tmRRF+
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strengthen the hydrophobic core and compensate for
the Pro104 r Ala change (prediction A in Table 3)+

Third, intragenic suppressors were also selected from
ttRRFDC5 carrying Ile103 r Ala+ Of 22 revertants an-
alyzed, 4 substitutions were assigned to positions 103,
120, and 135 (Table 3)+ One frequent alteration,Ala103
r Val (i+e+, Ile103 r Ala r Val), is assumed to restore
a more functional flexibility, instead of a friable inactive
structure, of the hinge by replacing a hydrophobic large-
mass residue at position 103, which probably gives rise
to increased interaction with the hydrophobic core of
domain 1+ Perhaps the other three substitutions may
restore the activity by influencing the interaction be-
tween RRF and the ribosome or other translation fac-
tors, or restore protein stability (prediction B in Table 3,
discussed below)+

Structural comparison to tRNA

Liljas and colleagues have reported an almost perfect
mimic of the tRNA shape by tmRRF (Selmer et al+,
1999)+ The crystal structure of ttRRF confirms this pro-
posal and further reveals several architectural differ-
ences between RRF proteins and tRNA molecules+ First,
although RRF (as reported in this article) and tRNA

show considerable flexibility in the overall structure,
their conformational flexibility is achieved at different
positions (see Fig+ 4)+ The flexible hinge is placed at
the elbow of the L shape in RRF, whereas those of
tRNA are placed in the aminoacyl acceptor stem (col-
ored red) and the anticodon helix (colored red) of tRNA
(Matsumoto et al+, 1999)+ Therefore, the elbow of RRF
is flexible but that of tRNA is rigid+ Second, the hinge
between domains 1 and 2 of RRF is variable around
the rotation axis placed on the surface determined by
loop 1 and loop 2 (Fig+ 4A)+ On the other hand, the
overall conformational flexibility is induced upon bind-
ing to aminoacyl-tRNA synthetases (Ruff et al+, 1991)
to give rise to a widened angle of the overall L shape of
tRNA (Fig+ 4B)+ Hence, the rotation axes are at a nearly
right angle to each other+ Third, two gooseneck config-
urations possessing a 338 angular difference are de-
tectable in RRF crystals, whereas such a structural
derivative of tRNA has never been detected in crystal-
lographic or NMR analysis+ Fourth, the electrostatic sur-
face potential of ttRRF is not shared with tmRRF, and
is distinct from tRNA as well as EF-G (Fig+ 6)+ The
overall electrostatic feature of ttRRF is neutral and there
are no significant areas rich in negative charges on the
surface, suggesting that electrostatic attraction may not
play a role in binding to the A-site pocket+ These prop-
erties will give us a hint as to what is necessary for the
RRF activity in addition to a tRNA mimic (discussed
below)+

DISCUSSION

Hinge architecture and flexibility of ttRRF

The crystal structure of ttRRF solved in this study is
very similar to that of tmRRF in each domain but the
interdomain angle differs by 338 between the two RRF
molecules+ The hydrophobic interaction between the
hinge, particularly terminal residues of loop 2, Ile103
and Leu106, and the junction residues of domains 1
and 2 plays a critical role for the interdomain angle and
the hinge flexibility+ Structural-prediction-based muta-
tional analysis supported this view+ In principle, reduc-
ing the size of amino acids at the hinge loops increased
hinge flexibility, leading to gain of function of ttRRF+ For
instance, Ile103 r Ala and Leu106 r Ala substitutions
at the junctions of loop 2 conferred intergeneric com-
plementation activity to ttRRF+ Similarly small amino
acid substitutions for the bulky Arg32 residue in loop 1
also gave rise to a gain-of-function phenotype+ The
bulky side chain of Arg32 sticks out from loop 1 toward
domain 1 (see Fig+ 7), creating a steric hindrance that
is reduced by reducing the size with Ser, Ala, and Gly
substitutions+

Another important element that modulates the hinge
flexibility is the junction of domain 1 to the hinge+ It is
known that, upon removal of C-terminal five amino acids,

TABLE 3 + Secondary mutations compensating for the hinge defect

Parental allele in

loop 2 C-terminus Suppressor

Number
of

isolates

Prediction
of

actiona

Pro104 r Ala intact Leu106 r Phe 2 A
Glu180 r Lys 1 B
Glu182 r Lys 11 B

Pro104 r Ala DC5 Glu22 r Lys 3 B
His23 r Arg 1 B
Glu44 r Lys 6 C
Thr57 r Ile 5 C
Pro61 r Ser 1 C
Val67 r Met 1 C
Val67 r Ala 1 C
Asp72 r Gly 1 C
Val115 r Met 1 A
Ala117 r Val 1 A
Gln120 r Arg 3 B

