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ABSTRACT

Specific interactions between ribosome recycling
factor (RRF) and elongation factor-G (EFG) mediate
disassembly of post-termination ribosomal com-
plexes for new rounds of initiation. The interactions
between RRF and EFG are also important in peptidyl-
tRNA release from stalled pre-termination complexes.
Unlike the post-termination complexes (harboring
deacylated tRNA), the pre-termination complexes
(harboring peptidyl-tRNA) are not recycled by RRF
and EFG in vitro, suggesting participation of addi-
tional factor(s) in the process. Using a combination
of biochemical and genetic approaches, we show
that, (i) Inclusion of IF3 with RRF and EFG results in
recycling of the pre-termination complexes; (ii) IF3
overexpression in Escherichia coli LJ14 rescues
its temperature sensitive phenotype for RRF; (iii)
Transduction of infC135 (which encodes a function-
ally compromised IF3) in E.coli LJ14 generates a
‘synthetic severe’ phenotype; (iv) The infC135 and
frr1 (containing an insertion in the RRF gene pro-
moter) alleles synergistically rescue a temperature
sensitive mutation in peptidyl-tRNA hydrolase in
E.coli; and (v) IF3 facilitates ribosome recycling by
Thermus thermophilus RRF and E.coli EFG in vivo
and in vitro. These lines of evidence clearly demon-
strate the physiological importance of IF3 in the
overall mechanism of ribosome recycling in E.coli.

INTRODUCTION

Subsequent to the action of release factors at the step of
termination, the deacylated tRNA and the ribosomes remain
bound to the mRNA in a post-termination complex. The post-
termination complexes are disassembled by the action of
ribosome recycling factor (RRF) and elongation factor-G

(EFG) in eubacteria and the eukaryotic organelles. Biochem-
ical and genetic studies have shown that specific interactions
between RRF and EFG are important for the disassembly
of the post-termination complexes. Additionally, it has been
revealed that RRF and its specific interactions with EFG are
also important in release of peptidyl-tRNAs, at least the ones
with shorter chain lengths, in the cell (1,2). Such a phenom-
enon is generally recognized to be crucial in the rescue of
stalled pre-termination complexes (3,4). The peptidyl-tRNAs
are, in turn recycled by the esterase activity of peptidyl-tRNA
hydrolase (Pth), an essential protein in E.coli (5,6).

A common requirement of specific interactions between
RRF and EFG for peptidyl-tRNA release as well as for dis-
assembly of the post-termination complexes suggests that the
rescue/recycling of the stalled pre-termination, and the post-
termination ribosomal complexes is mechanistically related.
Tronically, under in vitro conditions, RRF and EFG fail
to recycle the stalled complexes harboring peptidyl-tRNA.
However, when these complexes are treated with puromycin
to generate model post-termination complexes, they are effi-
ciently recycled by RRF and EFG (7). These observations
imply that in vivo, additional factor(s) participate in the overall
mechanism of ribosome recycling. Such an argument is further
supported by the observation that while T.thermophilus RRF
and E.coli EFG carry out low-level ribosome recycling in vivo
(8), they do not convert the model post-termination substrates
to monosomes in vitro (9).

Three-dimensional structures of RRF-ribosome complexes,
and directed hydroxyl radical probing have revealed that bind-
ing of RRF to the ribosome results in a remarkable conforma-
tional change at helices 69 and 71 in the 23S rRNA of the 50S
subunit that form crucial inter-subunit bridges with helix 44 of
the 16S rRNA in the 30S subunit. The surface of the 16S rRNA
that contacts helix 69 in 23S rRNA also forms the binding site
for IF3 (10,11). Based on these observations, it is hypothesized
that transient disruption of the inter-subunit bridges may allow
access to IF3 for binding to 30S subunit. The anti-association
activity of IF3 may thus facilitate RRF and EFG mediated
rescue/recycling of the ribosomes. Notably, such a role of
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IF3 in ribosome recycling is fundamentally different from its
previously documented role in the release of the tRNA from
the dissociated 30S subunit, nRNA and tRNA complex (12).

Like RRF, EFG and Pth, IF3 is also an essential protein in
E.coli. The genes encoding them, fir, fusA, pth and infC are
located at 4.2, 74.8, 27.1 and 38.8 min loci, respectively in the
E.coli genome. The unlinked nature of these genes lends them
for a facile genetic analysis of the ribosome recycling pathway
in E.coli. In this study, use of both genetic and the biochemical
approaches has allowed us to demonstrate a novel role of IF3 in
the recycling of stalled pre-termination and post-termination
ribosomal complexes by RRF and EFG in E.coli.

MATERIALS AND METHODS
Bacterial strains, plasmids and growth conditions

Plasmids and strains are listed in Table 1. Unless specified
otherwise, Luria-Bertani (LB) liquid or solid (with 1.6% agar)
media (Difco, USA) were used for growth (17). The media
were supplemented with various antibiotics at the following
final concentrations: tetracycline, 7.5 pg/ml; kanamycin,
25 ug/ml; chloramphenicol, 30 ug/ml and ampicillin,
100 pg/ml as required.

