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SUMMARY
At the end of translation in bacteria, ribosome recycling factor (RRF) is used together with Elongation
Factor G (EF-G) to recycle the 30S and 50S ribosomal subunits for the next round of translation. In
x-ray crystal structures of RRF with the Escherichia coli 70S ribosome, RRF binds to the large
ribosomal subunit in the cleft that contains the peptidyl transferase center (PTC). Upon binding of
either E. coli or T. thermophilus RRF to the E. coli ribosome, the tip of ribosomal RNA helix H69
in the large subunit moves away from the small subunit toward RRF by 8 Å, thereby disrupting a
key contact between the small and large ribosomal subunits, termed bridge B2a. In the ribosome
crystals, the ability of RRF to destabilize bridge B2a is influenced by crystal packing forces.
Movement of H69 involves an ordered to disordered transition upon binding of RRF to the ribosome.
The disruption of bridge B2a upon RRF binding to the ribosome seen in the present structures reveals
one of the key roles that RRF plays in ribosome recycling, the dissociation of 70S ribosomes into
subunits. The structures also reveal contacts between Domain II of RRF and protein S12 in the 30S
subunit that may also play a role in ribosome recycling.

Introduction
While peptide bond formation is catalyzed by the ribosome, many steps in the translation cycle
depend on accessory proteins. At the end of translation, when the stop codon of messenger
RNA (mRNA) occupies the ribosomal aminoacyl-tRNA acceptor site (A site), release factors
bind to the A site and stimulate hydrolysis of peptidyl tRNA in the peptidyl–tRNA binding
site (P site) thereby forming a post-termination complex (Figure 1)1. Bacteria use ribosome
recycling factor (RRF) to aid in disassembling the post-termination complex into its constituent
ribosomal small (30S) and large (50S) subunits, plus mRNA and free tRNA so they can be
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reused in the next round of translation2, 3. Protein synthesis is dramatically reduced upon loss
of RRF in vivo4–6 and in the absence of RRF in vitro7. Binding of RRF to the post-termination
complex occurs once the ribosome has adopted the ratcheted state (Figure 1)8–10. The GTPase
elongation factor G (EF-G) then binds to the ribosome and together with RRF causes GTP-
dependent dissociation of the 30S and 50S subunits3, 9, 11, 12.

Crystal and solution structures of RRF from several different organisms show that it is
composed of two domains that adopt an “L” configuration13–19. Domain I of RRF is composed
of a three-helix bundle (Figure 2) that interacts with the large subunit of the ribosome20–22.
Domain II consists of a β/α/β-sheet motif that is known to be crucial in the function of RRF
and EF-G during recycling23–25. Domain II is attached to the Domain I by a highly flexible
linker sequence (Figure 2)18, 26, 27. Despite these structural, biochemical and genetic results,
the molecular basis for RRF function in ribosome recycling remains to be elucidated at high
resolution.

Although the overall shape of RRF resembles that of a tRNA, hydroxyl radical probing and
cryo-EM structures indicate that RRF binds to the ribosome in a completely different fashion
than tRNAs21, 22. These studies of RRF bound to the empty ribosome showed that RRF is
positioned in the cleft of the 50S subunit that contains the peptidyl transferase center, and is
close to two key elements of the ribosome—23S rRNA helix H69 of the 50S subunit and 16S
rRNA helix h44 of the 30S subunit 21, 22, 28, 29. Helix H69 in the ribosome is a
phylogenetically conserved RNA hairpin in 23S rRNA of the 50S subunit that forms a critical
inter-subunit bridge, termed bridge B2a, with helix h44 in 16S rRNA of the 30S subunit30–
32. Deletion of helix H69 results in a dominant lethal phenotype and hampers subunit
association in the absence of tRNA, even at magnesium ion concentrations as high as 20
mM33. Chemical modifications of specific nucleotides in H69 also hinder 70S ribosome
formation34, 35. Cryo-EM studies of an RRF/70S ribosome binary complex suggest that RRF
Domain II is also in close proximity to 16S rRNA helix h44 and ribosomal protein S12 in the
30S subunit22.