Ile103 r Ala DC5 Ala103 r Val 8 A
Gln120 r Arg 2 B
Glu135 r Lys 10 B
Glu135 r Gly 2 B

Plasmid pIQV-ttRRF carrying the indicated parental alleles was
mutagenized by passing through the mutator strain XL1-Red or by
treatment with hydroxylamine, and phenotypic revertants were se-
lected at 42 8C upon transformation into the frr-3 strain (YN3576)+
Plasmids that acquired the capacity to complement the E. coli RRF
defect were analyzed by DNA sequencing+

aPrediction of the mode of suppression from the structural point of
view: A: compensatory interdomain interaction within RRF (to in-
crease the hydrophobic core); B: compensatory interprotein inter-
action with ribosomes or other translational component(s) (speculation
and no experimental evidence); C: no prediction+ Amino acid posi-
tions are marked in Figure 7+
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ttRRF acquires the capacity to complement the E. coli
RRF defect+ The crystal structure of ttRRF revealed
that these C-terminal amino acids are spatially inte-
grated into a helix H5, to cause a steric contact be-

tween the hinge (colored pink) and C-terminal (colored
red) atoms (Fig+ 8)+ When the domain rotates around
the axis, the steric contact between domain 2 and the
C-terminal atoms restricts or modulates the flexibility+
This steric hindrance may be removed by deletion of
five residues (DC5)+ Reducing bulk by small amino acid
substitution at the C-terminal part also supports this
view+ Of these residues, Glu182 protrudes out from a
helix bundle (domain 1) toward domain 2 (see Fig+ 7)+
The Glu182 r Ser replacement may remove this pro-
trusion+ The crystal structure of tmRRF suggests a salt
bridge between Arg32 and Glu182+ Therefore, both al-
terations may cause the same effect on hinge flexibility+
Furthermore, DC5 removes Ile183 and Leu184, which
are part of the hydrophobic core of domain 1, suggest-
ing that partial loss of the hydrophobic core might con-
tribute to the hinge flexibility through structural instability+
Taking these into consideration, it is pointed out that
two elements are major determinants of the hinge flex-

FIGURE 6. Surface electrostatic potential of ttRRF compared with those of tmRRF, tRNAPhe, and EF-G+ Positive and
negative charges are colored blue and red, respectively+ The potentials were calculated with the program DELPHI+ A: ttRRF+
B: tmRRF+ C: Yeast tRNAPhe+ D: T. thermophilus elongation factor EF-G:GDP (Protein Data Bank accession code 1DAR)+

FIGURE 7. Structural distribution of conserved and conservatively
substituted residues in molecular surface (pink) and in hydrophobic
core (blue)+ Conserved prolines in hinge 2 are colored green+ Posi-
tions of suppressor alleles are indicated (see Table 3)+

FIGURE 8. A space-filling model of ttRRF viewed down the rotation
axis of the molecule+ A blue circle in the molecule is the axis+ Do-
main 1 and domain 2 are colored in green and yellow, respectively+
The hinge residues are colored pink, and C-terminal five residues are
colored red+
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ibility: steric hindrance involving residues in loop 1 and
C-terminal tail, and hydrophobic interaction involving
residues in loop 2 and C-terminal tail+

Functional importance of the hinge flexibility

Multiple alignment of RRF proteins of different species
highlight conservative amino acids (Fig+ 2)+ These con-
servative residues of RRF are assigned to surface (col-
ored red) or interior (colored blue) part of domains 1
and 2 (Fig+ 7)+ Conserved surface residues may create
a site for interaction with the ribosome or other trans-
lational components, whereas conserved interior resi-
dues may create a hydrophobic core for each domain+
The two distinct angles found at the hinge in ttRRF and
tmRRF crystals may not reflect the functional structure,
but may be due to different conditions of crystal pack-
ing+ If so, this also supports the idea of a flexible hinge
for these thermophilic RRF molecules+ Nevertheless,
this flexibility is probably less than that of E. coli RRF
because ttRRF is inactive in E. coli under heterologous
conditions and alterations to increase its flexibility pro-
vide an active form of ttRRF+ Perhaps a more rigid
conformation of the hinge as compared with nonther-
mophilic bacteria is required at the temperature en-
countered in T. thermophilus+ Although the E. coli RRF
structure is not known, we speculate that the increased
hinge flexibility caused by neighboring mutations al-
lows the variant ttRRF to fulfill the required function in
E. coli ribosomes+ Most of the loop 2 mutants became
inactive or much less active when combined with DC5+
Perhaps the combination of the two changes creates
a too relaxed hinge structure that is unable to func-
tion+ This defective hinge architecture can be compen-
sated for by secondary changes in domain 1 (helix H4)
that increase sizes of hydrophobic residues, such as
Val115 r Met and Ala117 r Val, at the hinge junction,
leading to stabilization of a too relaxed hinge structure+
These compensatory alterations suggest a change in
steric positioning or contact is functionally important at
the hinge+ These changes are classified as group “A” in
Table 3+

