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ABSTRACT

Translational GTPases (irGTPases) regulate all
phases of protein synthesis. An early event in the
interaction of a trGTPase with the ribosome is the
contact of the G-domain with the C-terminal domain
(CTD) of ribosomal protein L12 (L12-CTD) and sub-
sequently interacts with the N-terminal domain of
L11 (L11-NTD). However, the structural and func-
tional relationships between L12-CTD and L11-NTD
remain unclear. Here, we performed mutagenesis,
biochemical and structural studies to identify the
interactions between L11-NTD and L12-CTD.
Mutagenesis of conserved residues in the inter-
action site revealed their role in the docking of
trGTPases. During docking, loop62 of L11-NTD pro-
trudes into a cleft in L12-CTD, leading to an open
conformation of this domain and exposure of hydro-
phobic core. This unfavorable situation for L12-CTD
stability is resolved by a chaperone-like activity of
the contacting G-domain. Our results suggest
that all trGTPases—regardless of their different
specific functions—use a common mechanism for
stabilizing the L11-NTDeL12-CTD interactions.

INTRODUCTION

The entrance for aminoacyl-tRNAs on the ribosome is
surrounded by flexible proteins; one copy of L11 and
four to six copies of L7/L12 (1) [L7 is L12 acetylated at
its N-terminus (2); L7/L12 is referred to hereafter as L12].

They protrude from the body of the ribosome and extend
into the adjacent environment to recruit translational sub-
strates, i.e. aa-tRNAeEF-TueGTP ternary complexes,
and factors (3-5), and regulate their activities.
The C-terminal domain (CTD) of LI12 contacts the
G-domain of elongation factor G (EF-G), initiating the
recruitment of this factor (6-8), and regulates GTPase
activation (9-12) and Pi release after GTP hydrolysis
(12). The N-terminal domain (NTD) of L11 along with
helices 43 and 44 of 23S rRNA (H43/44) forms the target
site for thiazole family antibiotics (13—15). The thiazole
antibiotics micrococcin (Micro) and thiostrepton (Thio)
stimulate and inhibit EF-G-dependent GTP hydrolysis,
respectively (16,17). Mechanistic studies reveal that the
binding of Thio immobilizes L11-NTD (13-15) and thus
prevents the translocation process, which is an EF-G-
driven movement of the A and P tRNAs in the
pre-translocational (PRE) state to the P and E sites to
establish the post-translocational (POST) state. The
opposite effect of Micro to Thio is intriguing, since it
has a similar structure to Thio and also binds between
L11-NTD and H43/44 (13,15,18).

Studies on the dynamics of L12-CTDs have revealed
that they undergo boxing-like movements and form iden-
tical interactions with the various translational GTPases
(trGTPases) (1,4,19,20). Separately, L11-NTD has been
found to undergo a swing-like movement upon factor
binding and GTP hydrolysis (5). Molecular dynamics
(MDs) simulations have revealed additional details:
upon EF-G binding, L11-NTD not only swung out as a
whole, but its loop region around residue 62 (loop62)
extended even further (21). We wondered whether the
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movements of L12-CTD and LI11-NTD upon factor
binding are inherently related.

The interaction between L11-NTD and L12-CTD was
deduced from an 11-A cryo-electron microscope (cryo-
EM) map of a POST ribosome containing an EF-G in
the presence of fusidic acid (POSTeEF-GeFA) (7).
Conformation and structural details for this binding inter-
action were recently provided by X-ray crystallography
and cryo-EM of a corresponding functional complex
(8,22) and by X-ray crystallography of the 50S ribosomal
subunit in complex with Micro (15). In these structures,
L11-NTD was connected to L12-CTD by insertion of
loop62 into a cleft of L12-CTD. While shedding light on
the L11-L12 interaction, the structures did not suggest
how this interaction might be established and controlled.

Here, to address this point, we studied molecular details
of the L11-L12 interaction and assessed its functional im-
portance. In this process, we found that the hydrophobic
core of L12-CTD partially exposed upon its interaction
with L11-NTD. This prompted us to analyze whether a
chaperone-like activity of the contacting translation factor
could stabilize L12-CTD. Our results demonstrate that all
trGTPases possess chaperone activity in their G-domains,
suggesting a universal mechanism for the L11-L12 inter-
action, an early event of trGTPase docking onto the
ribosome. This mechanism involves both the G-domain
of trGTPase and the L11-NTDeL12-CTD interaction in
spite of different specific functions of these factors.

MATERIALS AND METHODS

Translational components and the rapid translation
system (RTS) were prepared according to (23) and refer-
ences therein. Reconstitution of L11- or LI12-depleted
ribosomes with WT or mutated L11 or L12 was performed
as described previously (3,12). Citrate synthase (CS),
a-glucosidase and other reagents were from Sigma-
Aldrich. Micrococcin was prepared as described (24).

Protein expression and purification

Escherichia colilepA, fusA, rplK and rplL genes, coding for
EF4, EF-G, L11 and L12, respectively, were cloned from
genomic DNA using PCR primers that introduced Ndel
and Xhol restriction sites for cloning into expression
vectors. The PCR DNA products coding for EF4,
EF4-N2, EF4-N3, EF-G-N2, EF-G-N3, L11 and LI12
were cloned into the pET22b vector (Novagen), while
the PCR DNA products coding for EF-G, EF-GA4,
EF4-NTD and EF4-N4 were cloned into the pET28a
vector (Novagen). Site mutations of E. coli L11, L12,
EF-G and EF4 were performed using a TakaRa
site-directed mutagenesis kit. All proteins were tagged
with His-tags. They were expressed in E. coli BL21
(DE3) and induced with 0.1 mM IPTG at 16°C overnight.
A nickel column was used in the first round of purifica-
tion. Concentrated samples were further purified by
ion-exchange chromatography and gel filtration using a
Sephadex G-75 column. The characteristics of protein in
solution were then analyzed by analytical ultracentrifuga-
tion and dynamic light scattering. Samples were collected,

concentrated and stored at —80°C. Thermus thermophilus
L11-NTD, L12-CTD and EF4 genes were amplified by
PCR using T. thermophilus genomic DNA and cloned to
the pET-22b vector using Ndel/Notl restriction sites.
T. thermophilus L11-NTD, L12-CTD and EF4 proteins
were expressed in BL21(DE3), induced with 0.4mM
IPTG at 16°C for 20 h. Cells were disrupted by ultrasound
and centrifugation. The soluble cell extract was heat-shock
treated by incubation at 65°C for 20 min and the super-
natant was further purified by HiTrap-SP and Superdex-
75 (GE) chromatography. Protein solutions were
concentrated and stored at —80°C. Characteristics of
the proteins in solution were analyzed by molecular sieve
chromatography, analytical ultracentrifugation and
dynamic light scattering. The mutated L11 and LI12
proteins were further analyzed by native gel
electrophoresis.