The position of RRF binding to the ribosome was revealed in more detail by a 3.3 Å crystal
structure of an RRF variant containing only Domain I bound to the Deinococcus
radiodurans 50S subunit20. This structure revealed that RRF binding perturbs the position of
helix H69, which interacts with helix h44 in the small subunit in the context of the intact
ribosome to form intersubunit bridge B2a30–32. However, it is not clear how well this structure
reflects the steps of ribosome recycling that accompany separation of the two ribosomal
subunits. In biochemical experiments, RRF binds with 6-fold higher affinity to the 70S
ribosome compared to the 50S subunit36, 37, suggesting that stable RRF association with the
isolated 50S subunit may not play a physiological role10. Furthermore, RRF bound to the 50S
subunit is not released by EF-G38. In a recent 3.5 Å crystal structure of T. thermophilus RRF
bound to a T. thermophilus 70S ribosomal complex containing a stop codon in the A site and
a transfer RNA anticodon stem-loop in the P site and tRNAfMet in the E site (hereafter named
70S ribosome/ASL/RRF complex) no movement of H69 was seen, when compared to other
70S ribosome structures. It was therefore suggested that movement observed in the earlier 50S
subunit structure20 may not play a role in the function of RRF28.

In contrast, we showed that RRF from T. thermophilus induces H69 to move away from the
subunit interface in certain contexts29. In order to further probe the effects of RRF on H69
dynamics, we have now determined structures of the E. coli 70S ribosome complexed with
either E. coli or T. thermophilus RRF, both of which function on the E. coli ribosome39.
Notably, RRF from both species induces specific conformational changes in helix H69 in the
50S subunit of ribosome I in the E. coli crystals that likely contribute to ribosome recycling.
Upon RRF binding to the ribosome, helix H69 undergoes an ordered to disordered transition.
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The present structures of T. thermophilus RRF with the E. coli ribosome also reveal direct
interactions between Domain II of RRF and protein S12 in the 30S subunit. These structural
results are compared to recent cryo-EM reconstructions of RRF bound to the ribosome10,
22.

RESULTS
Binding of T. thermophilus and E. coli RRF to the E. coli ribosome

The unliganded 70S ribosome is a known substrate for RRF and EF-G, and these factors also
mobilize stored ribosomes for translation in vivo3, 5, 6. In cryo-EM reconstructions, RRF binds
to the vacant ribosome in either the ratcheted or unratcheted state22. We therefore used crystals
of the E. coli 70S ribosome, which are in the unratcheted state, for soaking experiments to form
70S ribosome/RRF complexes for structure determination (Figure 3A). The 70S ribosome
crystals contain two ribosomes per asymmetric unit (referred to as ribosome I and ribosome
II) that have different crystal packing environments32. Therefore the crystals provide two
views of the ribosome in each structure determined.

Previous biochemical data indicated that T. thermophilus RRF functions almost identically to
E. coli RRF on E. coli ribosomes39 provided that EF-G from T. thermophius is used. Therefore,
complexes of the 70S ribosome with either E. coli or T. thermophilus RRF bound to the E.
coli ribosome were initially compared at 6 Å resolution (Figure 3). At this resolution, no
significant structural differences were observed in Domain I of RRF bound to either ribosome
I or II. However, at lower signal to noise levels in Fobs - Fobs difference electron density maps,
T. thermophilus RRF showed slightly more density for Domain II, when compared to maps of
the E. coli factor (Figure 3B, 3C). A direct comparison between the E. coli and T.
thermophilus RRF complexes revealed positive difference electron density for RRF Domain
I, reflecting the higher stoichiometric binding of the T. thermophilus factor in the crystals
(Figure 3D). This may indicate a naturally higher affinity of T. thermophilus RRF for the E.
coli ribosome compared to E. coli RRF. Alternatively, the difference in binding stoichiometry
could be due to the longer crystal soaking times with T. thermophilus RRF used in these
experiments. Despite the possible differences in binding stoichiometry, the qualitatively
identical results observed with either E. coli or T. thermophilus RRF bound to the E. coli
ribosome indicates that the results obtained with T. thermophilus RRF reflect the general
properties of RRF, and not species-specific effects.