Purification of E.coli RRF and EFG
E.coli RRF and EFG were purified as described (2).

Cloning of EcolF3

Cloning of E.coli IF3—FE.coli infC with its native promoter
and initiation codon (AUU) was amplified from the E.coli
genomic DNA with a forward, 5-CGGGAATTCGTGT-
TAAAGCAG-3' and a reverse, 5-GAAGGATCCACA-
GACAGT GCT-3' primers using Pfu DNA polymerase,
digested with EcoRI and BamHI, and cloned into similarly

Table 1. List of strains and plasmids

digested pUCI18R to yield pUC-infC. The EcoRI-BamHI frag-
ment from pUC-infC was subcloned into the same sites of
pBR322 to yield pBR-infC and verified by DNA sequencing.
To generate a T7 RNA polymerase based expression construct
(with AUG initiation codon), E.coli IF3 open reading frame
(ORF) was amplified from E.coli HB101 genomic DNA with a
forward 5'-AAAGGCGGAAAACGA GTTC-3' and a reverse
5'-GAAGGATCCACAGA CAGTGCT-3' primers using Pfu
DNA polymerase, digested with BamHI and cloned into the
Ncol (end filled) and BglII digested pET14b vector.

Purification of EcolF3

The pET14b-EcolF3 was introduced into E.coli Rosetta-
pLysS and the transformants were grown in LB broth
(24 L) to ~0.6 Asos nm, induced with 0.5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for 3 h and the cells
were harvested by centrifugation at ~2500 g (SLA-1500,
Sorvall) for 10 min, resuspended in 20 ml of TME [25 mM
Tris—=HCI (pH 8.0), 1 mM Na,EDTA, 2 mM [-mercaptoeth-
anol] and lysed by sonication. The crude cell lysate was cent-
rifuged to obtain S20 lysate, which was subjected to stepwise
0-25%, 25-50% and 50-80% ammonium sulphate cut.
The precipitate from the 50-80% cut was dissolved in 5 ml
of buffer A [20 mM Tris—HCI (pH 7.5), 10% glycerol, 100 mM
NaCl, 1 mM Na,EDTA and 2 mM [B-mercaptoethanol] and
loaded onto the Sepharose G-100 column, and eluted with
buffer A. Fractions enriched for IF3 were pooled, diluted
2-fold using buffer B [20 mM Tris—HCI (pH 7.5), 10% gly-
cerol, | mM Na,EDTA and 2 mM B-mercaptoethanol], and
loaded onto high-Q and high-S columns (BioRad) connected
in series. IF3 was eluted from high-S column with a gradient
of 0-1 M NaCl in buffer B. The fractions enriched for
IF3 were pooled and subjected to 80% ammonium sulfate

Strain/Plasmid Genotype/Details References
Strains
E.coli AAT852 E.coli harboring a temperature sensitive allele of Pth (pth'") (6)
E.coli AAT852 (firl) Derivative of E.coli AA7852 harboring Cm® marker at —32 position (13)
in the frr gene promoter resulting in down regulation of RRF expression
E.coli STL1670 +A(srIR-recA)304 Tnl0-infC135. Contains a R131P mutation in IF3 (14)
E.coli AAT7852 (Tnl0-infC135) Derivative of E.coli AA7852 harboring a Tn/0 linked infC135 allele This work
encoding R131P mutation in IF3
E.coli AAT7852 Tnl0-infC Derivative of E.coli AA7852 harboring Tn/0 linked to its native infC This work
E.coli AAT7852 Tnl0-infC135, frrl Derivative of E.coli AA7852 frrl, harboring a Tn/0 linked infC135 This work
E.coli AA7852 Tnl0-infC, frrl Derivative of E.coli AA7852 frrl harboring a Tn/0 linked to its native infC This work

E.coli LJ14

E.coli MC1061 containing the fir'* (fir14) allele (15)

E.coli LI14 Tnl0-infC135 Derivative of E.coli LI14 (frr'"®), harboring infC135 allele linked to Tn/0 This work
E.coli LI14 Tnl0-infC Derivative of E.coli LI14 (fir"), harboring Tn/0 linked to native infC This work
Plasmids