Chemical footprinting of E. coli 70S
ribosome * EF—-G - GDPNP complexes

The assay was performed as described previously (24) with
some modifications. Prior to tRNA footprinting, 20 pmol
of ribosomal complexes were incubated at 37°C for
10min, then at 0°C for 30min with the addition of
dimethyl sulfate (DMS). Primer extension products of
modified TRNAs were separated on 8% polyacrylamide
gels.

GTP hydrolysis assays

For ribosome-stimulated uncoupled GTP hydrolysis
assays, reconstituted ribosomes (0.2uM)  were
mixed with EF-G (0.06uM) in standard buffer
(H20M4'5N15OSH4SdeSp0'05) (24) at 37°C for 5min. The
reaction was initiated by the addition of (y-**P) GTP
(75 uM). Solutions containing thiostrepton or micrococcin
were prepared (15) and added to reach a final concentra-
tion of 5 or 2 uM, respectively.

Green fluorescent protein synthesis assays/coupled
transcription-translation assays

RTS 100 E. coli HY Kits from Roche were used. For a
50-pl reaction,12 pl of E. coli lysate, 10 pl of reaction mix,
12 pl of amino acids, 1pl of methionine, 5pul of reconsti-
tution buffer and 1.5 pg of plasmids containing the EGFP
gene downstream of the T7 promoter (pIVEX2.3-EGFP)
were adjusted to 50 pl with RNase- and DNase-free water.
Ribosomes in the E. coli lysate were pelleted and replaced
by the same amount of reconstituted ribosome with WT
or mutated L11/L12. The reaction was run for up to 8 h at
30°C. The amount of synthesized EGFP was determined
either by measuring the fluorescence or after separating
the proteins on SDS—polyacrylamide gels (SDS-PAGE)
and staining with Coomassie Blue. Solutions containing
thiostrepton or micrococcin were prepared (15) and added
to reach a final concentration of 5 or 2 uM, respectively.

Growth experiments

For individual exponential phase growth experiments,
overnight cultures incubated at 37°C in LB medium



were diluted 100-fold and monitored at 600 nm. For com-
petition experiments, L11-depleted cells rescued by WT
L11, which were chloramphenicol and kanamycin resist-
ant, were mixed with one of the L11-depleted strains
rescued by mutant L11 and the total number of gener-
ations was calculated based on the equation below.
The estimated percentage of mutant cells was plotted as
a function of the number of generations.

In A260 —1n0.01
In2 '

In vitro pull-down assay

N-terminal 6x His-tagged L12 or its mutant proteins (bait
protein) (1.6 mM, 20 ul) were immobilized on Ni** chelate
beads in standard buffer and incubated with either E. coli
cell lysates (40mg/ml, 20 pul) or purified non-His-tagged
L11 mutants (0.4 mM, 20 ul) in the same buffer at 37°C
for 30 min. After washing three times with standard buffer
and elution with imidazole (100 mM), binding was
detected by 15% SDS-PAGE and immunoblotting using
anti-L11 (aL11).

Refolding of CS

Denaturation and renaturation of CS were performed as
described (25) with modifications. CS (10uM) was
denatured in 6 M GdnHCI, 50 mM Tris—HCI pH 8.0 and
2mM DTT at 25°C for over 2h. Renaturation was
initiated by a 100-fold dilution in 40 mM HEPES-KOH
pH 8.0, 50 mM KCI, 10 mM (NH,4),SO4 and 2mM KAc at
25°C for the times indicated, with or without chaperone
and other additives. The activity of renatured CS was
determined in 50mM Tris—-HCI pH 8.0, 0.1 mM acetyl
coenzyme A, 0.2mM oxaloacetate and 0.2mM 5,5-
dithiobis (2-nitro-benzoic acid) (DTNB) by measuring
412 nm absorbance. In all CS assays, the enzyme activity
of 0.1 uM native CS after incubation at 25°C for 40 min
was set to 100%.

Refolding of a-glucosidase

Denaturation and renaturation of o-glucosidase were
performed as described (25) with modifications.
a-glucosidase (3 uM) was denatured in 8 M urea, 0.1 M
KHPO,4 pH 7.0, ImM EDTA and 20mM DTT at 25°C
for 1.5h. Renaturation was initiated by a 30-fold dilution
in 40mM HEPES-KOH pH 7.5, which was then incu-
bated at 25°C for the times indicated, with or without
chaperone and other additives. Renatured o-glucosidase
(2ul) was mixed with 57pul buffer-60 mM KHPO, pH
7.0, 0.1 mM glutathione (GSH) and 0.9 mM p-nitrophenyl
a-D-glucoside (PNP-Gluc) and incubated at 37°C for
20min. A total of 20 ul of the mixture was then added
into 80 ul 0.1 M Na,COs and absorbance at 400 nm was
recorded. In all a-glucosidase assays, the enzyme activity
of 0.1 uM native a-glucosidase after incubation for 1h at
25°C was set as 100%.

Thermal aggregation of CS

Thermal aggregation was carried out as described (26)
with modifications. Native CS (40uM) was diluted
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200-fold in 40mM HEPES-KOH pH 7.5 at 43°C in the
presence or absence of 0.6 uM factors. CS aggregation was
monitored by measuring the absorbance at 320 nm.

Molecular modeling, energy minimization and MD
simulations of L12-CTD

Molecular modeling of L12-CTD was performed with
VMD (27), while energy minimization and MD simula-
tions of the complex of L11-NTD and the modeled
L12-CTD were carried out by using NAMD (28).
L12-CTD is poorly solved in the ribosomal crystal struc-
ture with the L11-NTD+L12-CTD complex (PDB 2WRL)
(22), having a disordered B-sheet region and only a trace-
able backbone. Thus, to obtain insight into the L11-L12
interaction at the atomic level, we first modeled L12-CTD
in the complex conformation based on this poorly solved
structure and the structure of the free form of L12-CTD
(PDB ICTF) (29). The modeled L12-CTD structure is
denoted as L12-CTDMP. To remove any possible clashes
within the modeled structure and with L12-NTD, multiple
steps of energy minimization of the L11-NTD-L12-
CTDMP complex were performed and the resulting
complex structure was further refined by MDs simula-
tions. The NAMD package (28) and the CHARMM?22
all-atom force field (30) were used for energy minimization
and MD simulations. A 12-A cutoff was used for van der
Waals interactions and Particle Mesh Ewald summation
was used to calculate electrostatic interactions. The
energy-minimized system was first equilibrated for 6ns,
with the temperature controlled at 310 K by Langevin dy-
namics and the pressure controlled at 1latm with a
Langevin piston method followed by 20ns of free
dynamics simulation. During the simulation, the heavy
atoms of L11-CTD were constrained. The final snapshot
of the MD simulation was used for further analysis.