As a control to ensure that crystal-packing forces would not affect the results of soaking RRF
into preformed crystals, E. coli RRF was co-crystallized with the 70S ribosome. Although the
resulting crystals diffracted x-rays to only 7 Å, the position of RRF in ribosome II compared
to T. thermophilus RRF binding in soaked crystals was essentially indistinguishable (Figure
4). Furthermore, difference electron density for E. coli RRF Domain I could be clearly
identified, whereas difference electron density for E. coli RRF Domain II was somewhat
weaker, as observed in soaking experiments. In ribosome I, the difference electron density was
not as clear, suggesting that RRF bound more weakly to ribosome I. We therefore focused our
efforts on determining high-resolution structures of T. thermophilus RRF bound to the 70S
ribosome by soaking RRF into pre-grown 70S ribosome crystals.

RRF and Helix H69 of the Ribosome
When T. thermophilus RRF is bound to ribosome I in the crystals, helix H69 (hereafter termed
RRF-I and H69-I, respectively) moves away from the subunit interface and its helical pitch
becomes overwound (Figure 5)29. Comparing H69-I in the apo-ribosome structure32 to H69-
I in the RRF-bound structure indicates that the majority of the factor-induced changes occur
between nucleotides C1905 and G1929 (Figure 6). A kink develops at nucleotide G1906 that
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extends helix H69 toward the three-helix bundle of RRF (Figure 5, Figure 6). Furthermore,
nucleotides C1908, C1909, and C1920 contribute to an overwinding of the helical pitch that
positions the tip of H69 close to the three-helix bundle of RRF-I (Figure 6).

The structure indicates that helix H69-I undergoes an ordered to disordered transition upon
binding of RRF. In Fobs - Fobs difference electron density maps truncated to low resolution (6
Å), the difference electron density reveals that helix H69-I is displaced from helix h44 of the
small subunit towards RRF by approximately 8 Å (Figure 5A)29. However, in difference maps
calculated to higher resolution (3.5 Å) the positive difference electron density is broken up,
indicating that helix movement also results in a disordering in the helix (Figure 5B). Further
evidence of the disordered nature of helix H69-I in the presence of RRF comes from analysis
of the crystallographic temperature factors after structure refinement (Figure 6)40. In the
apo-70S ribosome structure, helix 69 has moderately high temperature factors in the helical
region, and becomes disordered only at the tip of H69, around nucleotide C1914. However
upon RRF binding to ribosome I, the temperature factors of H69-I increase throughout the
helix starting at C1908 and continuing through U1923, revealing the disordered nature of the
helix.

Although H69 is not well ordered in the structure of ribosome I with RRF bound, the structural
model suggests that Domain I of RRF-I interacts with H69-I through a small neutral patch on
the tip of the helix. RRF amino acids H23, V20 and S17, which lie on one face of α-helix 1 in
Domain I, interact with the minor groove of nucleotides C1914 and Ψ1917. In addition, amino
acid N24 in RRF may interact with nucleotide C1914, potentially favoring the RRF induced
conformational change of H69-I (Figure 5C, Table 2).

The conformation of H69 in ribosome II (H69-II) in the RRF complex is strikingly different
from that in ribosome I. RRF is unable to dissociate H69-II from the subunit interface (Figure
5D), in contrast to its effect on ribosome I. The interface of ribosome II is stabilized in the
crystals in such a way that RRF may be unable to drive the helix H69-II conformational change
as effectively as in ribosome I. At the present resolution, we are unable to provide a quantitative
surface area analysis of the interface between the 30S and 50S subunits in the two ribosomes
that may explain the difference. However in the apo-70S ribosome structure, clear differences
in the packing near bridge B2a could be seen in the two ribosomes32. Notably, movement of
H69 was detected in ribosome II when complexes of the 70S ribosome with RRF and
gentamicin at different concentrations were compared29.

The ability of RRF to displace H69-I is not species-dependent, i.e. it is not unique to T.
thermophilus RRF acting on the E. coli ribosome. When E. coli RRF was soaked into the 70S
ribosome crystals, E. coli RRF was able to displace H69 in ribosome I but not in ribosome II
(Figure 5E, Figure 3B). Additionally when E. coli RRF was co-crystallized with the 70S
ribosome, RRF displaced H69 in ribosome I but not ribosome II (Figure 5F, Figure 4B). These
results indicate that ribosomes in the crystals respond to RRF binding in a reproducible manner,
regardless of the source of RRF.