pET14b-EcolF3 pET14b based expression construct of E.coli IF3 (with AUG initiation codon) This work
pTrc-TthRRF OREF of T.thermophilus RRF cloned into pTrc99C vector This work
pET14b-TthRRF pET14b based expression construct of T.thermophilus RRF This work
pBR-infC E.coli IF3 gene with native promoter and initiation codon (AUU) cloned into pBR322 This work
pTrc-EcoRRF OREF of E.coli RRF cloned into pTrc99C (2)
pACDH A vector harboring ACYC Ori of replication, compatible with ColE1 Ori of replication (16)
pACDK A derivative of pACDH with Kan® This work
pACDH-TthRRF OREF of T.thermophilus RRF cloned into pACDH This work
pACDH-EcoRRF OREF of E.coli RRF cloned into pACDH This work
pACDK-TthRRF A derivative of pACDH-TthRRF wherein Tc® marker has been substituted with Kan® This work
PACDK-EcoRRF A derivative of pACDH-EcoRRF wherein Tc® marker has been substituted with Kan® This work
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Figure 1. (A) Ribosome recycling assays. Reactions containing various factors (as indicated in the panels below) were carried out in the absence (panels i—v) or
presence (panel vi) of 10 uM puromycin, fractionated on sucrose density gradients and scanned from top to bottom. Amounts of various factors used are EcoEFG
(6 ug), EcolF3 (1.2 ng) and EcoRRF (4 pg). (B) Ribosome recycling assays using the polysomes prepared by sonication method (Materials and Methods). Reactions
containing various factors were carried out in the absence of puromycin. Other details of the reactions are same as described for panels in (A).

cut. The pellet was dissolved in 1 ml of buffer A and subjected
to chromatography on Superdex-200 in buffer A. The fractions
containing apparently homogenous preparation of IF3 were
pooled, dialyzed against 20 mM Tris—-HCI (pH 7.5), 50%
glycerol, 150 mM NaCl and 2 mM [B-mercaptoethanol and
stored at —20°C.

Isolation of E.coli polysomes

For the experiment shown in Figure 1A, polysomes were pre-
pared as described (2). The polysomes used in the remaining
experiments was prepared by a modified protocol wherein
the cells were disrupted by sonication and the treatments
with DNase I and Brij-35 were eliminated. Briefly, E.coli
MREG600 (2.1 L) was grown to ~0.6 Asos ,m, supplemented
with 0.3 mM tetracycline and quick chilled on ice-salt mix.
The cells were harvested by centrifugation at ~2500 g (SLA-
1500, Sorvall) for 5 min, suspended in 30 ml of buffer A [25%
sucrose in 250 mM Tris—HCI (pH 8.0) and 10 mM MgSO,]
and supplemented with 1 ml of lysozyme (40 mg/ml) in 250
mM Tris—HCI (pH 8.0) and 8 mM Na,EDTA. After 10 min of
incubation at 4°C, the cells were sonicated thrice in 3 pulses of
2 s each using a microprobe (Heat Systems-Ultrasonics Inc,
USA). The lysate was then cleared by centrifugation at
~17000 g (AG-508R, Kubota) for 10 min. The supernatant
was transferred to a new tube and the pellet was resuspended in
10 ml of buffer B [10 mM Tris—HCI (pH 7.8), 1 M NH,ClI,
40 mM magnesium acetate, 10 mM B-mercaptoethanol and

2 mM Na,EDTA] and centrifuged at ~17000 g (AG-508R,
Kubota) for 10 min. The two supernatants were pooled and
centrifuged at 100000 g (JA-30.50 Ti, Beckman). The pellet
was resuspended in 20 ml of buffer B, layered on 34%
sucrose in buffer B and subjected to ultracentrifugation for
7 h at ~96000 g (SW28, Beckman). This step was repeated
with the pellet obtained after the first round of ultracentrifu-
gation. The pellet thus obtained was resuspended in 2 ml of
RRF assay buffer [10 mM Tris—HCI (pH 7.4), 80 mM NH,Cl
and 8.2 mM MgSQ,], quantified by Asso nm and stored in
aliquots at —70°C.

In vitro ribosome recycling assay

Reactions (250 pl) containing 1 O.D. of polysomes and the
specified amounts of factors were incubated at 32°C for 30 min
in 10 mM Tris-HCI (pH 7.4), 80 mM NH4CI, 8.2 mM MgSOQy,,
I mM DTT and 160 uM GTP with or without puromycin (7).
Reactions were fractionated on 15-30% sucrose density gradi-
ents by centrifugation at 190 000 g (SW55Ti, Beckman) for 1 h
and scanned from top to bottom at 254 nm using ISCO UA-6
detector.

Allelic exchange of infC with infC135 (R131P)

P1 phage lysate was raised (18) on E.coli STL1670 (kindly
provided by Dr Susan Lovett, Brandeis University, Waltham,
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USA) containing Tn/0 (TCR) linked (~90%) to infC135 allele,
and transductional crosses were performed using different
E.coli strains. The transductants selected on Tc were screened
for the allelic exchange by RFLP analysis of the infC amp-
licons obtained by using 5'-ATCCTGACCGAAGAGTTC-3’
and 5-TTTG AAGCGCTTAGCAGC-3’ as forward and
reverse primers, respectively using Hpall.