Multiple alignments

The amino acid sequences were downloaded from
PubMed and the alignments were generated by Align-X.

Data analysis

Data in all figures are shown as the mean £ SEM of at
least three independent experiments. Statistical signifi-
cance was evaluated using unpaired two-tailed Student’s
t-test between control/WT and experimental conditions
(*P <0.05, ¥**P <0.01, ***P <0.001).

RESULTS

Importance of loop62 of L11-NTD for cell growth
and ribosomal functions

According to the crystal structure of the POST state
complex with EF-G trapped by FA (T. thermophilus)
(22), L11-NTD and LI12-CTD are located -closely
together and have the potential to interact with each
other. However, due to the lack of side-chain density in
L12-CTD, the interactions between L11 and L12 cannot
be placed with certainty. Therefore, we first performed
molecular modeling of L12-CTD to fit the side chains
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from the full-atomic structure of an isolated L12-CTD
(E. coli; PDB 1CTF) (29) and generated a complete
L12-CTD in situ (L12-CTDMP) (Figure 1A). The
complex of L11-NTD and the modeled L12-CTD was
then further refined by MD simulation to remove
possible clashes and to search for the most probable pos-
itions of the L12-CTD side chains. The resulting structure
reveals that L11 contacts L12 by the insertion of its loop62
into the cleft between a-helices 4 and 6 of L12-CTD. The
four residues Tyr61, Ala62, Asp63 and Arg64 of loop62
are responsible for this direct interaction. Multiple align-
ments show that residues 61, 63 and 64 are highly
conserved. An aromatic ring (Tyr, Phe and His) side
chain is always in position 61, a negatively charged Asp
is always in 63 and a positively charged Arg or Lys is
always in 64 (Figure 1B). To understand the functional
importance of each of the four residues, a series of
single mutations was constructed in E. coli L11. Of the
residue 61 mutants, only the alanine mutant of the L11
protein was achievable; mutation of residue 61 to residues
with polar charge or longer hydrophobic side chains made
the L11 mutants insoluble. Residue 62 in L11 is generally
Ala or a positively charged amino acid, accordingly we
constructed an A62K mutant, lysine being the amino
acid with the strongest positively charged side chain
among the alternatives and obtained an active mutant.
Similarly, only short to medium length non-polar side
chains at positions 63 and 64 were compatible with an
acceptable solubility. We attained a total of four L11
mutants, namely, L11-Y61A, A62K, D63L and R64A,
one mutation in each residue of loop62 (Supplementary
Figure S1). Each of these L11 mutants was reconstituted
into E. coli 70S ribosomes lacking L11 protein (70S~"'"),
and the functions of these ribosomes were assayed.

We investigated whether these L11 mutants had an
overall effect on cell growth and viability. To this end
we used an E. coli strain with a knocked-out L11 gene
(rplK) carrying a plasmid with either a wild-type (WT)
or mutant-L11 gene. Figure 1C shows that all mutants
were viable and that the generation time of the
L11-D63L mutant was 0.5-fold longer than that of the
WT; the corresponding values were 0.33 for L11-Y61A
and R64A, and 0.25 for L11-A62K. The superiority of
cells harboring WT L11 over those containing mutant
L11 was analyzed in growth competition experiments,
where equal amounts of WT cells and mutant cells (cor-
responding to 100% in Figure 1D) were mixed and the
relative amounts of both cell types were monitored over
several generations. Figure 1D shows that the proportion
of L11-D63L cells was dramatically reduced to 1% after 5
generations, while that of the L11-Y61A, R64A and A62K
cells was down to 0.1, 0.2 and 0.4% after 12 generations.
It is clear that loop62 mutants strongly impair cell per-
formance; mutant cells would be outcompeted by WT cells
within several hours in nature.

The effects of loop62 mutations on overall protein syn-
thesis in vitro were analyzed in a coupled transcription/
translation system (RTS) programmed for green fluores-
cent protein (GFP) synthesis (Figurer 1E). Again,
mutation L11-D63L of the most conserved residue (63)
caused the highest reduction (~60%), while L11-A62K

showed the lowest reduction (~40%). When Thio
or Micro was added to the reaction mix, the
708"+ WT-L11 ribosomes were reduced by 60 and
80%, respectively. Thio, by fixing L11-NTD to H43/44,
prevents the movement of L11-NTD and its potential
interaction with L12-CTD (13,14). Micro, on the other
hand, bound to the same region but with a slightly differ-
ent binding orientation. It thus facilitates an abnormal
interaction between L11-NTD and L12-CTD (15) which
inhibits protein synthesis, specifically the translocation
reaction. In this assay, loop62 mutations exhibited an in-
hibitory effect comparable to that of Thio.

Do the loop62 mutants affect the binding characteristics
of EF-G with the ribosome? This question was assessed by
chemical footprinting. L11-NTD has been shown to locate
closely to the G-domain and domain V of EF-G (22).
Accordingly, we tested the protection patterns of EF-G
on the A2660 or A1067 nucleotides of 23S rRNA. These
bases are the checkpoints for the G- and V domains, re-
spectivelz, of bound EF-G (31). Compared to the WT 70S
or 708! reconstituted with WT-L11 (70S~ """+ L11),
the 70S™'""  reconstituted with mutants LI1
(70S~“'"!'+ L11-mutant) provided the same protection of
both A2660 and A1067 upon EF-G binding (Figure 1F).
These results suggest that L11 mutants do not affect the
overall location of EF-G on the ribosome.

We then assayed the ability of Lll-mutated
ribosomes to stimulate EF-G-dependent GTP hydrolysis.
708"+ L11 ribosomes, alone or in the presence of Thio
or Micro, were used as controls. Figure 1G shows that
loop62 mutants impair GTPase by ~10% (L11-A62K),
~25% (L11-Y61A and R64A) and ~40% (L11-D63L).
Thio inhibited 65% of the activity and Micro stimulated
activity by 30%. The results suggest that loop62 mutations
impair the interaction between L11 and L12 in a similar
manner as Thio. Of the four residues, mutation of the
most conserved residue Asp63 produced the most
serious deficiency. In contrast, lysine mutation of the
least conserved 62 Ala residue caused only mild inhibition.