Interactions of RRF Domain I with the 50S subunit
RRF Domain I binds to the A- and P-site cleft of the 50S subunit in both ribosomes I and II,
similarly to what was observed in the structure of RRF Domain I bound to the 50S
subunit20 and bound to the 70S ribosome22. This binding does not cause any drastic
conformational changes in the ribosome, aside from movement of helix H69 in ribosome I.
There is no significant difference between Domain I of RRF-I and RRF-II in the
crystallographic asymmetric unit (Cα rmsd 0.5 Å). Both structures of RRF Domain I are also
highly similar to Domain I of RRF bound to the 50S subunit from D. radiodurans (Cα rmsd
1.45 Å) and in the 70S ribosome/ASL/RRF complex28 (Cα rmsd .96 Å).
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The three-helix bundle that makes up Domain I of RRF contains numerous positively charged
amino acids that interact with various parts of the backbone of 23S RNA in the 50S subunit
(Table 2). Compared to the structure of RRF Domain I with the 50S D. radiodurans subunit,
and to the 70S ribosome/ASL/RRF complex28 the 70S structures presented here reveal similar
interactions with 23S RNA helix H71 and nucleotides in helix H80. At the tip of the three-
helix bundle in RRF, amino acids 147–150 likely form hydrogen bonds and hydrophobic
interactions with nucleotides G2253-G2255 (termed the P-loop) in 23S RNA41 (See Figure
7A, Table 2). There is no electron density for the N-terminus for protein L27, which resides
near the binding position of RRF20, 28.

Although RRF binds to both ribosomes as evidenced by difference electron density for RRF
Domain I (Figure 5, Figure 7), a comparison of difference electron density maps shows stronger
density for RRF Domain I in the RRF complex with ribosome II compared to that with ribosome
I (not shown). This is further confirmed by comparison with difference density maps of the
ribosome co-crystallized with RRF, where RRF bound to ribosome II also has significantly
more density than RRF-I (not shown). Additionally, 3Fobs -2Fcalc difference electron density
maps have significantly more density for RRF-II compared to RRF-I (Figure 7).

Domain II of Thermus Thermophilus RRF
In our initial soaking experiments, we observed some electron density for T. thermophilus RRF
Domain II in 6 Å Fobs - Fobs difference maps when RRF is bound to ribosome II (Figure 3).
However, in 3Fobs - 2Fcalc difference electron density maps at 3.3 Å resolution, no density is
visible for RRF Domain II (Figure 7). Notably, in the higher resolution data truncated to 6 Å
resolution, electron density is observed for Domain II (Figure 8A), indicating that this domain
of RRF is inherently mobile on the ribosome. RRF Domain II appears more readily in ribosome
II compared to ribosome I, possibly as a result of the tighter packing of ribosome II32.

Protein S12 in the 30S subunit has been shown to be important for mRNA and tRNA
translocation on the ribosome and may buttress the pivot point for the ratcheted state of the
ribosome observed in cryo-EM reconstructions9. Recent low-resolution cryo-EM
reconstructions of the post-termination complex with RRF suggest a possible Domain II
interaction with protein S129, 22. In these reconstructions, E. coli RRF amino acids 83–90
interact with amino acids 34–37 and 74–76 of E. coli protein S12. In contrast, RRF Domain II
in the 70S ribosome/ASL/RRF complex does not seem to make significant contacts with
protein S1228. In the present structure of ribosome II, amino acids 84–92 and 102–107 of T.
thermophilus RRF Domain II are close enough to interact with amino acids 35–40, 48–50 and
71–76 of protein S12 (Figure 8).