Other compensatory mutations were also isolated
that do not seem to affect the hinge directly because
their positions are remote from the hinge in the tertiary
structure+ One class, referred to as “B,” is a frequent
alteration and all class B substitutions reduce negative
charge and/or increase a positive charge+Although there
is no direct evidence, we assume they might influence
the interplay of ttRRF with the E. coli ribosome+ Alter-
natively, these positions may be important if a change
from negative to positive charge at these positions helps
in an indirect way to restore the active interdomain
angle or hinge flexibility of the ttRRF variant, or protein
stability+ Domain 1 possesses 16 conservative resi-
dues on the surface, which are assigned to a helices
H4 and H5 and the hinge but not to helix H1+ Of the 16

residues, 10 are positive, 4 are negative, and 2 are
neutral+ These asymmetric distributions of negative
charge residues (see Fig+ 6) may play a role in binding
to the ribosome or other translational component(s)+
The other alterations are localized in domain 2: the
mechanism of suppression in these cases is not im-
mediately predictable (class “C”)+

The type of compensatory mutations formed for the
hinge variant, Pro104 r Ala, depend on whether the
C-terminus is present or deleted+ Distinct mutational
types were formed for each condition (Table 3)+ This
is not because of different mutagens used, because
6 out of 11 substitutions generated by mutator muta-
genesis were C r T or G r A substitutions that are
potentially inducible by hydroxylamine+ Therefore, the
nonoverlapping pattern of suppressors may be reflect-
ing the structural difference of the Pro104 r Ala hinge
with or without the C-terminal tail of ttRRF+ All these
observations strongly support the crucial importance
of the interdomain angle and/or the hinge flexibility
for RRF action+ This is consistent with the prediction
derived from the structural comparison of ttRRF and
tmRRF+ We feel that this natural deviation in struc-
ture created at the interface created by the two loops
and two domains may provide a promising target site
for developing an antibacterial compound that targets
RRF+ It is also noteworthy that there are several nat-
ural RRF variants that lack C-terminal residues, such
as those from Aquifex aeolicus, Brucella melitensis,
and Bacillus subtilis (see Fig+ 2)+ It remains to be
tested whether they complement E. coli RRF muta-
tions as does a ttRRFDC5 variant+

A tRNA mimic

Based on the superimposition of tRNAPhe or T. mar-
itima RRF, a perfect tRNA mimic hypothesis has been
proposed by Selmer et al+ (1999)+ Their model predicts
that RRF interacts with the posttermination ribosome
complex in a manner similar to a tRNA, leading to dis-
assembly of the complex+ This would mean that RRF in
concert with EF-G translocates the deacylated tRNA
from P- to E-site, where it would dissociate rapidly+ This
model, however, is not consistent with biochemical find-
ings by Karimi et al+ (1999), in which deacylated tRNA
remains very tightly bound to the P-site of the 30S
ribosome after the action of RRF and EF-G split the
ribosome into 30S and 50S subunits+ Ultimately, initia-
tion factor IF3 is strictly required for the removal of the
deacylated tRNA+ The counterargument from a tRNA
mimic standpoint is that Karimi et al+ (1999) used short
mRNAs coding for not more than four amino acids and
that the Shine–Dalgarno sequence of this mRNA con-
tinues to interact with 16S rRNA and impairs the pos-
tulated translocation of RRF from A- to P-site, thereby
making IF3 essential+ These arguments remain to be
tested experimentally+
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Regardless of a resemblance to tRNA shape, there
are several architectural differences between tRNA and
RRF as revealed in this study; the gooseneck elbow of
RRF in contrast to the rigid elbow of tRNA, flex direc-
tions at right angles (see Fig+ 4), or dissimilar surface
electrostatic potentials (see Fig+ 6)+ The conformational
flexibility of both RRF and tRNA should be important
for the action of both molecules with the ribosome or
the aminoacyl-tRNA synthetase+ Nevertheless, the dif-
ferences in the site of flexibility and the direction of
movement could be interpreted as showing that, at some
stage upon binding to the ribosome, they probably act
in different ways for different purposes+