We then carried out in vitro pull-down assays and struc-
tural analyses to gain more insights into the interactions
between L11-NTD and L12-CTD.

An open conformation of L12-CTD exposing hydrophobic
core is required for L11-L12 interaction

Direct interaction between L11 and L12 was detected by
in vitro pull-down coupled to immunoblotting against L11
antibody. N-terminal 6x His-tagged L12 protein (bait)
was immobilized on Ni*" chelate beads and incubated
with either E. coli cell lysate or purified non-His-tagged
L11 mutants. The presence of L11 was detected with
anti-L11  (aLL11). Figure 2A shows the interaction
between L11 and L12. Non-specific interaction can be
excluded since the empty beads incubated with non-tagged
L11 did not show any signal. In Figure 2B, the
immobilized L12 was incubated with WT-L11 or the
L11 mutants. The L11-D63L mutation did not bind to
L12, and L11-Y61A and R64A showed much weaker
binding, while L11-A62K bound like WT-L11. The
binding pattern nicely reflects the corresponding effects
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Figure 1. Functional significance of loop62 in translation. (A) The crystal structure of 70SeEF-GeFA in POST state (PDB 2WRL) (22) shows that
EF-G is located between L12-CTD and L11-NTD. MD simulations reveal details of the L11-NTDeL12-CTD interaction. Loop62 of L11-NTD
(magenta) inserts into the cleft between a-helixes 4 and 6 of L12-CTD (yellow). Four residues on loop62, Tyr6l (Y61), Ala62 (A62), Asp63 (D63)
and Arg64 (R64), interact directly with L12-CTDMP_ (B) Multiple alignments show that residues 61, 63 and 64 are highly conserved. Red residues
show 100% identity, while blue residues show 80% identity. (C and D) /i vivo analyses of loop62 mutations on cell growth. (C) The doubling time of
rplK knock-out E. coli cells which are rescued by WT L11 or its mutant (L11-Y61A, A62K, D63L or R64A). (D) Equal amount of the rp/K
knock-out E. coli cells rescued by WT LI11 or its mutant were grown as indicated and the proportion of mutant cells (%) was determined.

(continued)
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on growth, protein synthesis and EF-G-dependent
GTPase activity shown in Figure 1.

To study the dynamics of the interface between L11-
NTD and L12-CTD in solution, we performed nuclear
magnetic resonance (NMR) spectroscopy. Each amino
acid residue of '"N-labeled L11-NTD (7. thermophilus)
was assigned according to (32) (Supplementary Figure
S2A). We then titrated L12-CTD (T. thermophilus) into
the L11-NTD solution and generated a '"H-'"N heter-
onuclear single-quantum coherence (HSQC) spectrum at
each titration point (Supplementary Figure S2B-S2F).
Unexpectedly, no distinct difference was uncovered upon
L12-CTD addition, neither chemical shifts nor intensity
changes of individual cross-peaks. These results suggested
that L11-NTD (T. thermophilus) did not contact L12-CTD
(T. thermophilus) under these conditions. This phenom-
enon contradicts the reported POST-EF-G+<FA
(T. thermophilus) structure and our L12 pull-down study
with E. coli proteins shown in Figure 2A and B. To
explore the reasons, we compared the structures of
isolated L11-NTD and L12-CTD domains with those of
their counterparts in the POST+EF-G+FA complex.

The interaction of L11-NTD with L12-CTD on the
ribosome triggers two conformational changes: (i) an
extension of loop62 of L11-NTD as we reported recently
(34) and (ii) a large conformational change in L12-CTD as
we found here. When L12-CTD on the ribosome complex
(PDB 2WRL) was replaced by its isolated structure (PDB
1CTF) (29), the domains clashed at the connection site
(Figure 2C). When we aligned L12-CTDMP (Figure 1A)
with its free structure at helix 6 (26), a distinct open con-
formation was observed. The tip of helix 4, i.e. the C, of
Gly74, moved 6.4 A. The angle opened 32.4° between
helices 4 and 6, as measured by the angle between the
lines connecting Alall3:C, and Gly74:C, in the two
states (Figure 2D). Surface display reveals that the open
conformation of LI12-CTD on the ribosome is
accompanied by the exposure of the hydrophobic core
(compare the closed and open conformations of the
L12-CTD in Figure 2E and F, respectively). A detailed
map (Figure 2G) demonstrates that residues Asp63 of
L11-NTD and Lys95 of L12-CTD are located at the inter-
face. Adjacent to it we see that the exposed hydrophobic
core of L12-CTD consists of the residues Leu58, Leu94,
Leul06 and LeullO, which are highly conserved
(Supplementary Figure S3). Such a conformation is not
stable and threatens the integrity of L12-CTD causing it to
unfold. This observation provides an explanation of why
we could not find an interaction between L11-NTD and
L12-CTD in the NMR titration assay. For T. thermophilus
L12-CTD, an assay temperature of 298 K could be too low

to allow a dynamic equilibrium between the unfavorable
open state and the stable closed state. The situation did
not change, when we increased the temperature to 318 K.
When we switched to the E. coli counterpart, the low reso-
lution did not allow an assignment. To clarify the molecu-
lar details, we resorted to mutagenesis and biochemical
methods.

Both electrostatic and hydrophobic forces contribute
to the L.11-L12 interaction

To identify the main factor responsible for the L11-L12
interaction, we constructed additional mutants of loop62
from L11-NTD. Since the above-mentioned L11-A62K
mutation produced unexplainable results for LI11-
Asp63+L12-Lys95, a potential electrostatic pair, we
mutated a neighboring residue of Asp63, i.e. Arg64 to
Lys and obtained a soluble LI11-R64K mutant
(Supplementary Figure S1). Different from its L11-R64A
mutation, the L11-R64K mutation strengthened the inter-
action between the two proteins (Figure 3A). The band
intensity (pixel counting) increased ~1.5-fold compared to
WT+WT (L11VT with L12WT). In water, the pKa of Arg
and Lys are 12.5 and 10.5, respectively. Exchanging Arg to
the weaker base Lys enhanced the interaction, suggesting
that L11-Arg64 might provide a repulsive force against
L12-Lys95. When this residue was exchanged to a
weaker base, the repulsive force decreased and thus the
interaction between LI11-Asp63 and LI12-Lys95 was
strengthened. This observation partially supports the elec-
trostatic hypothesis and explains the evolutionary conser-
vation of the nature of the side chain of residues 63 (Asp)
and 64 (Arg or Lys) of loop62 in L11-NTD and residue 95
(Lys) in L12-CTD. The contribution of Lys95 (L12-CTD)
was then ascertained using the L12-K95A mutant, which
was soluble (Supplementary Figure S4) and prevented
domain interaction (Figure 3A) as observed before with
the L11-D63L mutant (Figure 2B).