To test the specificity of the interaction, we analyzed the predicted contacts between RRF and
protein S12 through evolutionary trace (ET) methodology42. Evolutionary trace methods
partition sequences of a particular protein family into different groups originating from a
common node in a phylogenetic tree. Construction of consensus sequences from each group
allows identification of conserved residues that can be mapped to known structures, thereby
identifying potential interaction sites within or between proteins43. Therefore ET methodology
can be applied to determine whether an observed crystallographic interface is functionally
relevant or simply a crystallization artifact44, 45. The amino acids in the putative contact
between RRF and protein S12 that are conserved and class-specific by ET analysis cluster
around the interface area (Figure 8C), consistent with these contacts representing functional
interactions.
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Discussion
RRF and EF-G are known to dissociate vacant 70S ribosomes into subunits in vitro3, which
may reflect a role for RRF in reactivating 70S ribosomes that have been sequestered in an
inactive state during stationary phase or stress3, 5, 6. While no biochemical experiments have
yet been carried out to determine how proteins that sequester the ribosome during stress (i.e
protein Y or RMF46, 47) affect the activity of RRF, genetic experiments performed using RRF
temperature sensitive mutants provide evidence of the essential nature of this protein during
recovery from the lag phase5. In this paper, the structure of the apo-70S E. coli ribosome in
complex with T. thermophilus RRF has been determined to 3.3 Å resolution (Table 1), and
compared to lower resolution structures of T. thermophilus or E. coli RRF bound to the E.
coli ribosome.

A significant difference exists between the present structures, RRF Domain I bound to the D.
radiodurans 50S subunit20, and the 70S ribosome/ASL/RRF complex28 regarding the motion
of helix H69 in the 50S subunit (Figure 5B). While Wilson et al. reported a 20 Å displacement
of the tip of helix H69 away from the 50S subunit upon binding of RRF, the 70S ribosome/
RRF complexes reported here indicate that the tip of H69 in ribosome I moves in the opposite
direction, i.e. away from h44 in the 30S subunit by 8 Å, thereby disrupting intersubunit bridge
B2a. As mentioned above, RRF has a weaker affinity for the isolated 50S subunit than to the
70S ribosome36, 37 and recent cryo-EM reconstructions suggest movement of RRF to the P
site on the 50S subunit after the 70S ribosome is dissociated10. Thus, in the structure of RRF
Domain I with the 50S subunit20, the interactions between RRF Domain I and H69 may not
represent a physiological state. An important observation in this context is that RRF bound to
isolated 50S subunits is not released by EF-G while RRF bound to the 70S ribosome is released
by EF-G38, supporting the notion that RRF bound to the isolated 50S subunit may not represent
a physiological state of RRF interactions with the ribosome. However, aside from H69
movement, it is important to note that in the 50S subunit structure with RRF Domain I, the
interactions between RRF Domain I with the rest of the 50S subunit correspond closely to what
is observed in the 70S ribosome structures with RRF.

In the 70S ribosome/ASL/RRF complex, RRF does not induce movement of helix H69 away
from helix h44, and RRF does not interact with H6928. This result is consistent with the effects
of RRF on ribosome II in the E. coli ribosome crystals used here, and may reflect the stabilizing
influence of crystal packing on the ribosome in these cases. In contrast, RRF binding to the
ribosome causes H69 to become disordered in cryo-EM reconstructions of complexes
assembled under more physiological ionic conditions and temperature22. Additional evidence
for an important role for helix H69 in RRF-dependent ribosome recycling comes from
experiments in which deletion of helix H69 from the ribosome allows subunit dissociation to
occur in the absence of RRF33. Finally, we recently found that in structures of the 70S ribosome
with RRF and the antibiotics gentamicin or paromomycin, known inhibitors of ribosome
recycling36, the antibiotics stabilize bridge B2a by binding to helix H6929 in addition to their
well-known binding site in helix h4431, thereby preventing H69 movement towards RRF29.

The conformational change in H69-I induced by RRF in the unratcheted state of the ribosome
observed here indicates that RRF inherently destabilizes contacts between H69 and the 30S
subunit in intersubunit bridge B2a. As opposed to RRF binding to ribosome II or to the 70S/
ASL/RRF complex28, RRF binding to ribosome I seems to overcome the crystal packing forces
that stabilize H69 at the ribosomal interface. Notably, RRF from both E. coli and T.
thermophilus is capable of destabilizing bridge B2a in the E. coli ribosome crystals, showing
that the movement of H69-I observed here is not an artifact of using a heterologous system.
The ability of RRF to destabilize bridge B2a prior to EF-G binding is consistent with
biochemical results in which RRF without EF-G assistance has weak intrinsic ribosome

Pai et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2009 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recycling activity10. Weakening of bridge B2a by RRF may therefore play an essential
physiological role to enhance EF-G dependent steps in ribosome recycling.