If intact RRF binds to the A-site of the ribosome as
argued by Selmer et al+ (1999) whereas deacylated
tRNA remains bound to the P-site of the 30S ribosome
after dissociation of two ribosome subunits by the initial
action of RRF and EF-G as argued by Karimi et al+
(1999), RRF must exert its action within the A-site in
concert with EF-G+EF-G can generate a post- to prepep-
tidyltransfer transition state of the ribosome coupled
with GTP hydrolysis+ It is tempting to speculate that this
energy-driven transition may involve distortion of the
interface between 30S and 50S ribosome particles+
One plausible scenario might be that either domain
connected by a flexible gooseneck of RRF may pen-
etrate into a distorted interface and interfere with post-
to prepeptidyltransfer transition, shifting the equilibrium
toward a direct uncoupling of 30S and 50S+ Because
there are yet limited experimental data on the action of
RRF in the ribosome, the mechanistic significance of a
mimic of tRNA shape by RRF remains to be verified+
Mapping the position of RRF in the ribosome by di-
rected radical footprinting (Wilson & Noller, 1998) or
cryoelectron microscopy (Agrawal et al+, 1998) will show
unambiguously the site for RRF binding in the ribo-
some, providing an experimental clue to understanding
the biological significance of a tRNA mimic by RRF+

Molecular mimicry between protein and RNA was
first suggested by Nyborg and colleagues when they
saw that the crystal structure of the EF-Tu:GTP:
aminoacyl-tRNA ternary complex has high structural
similarity with EF-G, for example, so that domain IV of
EF-G mimics the anticodon stem of tRNA (Nissen et al+,
1995) (see Fig+ 6)+ The recently published crystal struc-
ture of human eRF1 (Song et al+, 2000) and tripeptide
anticodon of bacterial release factors (Ito et al+, 2000)
revealed that release factors can mimic tRNA structur-
ally and functionally+ Selmer et al+ (1999) have argued
that the mimicry analogy may hold also for the re-
cycling step of protein synthesis from the crystallo-
graphic data+ A mimic of the shape of a tRNA may be
an entrance pass to sit in the cockpit (A-site) in a ribo-
some “machine+” However, the action once sitting there
should be diverse for the different translation factors
(reviewed by Nakamura et al+, 2000)+ Nature must have
evolved this “art” of molecular mimicry using different

proteins for the diverse actions, still keeping a similar
shape to fulfill the requirement of the ribosome+ We
assume that nature may not have created such a
tRNA-mimicking protein simply to substitute for tRNA
unless the protein is required to pursue some func-
tion(s) that tRNA cannot do+ The genetic studies re-
ported in this article are in line with this aim and prove
useful to clarify to what extent a tRNA mimic may or
may not explain RRF+ This sort of structure-borne func-
tional studies will help to understand the truth about
ribosome recycling factor+

When this article was near completion, we became
aware of a very recent study that warrants mention+
Kim et al+ (2000) have reported the crystal structure of
E. coli RRF that is similar to ttRRF and tmRRF+ Inter-
estingly, crystallization of E. coli RRF required the pres-
ence of a detergent, decyl-b-D-maltopyranoside, which
is packed into the hydrophobic cleft formed by several
residues from domain 1, the hinge, and domain 2+ Al-
though it is not known whether the interdomain angle
of E. coli RRF differs from the other two RRF structures
or not (because the Protein Data Bank coordinate of
E. coli RRF is not available), these authors postulated
a potential domain movement around the hinge, which
is consistent with the present findings+