The influence of L12-CTD’s hydrophobic core residues
on the L11-L12 interaction was analyzed further. The
structure of L12-CTDMP (Figure 2G) reveals that Leu94
stacks with Leul06 and L110, thus drawing B-sheet 2 (B2)
close to a6. Similarly, hydrophobic stacking also exists
between Leu58/Leu94 and LeullO, thus drawing Pl
close to B2 and o6. When we constructed an alanine
mutation for each Leu, only L12-L106A could be kept
in solution (Supplementary Figure S4). Changing the
side chain of one of the other three Leu residues to Ala
had strong effects on L12-CTD folding, reflecting the im-
portance of each Leu for the hydrophobic core formation.
When the soluble L12-L106A mutant was incubated with
WT LI11, no interaction was detected (Figure 3A)

Figure 1. Continued

(E-G) Importance of loop62 for protein synthesis. WT L11 (deep blue), L11-Y61A (pink), L11-A62K (light pink), L11-D63L (red) or L11-R64A
(pink) L11 mutants were reconstituted into ribosomes lacking L11. Ribosomes reconstituted with WT L11 were incubated with Thio (blue) or
micrococcin (ice blue). (E) Quantification of the total effect of each mutant on GFP synthesis in the RTS system. (F) Chemical footprinting of E. coli
70S ribosome* EF-G+GDPNP complexes. G and T, sequencing lanes; Co, control without DMS modification; 70S™T, WT ribosome; 708!, the
ribosome depleted of L11; 70S~™!'"+L11, the ribosome depleted of L11 was reconstituted with WT L11 or the L11 mutant as indicated. The EF-G
protection pattern of A2660 and A1607 of 23S rRNA is indicated by arrows. (G) GTP hydrolysis by EF-G is given as the amount of GTP
hydrolyzed in Smin per ribosome. Error bars represent the mean + SEM of data from at least three separate experiments. P-values were calculated
with unpaired #-tests using Welch’s correction by comparing to WT samples (*P < 0.05, **P <0.01, ***P <(0.001). See also Supplementary Figure S1.
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Figure 2. Direct interaction between L11 and L12 requires L12-CTD to be in an open conformation with the hydrophobic core exposed. (A and B)
Interactions between 6x His-tagged L12 and L11 WT (A) or mutants (B) were detected by in vitro pull-down assay coupled to immunoblotting
against the L11 antibody (aL11). Purified L11 protein was loaded in the first lane (L11) as a marker. (A) Pull-down assays show that L11 binds with
L12. No L11 was detected in the control (the third lane) when L11 was incubated with empty beads. (B) The bait-prey pair was the L12+L11
mutant. The D63L mutant did not bind with L12 at all. Y61 A and R64A mutants bound a lower intensity, whereas the A62K mutant bound with
intensity similar to WT L11. (C-F) Structural comparison of L12-CTD in the isolated state (gray) and on the ribosome (yellow). (C) When L12-CTD
on the ribosome complex (PDB 2WRL) (22) was replaced by its isolated structure (PDB 1CTF) (29), the interplay between L11-NTD (magenta) and
L12-CTD was hindered by a steric clash at the connection site (circled region). (D) Structural alignment shows L12-CTD on the ribosome with a
more open conformation. When the two structures were aligned to helix 6 (6), the tip of helix 4, i.e. the C, of G74, moved 6.4 A and the helices
opened 32.4° more, as measured by the angle of A113:C, to G74:C,, in the two states. (E, F) Surface display of L12-CTD with its hydrophobic core
in blue (E) or orange (F) in the closed and open states, respectively. (G) The interface between L11-NTD and L12-CTD in the open state. The
interface is composed of Y61 (orange), A62 (orange), D63 (red, negative charged) and R64 (blue, positive charged) from L11 and K95 (blue, positive
charged) from L12. The hydrophobic core of L2-CTD includes L58, L94, L106 and L110 (orange). See also Supplementary Figures S2 and S3.

suggesting that although this mutation did not influence
the overall structure of L12-CTD, it strongly weakened
the affinity of the domain to L11-NTD.

The reason and consequences of such an affinity drop
were then analyzed in situ by reconstituting the mutant
protein into the ribosome. Tested in parallel with the
L11-R64K mutant and the L12-K95A mutant, which

strengthened and disrupted the L11-L12 interaction,
respectively, L12-L106A had a similar effect on the
factor binding of the mutated ribosome, GTP hydrolysis
by EF-G and GFP synthesis (Figure 3B-D). The results of
this set of mutations were comparable with the loop62
mutants in Figure 1: the new mutants inhibited
EF-G-dependent GTPase activity and thus hindered
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Figure 3. Both electrostatic and hydrophobic forces contribute to the L11-L12 connection. (A) An interaction between L11 (WT or mutant) and L12
(WT or mutant) was detected by pull-down assays as described in Figure 2A and B. The bait-prey pair is indicated as L12+LI11 (L12 = WT or
K95A or L106A; L11 = WT or R64K). When Arg64 of loop62 was mutated to Lys, the interaction between L1l and L12 was enhanced. When
Lys95 of L12 was replaced by Ala, the interaction vanished. Similarly, the L106A mutation abolished the interaction as well. (B) Chemical foot-
printing of E. coli 70S ribosomeeEF-GeGDPNP complexes. G and T, sequencing lanes; Co, without DMS modification. 70S reconstituted with L11
or L12 are indicated as in (A). The EF-G protection pattern of A2660 and A1607 of 23S rRNA is indicated by arrows. (C and D) Importance of the
L11-L12 interaction for EF-G-dependent GTP hydrolysis and protein synthesis, respectively. WT L12 and WT L11 are shown in deep blue and all
other combinations in pink. The corresponding proteins L12 and L11 were reconstituted into ribosomes lacking L11 and L12. (C) GTP hydrolysis by
EF-G is given as the amount of GTP hydrolyzed in 5min per ribosome. (D) The total effect of each mutant on GFP synthesis was quantified in the
RTS system. Error bars represent the mean = SEM of data from at least three separate experiments. P-values were calculated with unpaired -test
using Welch’s correction by comparing to WT +WT samples (**P <0.01, ***P <0.001). See also Supplementary Figure S4.