Cloning and purification of T.thermophilus
RRF (TthRRF)

TthRRF ORF was amplified from T.thermophilus HB§ DNA
(gift from Dr V. Ramakrishnan, MRC, Cambridge, UK) with
a forward 5-GGCGCCATGGCCCTGAAGGAGCT-3’ and
a reverse 5'-CGCGGGATCCCGGGGTCA GCCC-3’ primers
using Pfu DNA polymerase, digested with Ncol and BamHI,
cloned into similarly digested pTrc99C, and verified by DNA
sequencing. The Ncol-HindIIl fragment from pTrc-TthRRF
was subcloned into the same restriction sites of pACDH vector
(16) and pET14b vectors to generate pACDH-TthRRF (Tc®)
and pET14b-TthRRF, respectively. To generate pACDK-
TthRRF (Kan®), the Tc® in pACDH-TtARRF was inactivated
by digestion with EcoRV and cloning a Kan® cassette (HincIl
ends) from pUC4K.

TthRRF was purified from E.coli BL21 (DE3) harboring
pET14b-TthRRF as described (19). Culture (2.4 L) was
grown in LB broth to ~0.6 Asgs nm, induced with 0.25 mM
IPTG for 3 h and harvested by centrifugation. The cells were
resuspended in 30 ml of buffer A [5S0 mM Tris—HCI (pH 7.0),
10 mM MgCl, and 5 mM B-mercaptoethanol] containing
500 mM NH,4CI and lysed by sonication. The crude cell lysate
was cleared by centrifugation at ~15000 g (AG-508R,
Kubota) for 30 min and the supernatant was subjected
to centrifugation at 100 000 g for 2 h (JA-30.50 Ti, Beckman).
The S100 supernatant thus obtained was heated to 65°C
for 15 min and centrifuged at ~15000 g (AG-508R, Kubota)
for 15 min. The supernatant was subjected to a stepwise 0—
30% and 30-80% ammonium sulfate cut. The pellet from the
30-80% cut was dissolved in 3 ml of buffer A, dialyzed against
the same buffer, passed through high-Q (BioRad)-heparin
Sepharose columns (Amersham Life Sciences) connected
in series and pre-equilibrated with buffer A. Proteins from
the heparin Sepharose column were eluted with 0-1 M
NH,CI gradient in buffer A. The fractions containing 7thRRF
were pooled, heated at 65°C for 10 min and centrifuged. The
supernatant was loaded onto hydroxyapatite column (BioRad)
equilibrated with buffer B [20 mM potassium phosphate buffer
(pH 6.8) and 10% glycerol], and eluted with a gradient of
20 mM-1 M potassium phosphate in buffer B. The fractions
containing apparently homogenous preparation of TthRRF
were pooled, dialyzed against 20 mM Tris—HCI (pH 7.5),
100 mM NaCl, 50% glycerol, 2 mM B-mercaptoethanol and
stored at —20°C.

RESULTS

IF3 facilitates recycling of stalled pre-termination
complexes

Sucrose density gradient centrifugation of the stalled ribo-
somal complexes (harboring peptidyl-tRNA) prepared from

actively growing E.coli (7), resolves them into fractions
corresponding to monosomes (70S ribosomes) and polysomes
(disomes, trisomes, tetrasomes etc.) (Figure 1A, panel 1i).
While the monosome peak corresponds to both the free and
mRNA bound ribosomes, the polysome peaks correspond to
the mRNA bound ribosomes. When these ribosomal pre-
parations are treated with puromycin (to obtain model post-
termination complexes harboring deacylated tRNA), RRF and
EFG convert them into monosomes (compare panel i with vi)
suggesting that the stalled ribosomal preparation was active
in the classical assay for recycling of the post-termination
complexes (7). However, when the ribosomal preparation
not treated with puromycin (thus harboring peptidyl-tRNA)
was incubated with RRF and EFG, or RRF, EFG and IF3,
conversion of polysomes to monosomes was not detectable
(Figure 1A, panels iii and v, respectively). However, as expec-
ted of its effect on 70S ribosomes, the reactions with IF3
(panels ii, iv and v) showed an increase in the peaks cor-
responding to 50S and 30S subunits, indicating that the IF3
preparation used was active.

Interestingly, when we treated a different preparation of
stalled ribosomes (wherein cells were disrupted by sonication
in a buffer lacking detergent and DNase I, but otherwise pro-
cessed as before) with RRF and EFG, efficient recycling
occurred in the presence of IF3 but not in its absence
(Figure 1B, panels iv and v, respectively). This observation
not only provides an in vitro evidence for the role of RRF in
recycling of stalled pre-termination complexes, but also sup-
ports a crucial role of IF3 in this process. Although the exact
reasons for why the two preparations of the stalled ribosomes
behaved differently have not been investigated, the contribu-
tion of non-specific factors (e.g. nucleases) in the detergent
untreated preparation is ruled out by the control experiments
wherein incubation of this preparation with either RRF and
IF3; or EFG and IF3 under the same conditions did not result in
conversion of the polysomes to monosomes (panels i—iii).
While differences in the biochemical properties of differently
prepared ribosomes have been observed in other studies as
well (20,21), it was nevertheless important to demonstrate
the biological relevance of this observation.