It is the combined action of RRF and EF-G that is necessary to lead to rapid subunit
dissociation1. While the precise mechanism has not been elucidated, a recent low-resolution
cryo-EM reconstruction suggests that RRF could potentially move from its initial binding site
to the P site on the 50S subunit that would conflict with a number of additional bridges10. GTP
hydrolysis by EF-G may be critical for providing the necessary energy to relocate RRF into
this second position, concomitant with subunit dissociation.

Upon binding of RRF Domain I to the D. radiodurans 50S subunit, there was a noticeable
ordering of the N-terminus and the loop between α-helices III and IV of ribosomal L2720. In
contrast, the N-terminus of L27 in the apo-70S ribosome structures31, 32 and in the 70S
ribosome/RRF structures presented here is disordered. Notably, although L27 and Domain I
are close to each other, no significant effects of RRF on the conformation of L27 were seen in
the T. thermophilus 70S ribosome/ASL/RRF complex28 when compared to the high-resolution
T. thermophilus 70S ribosome structure31. Nevertheless, it would be interesting to examine
whether mutations in protein L27 affect the activity of the ribosome during recycling.

The interaction of RRF Domain II with protein S12 may also play an important role in driving
subunit dissociation by EF-G9, 22. In the present structures, RRF Domain II is disordered in
ribosome I, and only weakly positioned in ribosome II (Figure 3, Figure 7, Figure 8). This
indicates that RRF Domain II is inherently mobile on the 70S ribosome, consistent with solution
structural studies of RRF18. The 70S ribosome/ASL/RRF28 complex, as well as the recent
cryo-EM reconstruction of RRF bound to the ribosome10 further confirms the mobility of
Domain II on the ribosome. Despite the inherent mobility of RRF Domain II, the electron
density for RRF Domain II in ribosome II provides evidence for contacts between RRF and
protein S12 that are predicted to be functionally important, based on evolutionary trace analysis
(Figure 8). This is the highest resolution demonstration of the actual interaction between RRF
Domain II and S12 (approximately 6 Å). Notably, in the ratcheted state of the ribosome (Figure
1B), Gao et al.9 showed the interaction of these two components at lower resolution in cryo-
EM reconstructions, and Barat et al. also detect a similar conformation of RRF (termed IIb)
10. At present no biochemical experiments have been performed to test the effects of mutations
in protein S12 or RRF at the observed interface between the proteins. One biological hint
supporting the importance of the conservation of these sequences comes from a recent study
where mutations in S12 resulted in the overproduction of the antibiotic actinorhodin in
Streptomyces coelicolor. When the expression of ribosome translation factors was quantified,
only RRF levels had increased during the stationary phase. Conversely, overexpression of RRF
increased the production of the antibiotic significantly48. Future high–resolution structures of
other ribosome recycling states should help to elucidate the mechanism of ribosome recycling,
and the role of putative interactions between protein S12 and RRF.

RRF presents an extremely appealing target for drug design since it does not exist in the
cytoplasm of eukaryotes, but is essential in bacteria4. Therefore, a better understanding of its
interaction with the ribosome and the dynamic nature of H69 may be useful in designing
antibiotics that specifically target ribosome recycling. Further experiments to test antibiotic
binding and which amino acids in RRF contribute the most to helix H69 dynamics will greatly
improve our understanding of antibiotic inhibition of ribosome recycling.
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Methods
Crystallization and RRF binding

Ribosomes from E. coli strain MRE 600 were purified as previously described32. Crystals
were grown at 4 °C using microbatch 96 well plates and buffers containing 11% 2-methyl-2,
4-pentanediol (MPD), 2% PEG 8000, 33 mM magnesium chloride, 350 mM ammonium
chloride, 1 mM spermine, 0.5 mM spermidine, 10 mM Tris (pH =7.5) and 0.25 mM EDTA.
T. thermophilus and E. coli RRF were purified as previously described39.