total protein synthesis. These observations suggest that (K95A or L106A) which weakened the L11-L12 inter-

the hydrophobic contribution of the conserved Leu action. Medium affinity is obviously more favorable for
residues of L12-CTD plays an important role not only the establishment of a dynamic connection—disconnection
in the domain conformation but also in the interplay equilibrium, both of these two states being needed for
with L11-NTD. factor regulation on the ribosome. Our series of mutations

The L11-R64K mutant was an exception. While it in the contact regions of both L11-NTD and L12-CTD
strengthened the L11-L12 interaction, its in situ influence reveal that both electrostatic and hydrophobic forces play
on the ribosomal function was the same as the other a role in the interaction. Moreover, the non-polar side-
L11 mutants (Y61A, D63L or R64A) or L12 mutants chain stacking was found to stabilize the L12-CTD
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structure. Upon interaction with L11-NTD, L12-CTD
opened and exposed the central hydrophobic region.
Such a situation threatens the integrity of the loosely
folded and highly dynamic LI12-CTD structures and
causes unfolding. It is well documented that, in similar
situations, chaperones that facilitate protein folding,
protect protein conformation and trigger partial unfolding
to make proteins transport competent (35), come into
play. On the other hand, translation factors EF-Tu and
EF-G (25,36) have been reported to possess chaperone
activity, although their catalytic centers and target mol-
ecules remain elusive. Our data may provide a clue to
clarify the inherent relationship between the L11-LI12
interaction and the chaperone properties of EF-Tu and
EF-G. If the demonstrated chaperone activity of both
these EFs is indeed related to the transient exposure of
the hydrophobic core of L12-CTD shown here and thus
might represent a general feature of the early interaction
of EF-Tu and EF-G with the ribosome, then we would
expect that all trGTPases should possess such a chaperone
activity. This hypothesis is investigated in the following
sections.

Identification of EF4 chaperone activity

We reported earlier that EF4 (LepA) is a highly conserved
translation factor, catalyzing the POST state ribosomes to
PRE state in the reverse direction to EF-G triggered trans-
location (23). The sequence and structural similarity of
EF4 and EF-G (37) promoted us to compare the potential
chaperone activity of EF4 and EF-G. In the CS refolding
assay, EF4 and EF-G showed an equal ability to facilitate
refolding of denatured CS (Figure 4A). Since both factors
are classical G-proteins that are able to adopt a GTP con-
formation (ON state) and a GDP conformation (OFF
state), we analyzed the influence of guanosine nucleotides
on the potential chaperone activity of EF4. As shown in
Figure 4B, neither of them had any impact. Due to the
instability of GTP in solution, we repeated the experi-
ments with a non-hydrolysable GTP analogue, GDPNP,
and found the same results as with GTP: the chaperone
activity of EF4 is independent of guanosine nucleotides
and the presence of 70S ribosomes (Figure 4C).
Corresponding results were observed in a-glucosidase re-
folding assays (Figure 4D). The influence of EF4 against
thermal aggregation of CS at 43°C was tested and moni-
tored by the light scattering at 320 nm. Without EF4, CS
aggregation continued for over 3000s. When either EF-G
or EF4 was added, CS aggregation was reduced. In the
reaction after 2000s, EF4 was able to completely repress
thermal aggregation (Figure 4E). These results demon-
strate the chaperone activity of EF4.

Common chaperone activity on the G-domains of
all trGTPases

Given that the L11-L12 interaction plays an important
role in protein biosynthesis, we expect that catalysis of
this interaction may be a general feature of translation
factors. We therefore analyzed the chaperone activity of
all the universal translation factors. Our analysis revealed
two groups: one group included IF2, EF-Tu, EF-G, EF4

Nucleic Acids Research, 2012, Vol. 40, No. 21 10859

and RF3 and had chaperone activity, while the other
group, which includes the rest of the translation factors,
displayed activity values close to that of the negative
control in both the CS and o-glucosidase refolding
assays (Figure 5SA and B). Neither guanosine nucleotides
nor the ribosome had any impact on the chaperone
activities of these factors (Supplementary Figure S5). It
is notable that trGTPases are the only factors that
possess chaperone activity.

Based on the characteristics of the G-domain,
trGTPases fall into two subclasses: one is represented by
EF-G and the other by EF4. EF-G and RF3 possess a
G-domain with an extension (G’-domain) in contrast to
the typical G-domain of EF4 and the other trGTPases. To
locate the catalytic center in the two subclasses of
trGTPases, we performed systematic truncations of
EF-G and EF4 by deleting domain(s) one by one from
the CTD to the NTD (Figure 5C and D). Except for the
G-domain of EF-G that precipitated, all truncated
mutants were soluble. In the CS refolding analyses, all
truncation mutants exhibited chaperone activity
(Figure SE and F) and was confirmed in the a-glucosidase
refolding experiments (Figure 5G and H). It is interesting
to note that there was always chaperone activity when the
NTD was present, suggesting that the chaperone activity
of trGTPases is located in the G-domain.

Finally, the residues contributive to the chaperone
activity of trGTPases were analyzed by mutagenesis.
First, the potential residues were selected by structural
information and MD calculation. Then, each residue
was point mutated and the resulting mutant was assayed
in the protein refolding systems. The results indicated that
single mutations did not affect the chaperone activity very
much (Supplementary Table S1, single-point row). Next,
we constructed more mutants by multiple-point mutation
or region deletion. The former mutants exhibited
slight chaperone activity decease and the latter ones had
the tendency to precipitate in the reaction systems
(Supplementary Table S1, multiple-point and deletion
rows). Chaperone molecules generally function by
providing a hydrophobic region to protect the exposed
hydrophobic surface and to facilitate protein refolding.
Such function may be not contributed by specific one or
two residues, but an area composed of several secondary
structures or even more comprehensive components.
When one or several conserved residues in this region
had been mutated, it did not impair the chaperone
activity much. But with region deletion, the conformation
of the domain or even the protein might have been dis-
rupted, thus we could not succeed in getting soluble
proteins. So, our conclusion stands that G-domain is
responsible for the chaperone activity of trGTPases, but
the specific amino acid residues contributive to the cata-
lytic activity were not detectable.