MATERIALS AND METHODS

Protein expression and purification

The ttRRF protein was overproduced in a bacterial expres-
sion system (Fujiwara et al+, 1999)+ E. coli BL21(DE3) trans-
formed with pET30-ttRRF plasmid was grown at 37 8C to the
cell density of 0+7 A600+ Expression of ttRRF was induced by
addition of isopropyl-1-thio-b-D-galactoside (final 0+5 mM),
followed by 3 h culture at 37 8C+ Harvested cell paste (2 g)
was suspended in 16 mL of buffer A (50 mM Tris-HCl, pH 7+0,
10 mM MgCl2, 5 mM b-mercaptoethanol) containing 500 mM
NH4Cl, and sonicated+ The cell debris and ribosomes were
removed from the cell lysate by two successive centrifuga-
tions (16,000 3 g for 20 min and 100,000 3 g for 30 min)+ The
supernatant was heated at 65 8C for 15 min and denatured
E. coli proteins were removed by centrifugation+ Crystalline
ammonium sulfate was added to the cleared supernatant up
to 1+5 M and the protein solution was loaded onto a Butyl-
Toyopearl column (10 mL)+ A linear gradient of 1+5–0 M am-
monium sulfate in buffer A was used for elution+ Fractions
containing ttRRF were combined, dialyzed against buffer A,
and were further purified on a Heparin-Ultragel column (15 mL)
using a linear gradient of 0–1 M NH4Cl in buffer A+ The pro-
tein was purified to near homogeneity with impurity less than
3% as judged by SDS-polyacrylamide gel electrophoresis,
and concentrated to 10–15 mg/mL+

Crystallization and data collection

Crystals of the native ttRRF protein were grown at 20 8C by
the hanging drop vapor diffusion technique+ Three volumes of
protein solution containing 10–15 mg protein/mL were mixed
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with one volume of the precipitant solution: 2 M ammonium
sulfate, 0+1 M Na acetate trihydrate, pH 4+6 (Crystal Screen,
Hampton Research)+ Normally, crystals grew within two
weeks to a maximal size of 0+3 3 0+3 3 0+25 mm3+ The
mother liquor was replaced by cryo-solution containing 30%
glycerol, and flash-frozen in a nitrogen stream at 110 K+
The space group was P3221 with unit cell dimensions of
a 5 b 5 71+5 Å, c 5 79+6 Å, suggesting one molecule per
asymmetric unit+ Diffraction data of the native crystal was
collected with CuKa radiation using a Rigaku R-AXIS IV
imaging plate mounted on an ultraX 18 X-ray generator+
Heavy-atom derivative crystals were prepared by soaking
native ones in a solution containing 1 mM Na2PtCl4 and
1+8 M ammonium sulphate in 90 mM sodium acetate
(pH 4+6)+ Data sets from the Pt derivative crystal were sub-
sequently taken at 110 K at beam line BL45XU (Yamamoto
et al+, 1998) of the SPring-8 Synchrotron, Harima, Japan,
employing a Rigaku R-AXIS IV imaging plate+ Three wave-
lengths (l1 5 1+0200 Å, l2 5 1+07125 Å, l3 5 1+07176 Å,
for remote, peak, and edge datasets, respectively) were
chosen from the fluorescence spectrum of the crystal+ All
data sets were integrated using DENZO and merged using
SCALEPACK (Otwinowski & Minor, 1997)+

Structure determination and refinement

Platinum sites were identified by Bijvoet difference Patterson
interpretation with SHELX-97 using data between 50 and
4+0 Å resolution+ The refinement of heavy atom positions and
calculations of MAD phases were carried out with MLPHARE
(Collaborative Computational Project, Number 4, 1994) using
50–3+0 Å resolution data+ These initial phases were refined
by solvent flattening and histogram matching with DM (Col-
laborative Computational Project, Number 4, 1994)+ At first,
solvent content was set to 50–60% of the unit cell for the
calculated value of 60%+ In an electron density map, three
long helices (about 100 residues) were easily traced, but
other parts were not observed+ Then we tried solvent flatten-
ing again with lower solvent contents, 5, 10, 20, 30, and 40%,
to prevent a weak electron density in the molecular region
from being flattened+ The best results were obtained with
20% solvent content+ An initial model consisting of 130 resi-
dues was built in the electron density map using QUANTA
(Moleculart Simulations Inc+, San Diego)+ After positional re-
finement using X-PLOR (Brünger, 1992), model and experi-
mental phases were combined using SIGMAA (Collaborative
Computational Project, Number 4, 1994)+ These steps were
repeated ten times until about 90% of the whole molecule
were traced+ In the next stage, phases were calculated from
a model structure after positional refinement and were re-
fined by solvent flattening and histogram matching with DM+
A mask, calculated from the model structure (sphere radius 5
4+0 Å), was used for this phase refinement and the solvent
content was set to be 40% of the unit cell+ These steps were
repeated 24 times until the whole molecule was traced+ Fi-
nally, water molecules were added to the model structure and
positional and B-factor refinements were performed several
times+ The correctness of the model structure was confirmed
by omit map+ The final R-factor was 23+2% (Rfree 5 30+5%
calculated from 5% of the data) at 2+6–10 Å resolution+Analy-
sis using PROCHECK (Laskowski et al+, 1993) showed
that no residues fell outside of the allowed region of the