The infC135 allele rescues a Pth™ phenotype in E.coli

Haggerty and Lovett (22) identified the infC135 allele, which
encodes a functionally compromised IF3 because of an R131P
mutation. The E.coli STL1670 wherein this allele is linked
(~90%) to Tnl0O (Tnl0-infC135) grows normally in rich
medium, and serves as an important genetic tool for study
of biological functions of IF3 (14,23).

If the biochemically identified role of IF3 in RRF mediated
recycling of the stalled ribosomes (Figure 1B) is biologically
relevant, an anticipated consequence of a compromised func-
tion of IF3 would be a decrease in peptidyl-tRNA release from
the ribosomal complexes, a phenomenon known to rescue the
growth of E.coli (Pth") strains at non-permissive temperatures
(1,13). To validate this prediction, we introduced by P1 medi-
ated transduction, a Tn/0 linked infC135 allele (or as a control,
the Tn/0 alone) from E.coli STL1670 into E.coli AAT7852
(pth"™) and its derivative AA7852 (pth" frrl) containing
decreased level of cellular RRF [the frr] allele contains a
Cm" insertion in the RRF gene promoter, (13)]. The nature
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Figure 2. (A) Schematic representation of Hpall cleavage sites in the infC and infC135 amplicons (panels i and ii) and sizes of fragments obtained upon digestion
with Hpall (panel iii). (B) Analysis of amplicons from parent strains and the various transductants (lanes 1-6) and their digests with Hpall (lanes 7—-12) along with
a 200 bp marker ladder (M) in the middle, on 2% agarose gels. Sizes of the bands are indicated on the right. Lanes: 1 and 7, E.coli AA7852 (recipient); 2 and 8,
E.coli STL1670 (donor); 3 and 9, E.coli AA7852 (Tnl0-infC135); 4 and 10, E.coli AAT852 (Tnl0-infC); 5 and 11, E.coli AA7852 (Tnl0-infC135, frrl); 6 and 12,
E.coli AA7852 (Tnl0-infC, firl). (C) Analysis of complementation of E.coli AA7852 (pth"). Various derivatives of E.coli AA7852 ( pth™), as indicated, were
streaked on LB agar plates from overnight cultures and incubated for 36 h at the indicated temperatures.

of infC allele in the transductants was verified by an associated
RFLP for Hpall (Figure 2A and B). A 1.047 kb amplicon
from infC produces 497, 463, 46 and 41 bp fragments upon
digestion with Hpall. Of these, the 497 and 463 bp migrate
as an unresolved doublet, and the 46 and 41 bp fragments
are undetectable by agarose gel electrophoresis (Figure 2B
lanes 7, 10 and 12). The infC135 allele arises because of a
G to C mutation generating a new Hpall site within the 497 bp
fragment which splits it into a 292 bp and a 205 bp fragments,
separable from each other and the 463 bp fragment (Figure 2B
lanes 8, 9 and 11).

As shown in Figure 2C, all the four pth" strains thus gen-
erated, E.coli AAT7852 (Tnl0-infC; Tnl0-infC135; Tnl0-infC,
frrl and Tnl0-infC135, frrl) grow well at 37°C. As expected
(13), unlike the Tn/0 alone derivative (Tn/0-infC, sectors 1),
the firl allele in the AA7852 (Tnl0-infC frrl) strain allows
its growth to a good extent at 40°C and to a detectable level
at 42°C (sectors 3). True to the prediction, the infC135 allele
in E.coli AA7852 (Tnl0-infC135) rescued the growth of
the strain (sectors 2) in a manner similar to the fir/ allele
(sectors 3). More importantly, simultaneous presence of both
the infCI135 and frrl alleles in the AA7852 (Tnl0-infC135,

frrl) strain conferred a synergistic effect on the rescue
(sectors 4, at 42°C). Such a synergistic effect provides a strong
genetic evidence for a functional interaction between IF3
and RRF in mediating peptidyl-tRNA release. Taken together
with the observations in Figure 1B, and those reported earlier
(1,2), it could be concluded that RRF, EFG and IF3 lead to
peptidyl-tRNA release from the stalled ribosomes, and that
they play a crucial role in their recycling.

Physiological link between RRF and IF3
functions in E.coli

To further our understanding of the functional interaction
between RRF and IF3 in ribosome recycling, we introduced
either pTrc99C vector, pTrc-EcoRRF or the pBR-infC into
E.coli LI14 (i), and monitored growth of the transformants
at 30°C, a permissive temperature; and at 42°C, a temperature
non-permissive for the growth of E.coli LI14 (fir"). As
shown in Figure 3A, at the permissive temperature, growth
of all the three transformants was comparable; and as expec-
ted, at the non-permissive temperature, while a transformant
harboring the empty vector (pTrc99C) showed no growth, the
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cultures were streaked on LB agar ampicillin plates, and incubated for 36 h at the indicated temperatures. (B) Immunoblot analysis of IF3 levels in total cell extracts
(~15 ug) of E.coli LJ14 harboring pTrc-EcoRRF (lane 1), pBR-infC (lane 2) or vector alone, pTrc99C (lane 3). In lane 4, ~0.2 ug IF3 was analyzed as marker.
A Coomassie blue stained gel is shown in the above panel (i) as a control for equal loading of total proteins. Band corresponding to IF3 is indicated in the immunoblot
in the lower panel (ii). (C) Analysis of growth of transformants of various derivatives of E.coli LJ14 (fir**) and E.coli STL1670 in LB broth containing ampicillin,
at30°C (left) and 37°C (right). Saturated cultures grown at 30°C were inoculated (0.1%) into LB broth containing ampicillin and the growth was monitored at 595 nm

at regular time intervals. Details of various strains are as shown in the panels.