TrGTPase facilitates L11-L.12 interaction in vitro

The 3D structures tell us that the G-domain of EF-G is in
contact with L12-CTD, thus initiating the recruitment of
EF-G onto the ribosome. It has been demonstrated that
trGTPases IF2, EF-Tu, EF-G and RF3 have similar
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Figure 4. Identification of EF4’s chaperone activity. Denatured protein in the absence (empty column) and presence of EF-G (gray) or EF4 (black)
was studied in the refolding assay. (A) 0.1 uM denatured CS was incubated in the absence and presence of EF-G or EF4 at the indicated concen-
trations. (B) Influence of guanosine phosphates on the chaperone activity of EF4. A total of 0.1 uM denatured CS and 5uM EF-G or EF4 were
incubated in the absence (—) and presence of 2mM GDP, GTP or its non-hydrolysable analogue GDPNP. (C) Influence of the ribosome on the
chaperone activity of EF4. A total of 0.1 uM denatured CS and 5puM EF-G or EF4 were incubated in the absence (—) and presence of 0.2 uM 70S
ribosomes. (D) Influence of EF4 on the refolding of denatured o-glucosidase. Denatured a-glucosidase (0.1 uM) in the absence and presence of 5puM
EF-G or EF4, with 2mM GDP, GTP or GDPNP, or with 0.2uM 70S ribosomes. (E) Influence of EF4 on the thermal aggregation of CS. The
aggregation of CS at 43°C was monitored by light scattering at 320 nm. Light gray: no chaperone added; gray: EF-G; black: EF4. Error bars
represent the mean £ SEM of data from at least three separate experiments. P-values were, calculated with unpaired z-test with Welch’s correction by
comparing to EF-G or EF4 samples (*P <0.05, ** P <0.01, ***P <0.001).

interaction patterns with LI12-CTD in solution (20).
We wondered whether the recently discovered EF4,
which is one of the most conserved trGTPases (23), also
interacts with L12-CTD. So, we performed a detailed
study of the dynamic interplay between L12-CTD and
EF4 in solution using NMR. Each amino acid residue
of '""N-labeled LI2-CTD (E. coliy was assigned
(Supplementary Figure S6). E. coli EF4 was then titrated
into L12-CTD, however since EF4 proteins precipitated
under the applied condition, we exchanged to
T. thermophilus EF4, whose solubility and stability is
better and obtained a '"H-'">N HSQC spectrum at each
titration point (Figure 6A). During EF4 titration,

a subset of cross-peaks showed gradual changes in
chemical shifts. The corresponding residues are in two
regions of L12-CTD, 66-70 and 80-85. Representative
residues with significant chemical shift changes are
shown in Figure 6B. Binding affinities between
L12-CTD and EF4 were estimated based on these data
and the resulting dissociation constants (Kd) were as
strong as LI12-CTD<EF-G interaction (20), ranging
between 0.1 and 0.4mM (Supplementary Table S2).
When the molar ratio of EF4 to L12-CTD reached 0.8
(Figure 6A, last panel and Figure 6C), most cross-peaks
showed an apparent intensity decrease, indicating the for-
mation of a large complex L12-CTD-<EF4. In the 3D
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Figure 5. Common chaperone activity on the G-domains of trGTPase. (A and B) Chaperone activity of trGTPases. Denatured CS (A) or
a-glucosidase (B) in the absence (—) and presence of translational factors was studied in a refolding assay. Denatured protein (0.1 uM) was incubated
in the absence and presence of 5puM translational factor. Similar to EF4, all trGTPases (black) showed chaperone activity, while all other trans-
lational factors (gray) exhibited much lower values, close to the negative control (—). (C—-H) The G-domain of trGTPases is a chaperone activity
center. To localize the enzymatic center, EF-G (C) or EF4 (D) was truncated as indicated. Full length and truncated proteins were studied in the CS
(E, F) and a-glucosidase (G, H) refolding assays. Denatured protein (0.1 pM) was incubated in the absence (—) and presence of 5uM of the factor
constructs. Error bars represent the mean £ SEM of data from at least three separate experiments. P-values were calculated with unpaired r-test with
Welch’s correction by comparing to full length EF-G or EF4 samples, (*P <0.05, ***P <0.001). See also Supplementary Figure S5 and

Supplementary Table S1.

structure, the residues with large chemical shift changes
are located on the lower right-hand side of L12-CTD
(Figure 6D), which is very similar to the interaction
region of L12-CTD with EF-G (20). These results
support our hypothesis that EF4, like all other universal
trGTPases, interacts with L12-CTD in a similar manner.

Finally, the influence of trGTPases on the L11-L12
interaction was analyzed in three NMR titration series.
First, L11 protein was titrated into a solution of
"'N-L12-CTD, both proteins being from E. coli. At a
physiological molar ratio of L11:L12-CTD = 1:4, some

cross-peaks showed an intensity decrease (Figure 6E,
green series). Corresponding residues showing a
dramatic decrease were around Lys95 and cross-peak in-
tensity decreased to ~80% of the initial intensity before
L11 titration. When we added more L11 into L12-CTD,
there was no further change, i.e. the interaction had been
saturated. Second, EF-G (E. coli) was titrated into
SN-L12-CTD, as a control. Both chemical shift changes
and cross-peak intensity decrease were similar to those for
EF4 (Figure OE, pink series). We did not use EF4
(T. thermophilus) since the proteins precipitated at high
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Figure 6. TrGTPase facilitates L11-L12 interaction in vitro. (A—C) NMR analysis of L12-CTD*EF4 interaction. (A) '"H-'>N HSQC spectra of the
SN-labeled L12-CTD (E. coli) titrated with EF4 (T. thermophilus) at different ratios. (B) A close-up view of the cross-peaks showing distinct changes
in chemical shifts. The black arrow indicates the direction of the chemical shift. The K108 diagram is from a sample of the less affected cross-peak
obtained by EF4 titration. (C) Cross-peak intensities of residues in L12-CTD plotted versus residue number. Varying molar ratios of EF4 to
L12-CTD are colored as in A. Cross-peak intensities were evaluated as peak heights. Data were normalized using the intensities before EF4 titration.
The highlighted regions (residues 78-86) exhibit comparably strong decrease in intensity. (D) Spatial locations of the residues on L12-CTD that are
responsible for interacting with EF4. (E) L12-CTD was titrated by L1l or EF-G or both proteins. Scales of axes are the same as in C. Data were
normalized using the intensity before titration. The highlighted regions exhibited comparably strong decreases in intensity. (F) EF4 from the cryo-EM
structure of 70S<EF4+GDPNP in the PRE state (PDB 3DEG) (33) aligned with the EF-G in the crystal structure in (2WRL) (22). The G-domains of
EF4 (blue) and EF-G (cyan) are represented as cartoons. The G’ domain of EF-G contacts L12-CTD from the lower right-hand side. Red residues in
L12-CTD are the same as in D, namely those interacting EF4. It suggests the G-domain of EF4 might interact with the L12-CTD in a similar way as
EF-G. See also Supplementary Figure S6 and Supplementary Table S2.