Ramachandran plot+ The final structure includes 1,478 non-
hydrogen atoms and 84 water molecules+ The structure co-
ordinates have been deposited with the Protein Data Bank
(http://www+rcsb+org/pdb; accession code 1EH1)+

Site-directed mutagenesis

ttRRF variants were manipulated by site-directed muta-
genesis using polymerase chain reaction (PCR)+ The loop 1
mutations were designed in sense oligonucleotides: R32A,
59-GGGGCTCGAGGTCCTGGAGCACAACCTGGCAGGCC
TCGCCACCGGCCGCGCCAACCCCG-39; R32S, 59-GGGG
CTCGAGGTCCTGGAGCACAACCTGGCAGGCCTCTCCAC
CGGCCGCGCCAACCCCG-39; and R32G, 59-GGGGCTCG
AGGTCCTGGAGCACAACCTGGCAGGCCTCGGCACCGG
CCGCGCCAACCCCG-39+ These mutation fragments ampli-
fied by PCR using these sense primers and a universal (anti-
sense) primer, and their XhoI-BamHI digests were ligated
into the same sites of plasmid pIQV-ttRRF+ The loop 2
mutations were designed in sense oligonucleotides: I103A,
59-GGACGCGTTATACATCAACGCCCCGCCCCTCACGGA
GGA-39; P104A, 59-GGACGCGTTATACATCAACATCGCGC
CCCTCACGGAGGAAAG-39; P105A, 59-GGACGCGTTATA
CATCAACATCCCGGCCCTCACGGAGGAAAGGCG-39; and
L106A, 59-GGACGCGTTATACATCAACATCCCGCCCGCCA
CGGAGGAAAGGCGAAAG-39+ These altered C-terminal seg-
ments were amplified by PCR using these sense primers and
a universal (antisense) primer, and their MluI-BamHI digests
were ligated into the same sites of plasmid pIQV-ttRRF+ The
C-terminal DC5 deletion (Glu181 r amber allele) was intro-
duced into relevant variants by substituting the StuI-BamHI
(DC5) segment from ttRRF*181 (Fujiwara et al+, 1999) for the
wild-type segment, and tested for the activity under nonsup-
pressor (sup0) conditions+ The Glu182 r Ser variant was
generated by replacing the wild-type StuI-BamHI sequence
with the mutant segment amplified by PCR using a universal
upstream sense primer and C-terminal antisense primer de-
signed for the Glu182 r Ser allele (59-GGGGATCCTCAGC
CCAGGATTGACTGCTCCTTCTTCTCCGCCA-39)+ The se-
quence of these variants was confirmed by DNA sequencing+

Suppressor selection

In vivo mutagenesis of the ttRRF gene was performed by
passage through the mutator strain XL1-Red (endA1 gyrA96
thi-1 hsdR17 supE44 relA1 lac mutD5 mutS mutT tetracycline-
resistant; Stratagene)+ In vitro mutagenesis was performed
by incubation of plasmid DNAs with 0+4 M hydroxylamine at
pH 6+0 for 20 h at 37 8C as described previously (Oshima
et al+ 1995; Ito et al+, 1998)+ Complementation and suppres-
sor selection experiments employed a conditionally lethal frr-3
strain of E. coli (YN3576; Fujiwara et al+, 1999), which is
lethal above 39 8C+ Compensatory variants were selected as
survivors at 42 8C upon transformation of YN3576 with mu-
tagenized plasmid DNAs+ Plasmid DNAs were recovered, re-
transformed into the same parental strain, and those that
gave a reproducible phenotype were further characterized+
The entire coding part of ttRRF was amplified from these
suppressor variants by PCR and subjected to DNA sequenc-
ing and complementation test+
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Other DNA procedures

Single- or double-stranded DNAs were sequenced by means
of dideoxynucleotide chain termination (Sanger et al+, 1977)+
PCR proceeded according to standard methods (Saiki et al+,
1988), and other DNA manipulations were conducted as de-
scribed (Sambrook et al+, 1989)+ The LB medium contained
1% Bacto-tryptone, 0+5% Yeast extract and 0+5% NaCl (Miller,
1972) and was supplemented with relevant antibiotics+
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