one harboring pTrc-EcoRRF showed full growth (sectors 3
and 1, respectively). Interestingly, the transformant harboring
pBR-infC and producing ~2- to 3-fold excess of cellular IF3
(Figure 3B), revealed a detectable growth at 42°C (Figure 3A,
sectors 2) indicating a functional interaction of IF3 with RRF
in ribosome recycling.

In yet another approach, we introduced the Tn/0 linked
infC135 from E.coli STL1670 into the E.coli LI14 (fir")
transformants by P1 mediated transduction, verified the trans-
ductants by the Hpall RFLP analysis, and checked the result-
ing strains for growth in LB broth at the permissive (30°C)
and a semi-nonpermissive (37°C) temperatures (Figure 3C).



The parent strain, STL1670 (Tn/0-infC135), and a Tn/0 deriv-
ative of LI14 (Tnl0-infC, frr') harboring the empty vector
(pTrc99C) were included as controls. As expected of their
phenotypes, E.coli STL1670 grows well at both the temper-
atures (curve 1); and E.coli LJ14 (i7", Tnl0 alone derivative)
grows well at the permissive temperature (30°C) but shows a
weaker growth at the semi-nonpermissive temperature of 37°C
(curve 2). Of the three Tnl/0-infC135 derivatives of E.coli
LJ14 (frr"), the one harboring pTrc-EcoRRF (complements
the fir** defect) grows well at both the temperatures (curve 5).
The one harboring pBR-infC grows well at 30°C and 37°C
(curve 3). Notably, the transductant harboring an empty vector
pTrc99C grows somewhat weakly at 30°C and becomes hyper-
sensitive to growth at 37°C (curve 4). Such a ‘synthetic severe’
phenotype is another strong genetic evidence to support a
role of IF3 in RRF mediated ribosome recycling in E.coli.
An argument that the severe phenotype of the double allele
(infC135 and fir") strain is merely a consequence of the sim-
ultaneous presence of two unrelated defective alleles, can be
ruled out by the fact that combination of infC135 with pth"
resulted in a remarkable rescue of E.coli AA7852 (pth® frrl)
growth even at 42°C (Figure 2C).
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IF3 facilitates ribosome recycling with T¢thRRF in E.coli

It has been shown that while the TtARRF alone does not com-
plement E.coli (frr"), it sustains a very weak growth upon
prolonged incubations at the non-permissive temperature (8).
Also, a recent biochemical study (9) showed that TthRRF
and EcoEFG lead to partial recycling of E.coli polysomes
by effecting efficient release of tRNA but not the mRNA
(hence the polysome profile on sucrose density gradients
remains largely unchanged).

To check the effect of IF3 on ribosome recycling by
TthRRF, we introduced into E.coli LJ14 (Tnl0-infC135,
fr**) harboring pTrc99C or pBR-infC, an empty pACDK
(Kan®) or pACDK-TthRRF containing TthRRF on a low copy
plasmid with a compatible origin of replication (ACYC). And,
to enhance the sensitivity of our assay, we monitored growth
of the transformants on minimal M9 medium with casamino
acids (24). Unlike the reported growth defect of the infC135
strain at 42°C on the 56/2 minimal medium (14), its growth on
minimal M9 medium with casamino acids is not temperature
sensitive (data not shown). As shown in Figure 4A, in this
medium, all the strains grow to similar extent at 30°C in 48 h.
At the non-permissive temperature of 42°C, expectedly,

(A)

30 °C

42 °C

LJ14Tnl0-infC135 +

Sectors:

1. pACDK

2. pACDK-TthRRF
3. pACDK-EcoRRF

+ pTre99C

4. pACDK
5. pACDK-TthRRF
6. pACDK-EcoRRF

+ pBR-infC

'C'H__"'" " -3 '_ N -

ISR E FE 3 A4 N [ b= 1:_}1 IJ__._LLP.-:'-'—"!"-"" i 1L T
Control TthRRF + EcoEFG TthRRF + EcolF3 TthRRF + EcoEFG +
FeolF3