molar ratio to '’N-L12-CTD. Third, EF-G was added extents (Figure 6E, dark blue series). Two regions
to L12-CTD+L11 at a physiological molar ratio. of L12-CTD were strongly influenced due to the
Compared to the control (Figure 6E, pink series), most presence of both L11 and EF-G. Residues 92-95 and
cross-peaks exhibited decreases in intensity to various 103-109 decreased 40-50% and 50-70%, respectively.
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L12-CTD is in the state of “With Factor and L11”. EF-G from the lower right-hand side supports and protects L12-CTD. For details, see the text

and Supplementary Movie S1.

This intensity decrease indicates that there was a slow
rotational correlation time, attributable to a secondary
binding site. Hence, upon addition of EF-G, both the
Lys95 and L106 regions were found to interact with
L11, suggesting that the trGTPase facilitated the inter-
action between L11 and L12.

When we extracted the EF4 structure from
PREeEF4eGDPNP complex (PDB 3DEG) (33) and
aligned it with EF-G on its POSTeEF-GeFA complex,
we found that EF4 had no opportunity to contact
L12-CTD, since it has no G’-domain (Figure OF).
However, our NMR results demonstrate that the inter-
action between EF4 and L12-CTD is as strong as for
EF-G and the contacting residues are almost the same.
This observation suggests that trGTPases without G'-
domain, such as EF4, should interact with L12-CTD in
a very similar manner as trGTPases possessing a G'-
domain. Based on the 3D structures, we conclude that it
is the G-domain of these trGTPases that is responsible for
this interaction. Collectively, our data suggest that the
G-domain of all trGTPases harbors a chaperone activity
which plays an important role in stabilizing the transiently
exposed hydrophobic core of L12-CTD.

DISCUSSION

Here, we have demonstrated that L11-NTD interacts
directly with L12-CTD through both a salt-bridge and
hydrophobic stacking. This interaction is important for
trGTPase docking onto the ribosome, the translation effi-
ciency of the machinery and eventually the growth of the
cell. Upon interacting with L11-NTD, L12-CTD transi-
ently exposes the hydrophobic core, which may be pro-
tected and stabilized by the common chaperone activity of
the G-domains of all trGTPases.

Our analysis of the direct interaction between L11 and
L12 sheds light on cooperative dynamics between these

two highly mobile domains at the tRNA and factor
entrance of the ribosome. L12-CTD, by interacting with
the G-domain of trGTPase, initiates the recruitment of
translation factors. The attachment of L12-CTD is neces-
sary for the function of the factor on the ribosome, such as
GTPase activation and Pi release and factor recycling. On
the other hand, L11-NTD is involved in regulating and
fine-tuning the same set of activities of trGTPases; its
regulatory ability is abolished when it is fixed by Thio or
Micro. Thio prevents the interaction of L11-NTD with
L12-CTD, while Micro blocks it. Our analysis of the
direct interaction between LI1-NTD and L12-CTD
suggests that the highly flexible L11-NTD will be
stabilized by LI12-CTD upon factor binding, thus
maintain: (i) the conformational stability of L12-CTD
and (ii) the contact of L12-CTD with the G-domain of
the trGTPase (Figure 6F).

We recently reported that a conserved structural switch
in L11-NTD, namely proline switch 22 (PS22), composed
of prolyl residues 21 and 22, is a determinant of the loop62
mobility. Upon cis—trans isomerization of PS22, loop62
undergoes a conformational transition between extended
and retracted forms (34). Here we find that the extended
loop62 connects L11-NTD with L12-CTD. Both the
L11-D63-L12-K95 salt bridge and the hydrophobic
surroundings contribute to the affinity. Upon loop62 in-
sertion, L12-CTD adopts an open conformation
exposuring central hydrophobic residues, which could ad-
versely affect the stability of the domain. Our results
suggest that the chaperone activity of the G-domain of
the uploaded trGTPase might stabilize the L12-CTD
without restricting the flexibility of L12-CTD.
Subsequently, L12-CTD in its optimal position and con-
formation is able to regulate the functions of trGTPase on
the ribosome.

Our results indicate a reciprocal relationship between
the ribosome and its factors. Importantly, the same
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mechanism is observed in all phases of translation when a
trGTPase is recruited, i.e. initiation, elongation, termin-
ation and recycling. This suggests that, in every step
involving a trGTPase, the physical support and chaperone
protection of L12-CTD by trGTPase is required. From
the literature (1,3,4,7,8,12,15,20) and our data we can dis-
tinguish three states that L12-CTD can adopt during the
recruitment of a trGTPase. The first state is the factor-free
state, where L12-CTD protruding from the body of the
ribosome is highly dynamic in solution; L11-NTD has no
contact with L12-CTD (Figure 7A). Second, L12-CTD
initiates factor recruitment by interacting with the
G-domain of a trGTPase; the factor is in the process of
being dock into the ribosome. Here, L12-CTD interacts
with the trGTPase, but is not yet connected with L11
(Figure 7B). Third, after the factor has fully docked on
the ribosome and catalyzed the cis—trans isomerization of
PS22, loop62 of L11-NTD will be inserted into L12-CTD,
forcing the exposure of its hydrophobic core. In this step,
the G-domain of the factor facilitates the interaction with
L12-CTD. This interaction has two functional aspects: (i)
it provides physical support of the G-domain for
L12-CTD and maintains the L12-CTD+L11-NTD inter-
actions and (ii) the chaperone activity of the G-domain
protects the open conformer of L12-CTD: the G-domain
surrounds L12-CTD to prevent it from unfolding. Thus, a
trGTPase, instead of being passively regulated by the
ribosome, contributes to the dynamics of the
L11-NTDeL12-CTD  connection (Figure 7 and
Supplementary Movie S1). Our data suggest that this uni-
versal mechanism for the docking of a trGTPase is import-
ant for the high efficiency of protein biosynthesis.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online: Sup-
plementary Tables 1 and 2, Supplementary Figures 1-6,
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