Figure 4. (A) Analysis of complementation of E.coli LJ14 (fir'*) transductants (Tn/0-infC135) harboring various constructs (as indicated) incubated at 30°C and
42°C for 48 h using M9 minimal medium containing casamino acids, ampicillin and kanamycin. (B) Ribosome recycling assays using model post-termination
complexes. Reactions were carried out in the presence of 10 pM puromycin. Amounts of proteins used are 7thRRF (1.7 ug), EcoEFG (6 ug) and EcolF3 (1.2 pg).
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the control transformants harboring, pACDK-EcoRRF along
with pTrc99C (sectors 3), and pACDK-EcoRRF along
with pBR-infC (sectors 6) plasmids show strong growth;
and the transformants harboring pTrc99C along with
pACDK (sectors 1) or pBR-infC along with pACDK (sectors
4) do not reveal any background growth. Importantly, while
the transformant harboring pACDK-T772RRF does not show a
growth in the presence of empty vector (pTrc99C), it shows
reasonable growth in the presence of pBR-infC (sectors 2
and 5) suggesting that IF3 facilitates ribosome recycling by
TthRRF in E.coli. To validate this interpretation, and to further
investigate the role of IF3 in recycling of post-termination
complexes, we carried out in vitro recycling assays with
TthRRF and EcoEFG in the absence and presence of IF3
using the model post-termination complexes. As shown in
Figure 4B, while TthRRF along with EcoEFG did not convert
polysomes to monosomes (compare panel ii with panel 1),
inclusion of IF3 in the reaction resulted in such a conversion
(compare panel iv with i). As a control, TthRRF with IF3, did
not convert polysomes to monosomes (panel iii). Taken
together, it can be concluded that TthRRF with EcoEFG,
which leads to a partial reaction of tRNA release (9), can
be driven to complete recycling by the presence of IF3. Not-
ably, in this heterologous system, inclusion of IF3 with RRF
and EFG (panel iv) resulted in a pronounced accumulation of
30S and 50S subunits.

DISCUSSION

In this study, we have presented evidence for a distinct role of
IF3 in ribosome recycling, thus resolving a long-standing para-
dox that existed because of a gap between the genetic studies,
which supported a role of RRF in recycling of the stalled
ribosomes harboring peptidyl-tRNA, and the biochemical
experiments which did not support such a role (25). Just as
in a more recent study (26), initially we also did not detect
recycling of the stalled pre-termination ribosomal complexes
by RRF and EFG despite the presence of IF3 in the reactions
(Figure 1A). However, use of a different preparation of stalled
ribosomes (Figure 1B), revealed that in the presence of IF3,
such complexes were indeed recycled by RRF and EFG.
Notably, the subsequent experiments (Figures 2—4) wherein
a combination of biochemical and genetic approaches
has been employed to resolve the ambiguity arising out of
the in vitro experiments, clearly support a physiological
role of IF3 in recycling of not only the stalled pre-
termination complexes but also of the post-termination
complexes by RRF and EFG.

At what step in ribosome recycling does IF3 participate? In
the polysome profiles, conversion of polysomes to monosomes
results by their release from the mRNA. In our experiments,
treatment of stalled pre-termination complexes with EcoRRF
and EcoEFG (Figure 1B) or the model post-termination com-
plexes with TthRRF and EcoEFG (Figure 4B), does not cause a
detectable change in the polysome profile. However, they do in
the presence of IF3 (Figures 1B and 4B). As RRF or EFG alone
with IF3 do not result in such a change, these observations
clearly suggest that in the presence of RRF and EFG, ribo-
somes are converted into a state that is compatible to bind IF3,
which in turn leads to the release of 50S and 30S subunits from

mRNA. Such arole of IF3 in the disassembly process is further
supported by the dissociation of empty 70S ribosomes into 50S
and 30S subunits by RRF and EFG in the presence of IF3 (27).
Thus, our studies reveal yet another cellular role of IF3 at the
step of ribosome recycling, and add one more important facet
to the coterie of the varied functions of IF3 (28). However, our
interpretation of the role of IF3 in antagonizing an association
of the 50S and 30S subunits, does not rule out its additional
role in dissociation of tRNA from the 30S subunits generated
from the post-termination complexes by RRF and EFG, for
which the biochemical evidence has been presented earlier
(12). It may also be noted that at least under in vitro conditions,
recycling of the post-termination complexes with EcoRRF
and EcoEFG (a homologous combination which functions
efficiently on E.coli ribosomes especially the ones harboring
deacylated tRNA) can occur independently in the presence
of IF3 [Figure 1A; (29)]. Importantly, our observations
espouse for a role of IF3 in the overall mechanism of ribosome
recycling in E.coli.

Three-dimensional structures of RRF from several sources
have revealed that RRF consists of two domains arranged
perpendicular to each other in an L-shaped molecule
(19,30-34). Structure of Mycobacterium tuberculosis RRF
from five different crystal forms and its comparison with
those of the other RRFs (34) highlighted two of the
major motions of the RRF-domain II; a rotation in the
plane nearly perpendicular to the axis of domain I (the ‘swing-
ing door motion’), and an internal rotation along its own axis
(the ‘screw motion’). The structure solution of RRF-ribosome
complex by cryo-EM provided evidence that the primary
inter-subunit bridge regions B2a and B3 are displaced
upon RRF binding. Further, directed hydroxy radical
probing (10) and the structures of RRF bound ribosomes
(11,35), have shown that RRF binds in the canyon
between the 50S and 30S subunits, and while the RRF-
domain I establishes an extensive set of interactions with
the 50S subunit, the RRF-domain II facing the 30S subunit
is highly flexible.

Although, the step at which the energy of GTP hydrolysis is
utilized in the overall mechanism of ribosome recycling is not
understood, the biochemical and biophysical studies (36,37)
have provided important clues to the dynamics of RRF on the
ribosome upon EFG binding. These studies show that a high
affinity binding of RRF to ribosomes is converted to a low
affinity state upon EFG binding. It is not clear whether these
affinity differences arise because RRF binds to a different site
in the ribosome due to a piston like movement by EFG (36);
or due to a distinct mechanism of EFG action leading to a
dynamic change in the contact points between RRF and ribo-
some by a gearwheel action between the RRF-domain II
and EFG. While both of these proposals are consistent with
the changes in the fluorescence measurements (37), the latter
model accommodates both the swinging door and screw
motions of RRF-domain II, and is consistent with the genetic
studies using heterologous RRF and EFG in E.coli (2,34,38).
Further, the ribosome recycling with the heterologous factors
suggests that the extent and specificity of interactions between
EFG and RRF (Figure 5, intermediate denoted by a) may well
determine the efficiency of gearwheel action between the two
factors and the degree to which the inter-subunit bridges are
distorted to expose the elements for IF3 binding to the 30S
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Figure 5. Model for ribosome recycling. Post-termination ribosomal complexes harboring deacylated tRNA bind RRF and EFG (intermediate a), and specific
interactions between RRF and EFG and GTP hydrolysis lead to a transient state (intermediate b). At this stage, a productive binding of IF3 to 30S subunit leads to
dissociation of all components (c), and its occasional failure to bind 30S subunits results in release of 70S ribosomes from mRNA (d). The tRNA release occurs at

stage b before IF3 binding (9) or at stage ¢ upon IF3 binding (12).

subunit (intermediate denoted by b). It can be envisaged that
while a stable binding of IF3 to 30S subunit would result in
complete dissociation of all the components (as shown in ¢)
occasionally a non-productive approach of IF3 to bind the
intermediate (b) may, upon exit from mRNA, lead to re-
establishment of the 50S and 30S subunit interactions for
release as 70S ribosome (as shown in d), useful for translation
of the leaderless mRNAs (39-41). It is interesting to speculate
that a critical balance of events occurring at intermediate (b),
would also feed the ribosomes to translational re-initiation in
polycistronic mRNAs (42).

In the scheme (Figure 5) for recycling of the post-
termination complexes, tRNA release has been shown to
occur at the intermediate stage b (9) or stage ¢ (12). We believe
that release of peptidyl-tRNAs with shorter peptides present
in the pre-termination stalled ribosomes such as those
arising from minigenes (43—45) could be similar to tRNA
release. Whether recycling of the stalled complexes harbor-
ing peptidyl-tRNA with longer peptides occurs by a direct
release of peptidyl-tRNA or indirectly through generation
of a shorter chain peptidyl-tRNA by unknown mechanisms
or free tRNA by the action of Pth (46) is not understood
(also see below). However, at least in the in vitro experiments,
IF3 is more crucial for recycling of stalled pre-termination
complexes, than of the post-termination complexes. Hence,
some details of these processes are likely to be distinct,
which will be a subject of our future research. Importantly,
the studies on RRF binding to ribosomes have shown that
RRF engages some of the sites on the 50S subunit that
are also occupied by the peptidyl-tRNA (11,47). Thus, the
observations that RRF recycles pre-termination stalled
ribosomes raises an important question as to whether the
functionally relevant initial binding of RRF, at least in the
pre-termination ribosomes, occurs at a site different from
the one seen in the empty ribosomes.

Finally, the use of heterologous systems has remarkably
augmented our understanding of important biological
processes. Homologous factors, which have co-evolved to
function efficiently, make it extremely demanding to trap
the intermediates useful for biochemical or genetic studies.
Thus a distinct advantage of using heterologous factors is
that they serve as ‘naturally optimized mutants’. Earlier
studies using heterologous factors have revealed important
details of RRF and EFG function (2,9,38,48,49). In this
study, we exploited the observation that 7TthRRF and EcoEFG
lead to tRNA but not the mRNA release from the model
post-termination complexes (9). As shown in Figure 4, such
a system provided an appropriately trapped intermediate,
which could be rescued by IF3 both in vivo and in vitro.
Importantly, this experiment not only allowed us to identify
a step at which IF3 enters the ribosome recycling pathway, but
it also provides a suitable intermediate for structural studies.
Clearly, further analyses of such systems would reveal more
of the crucial mechanistic details of ribosome recycling, and
other important biological processes.
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