In order to form the RRF/70S ribosome binary complexes, RRF (10 μM) was soaked into pre-
grown apo-70S ribosome crystals. A modified form of cryo-protectant containing 20% 2-
methyl-2, 4-pentanediol (MPD), 3% PEG 8000, 24% PEG 400, 35 mM magnesium chloride,
350 mM ammonium chloride, 1 mM spermine, 0.5 mM spermidine, and 60 mM HEPES (pH
7.0) was used in soaking experiments. Initial attempts to soak RRF into crystals overnight for
twelve hours to form the binary complex resulted in only a modest resolution of diffraction
(Table 1), and weak electron density for RRF binding to ribosome I. In order to increase the
stoichiometry of RRF binding to the ribosome in the crystals, RRF was soaked into crystals
over a period of several days, with cryo-protectant at intermediate concentrations. The soaking
time lasted for a minimum of three days but no more than four, before stabilizing crystals in
the cryo-protectant above and flash freezing the crystals in liquid nitrogen.

Data Collection
X-ray diffraction data were measured at the Advanced Light Source at Beamline 12.3.1, which
is equipped with an ADSC Q315 area detector. A modified strategy algorithm was used to
optimize the data collection efficiency when collecting from many different crystals32.
Fourteen crystals were merged to complete the diffraction data for the structure of T.
thermophilus RRF bound to the ribosome at 3.3 Å resolution. Data were processed using
Denzo/Scalepack49 and converted to diffraction amplitudes using Truncate50.

Structure refinement and electron density map calculations
Fobs - Fobs difference electron density maps between the RRF/70S binary complex and the E.
coli apo-70S ribosomes were constructed using structure factor phases derived from the Pirate
density modification program51. T. Thermophilus RRF (PDB ID code: 1EH1)19 was then
docked into the difference density maps by following the clear density of the three-helix bundle
of Domain I using O52. Side chains were modeled where electron density was clearly present.
While we cannot accurately model the side chains of every residue at the present resolution of
3.3 Å for Domain I, large amino acids were clearly visible and could be accurately refined.
Rigid body, torsional, and B-factor refinement were then performed using the CNS program
(Table 1)40. The Cα positions of RRF Domain II were maintained as a rigid body during
refinement, due to the inherent flexibility in this region of RRF. Fobs - Fobs difference maps
shown in the figures used the data sets presented in Table 1, as well as diffraction data from
the apo-70S ribosome32.

Evolutionary Trace analysis of protein S12 and RRF interactions
Multiple sequence alignments (MSA) of RRF and ribosomal S12 protein families were
obtained from Pfam53 through entries PF01765 and PF00164, respectively. The sequences
were extracted with the corresponding sequence names for an evolutionary trace (ET) analysis.
The conserved and class specific residues were analyzed with the server TraceSuite II42. With
20 partitions, we traced the conserved, varied (i.e. class-specific), buried and exposed residues
and mapped these residues onto the structures of E. coli S12 and T. thermophilus RRF in the
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context of ribosome II. Spatial clustering of important residues identified by ET analysis
revealed the location of likely functional interactions between RRF and S12.

Figures
Figures were prepared using Pymol54, and Ribbons55.
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Figure 1.
Brief overview of the ribosome recycling process. (A) At the end of the translation cycle, the
stop codon occupies the A site. Release Factors (RFs) hydrolyze the polypeptide from peptidyl-
tRNA in the P site at this point. The ribosome then exists in a post-termination complex in the
classical conformation, i.e. unratcheted state, which then converts to the ratcheted state. (B)
RRF binds to the post-termination complex, in the ratcheted state of the ribosome8–10. (C)
EF-G binding to the complex10, 20–22, 38 coupled with GTP hydrolysis dissociates the
subunits from each other as well as mRNA and tRNA1–3, 10–12, 21, 22. The asterisk indicates
that multiple steps occur in the process of subunit dissociation.
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Figure 2. Structure of RRF
Crystal structure of T. thermophilus RRF (PDB ID: 1EH1)19. RRF Domain I consists of a 3-
helix bundle (the five helices present in T. thermophilus RRF are designated as: α1, α5, and
α6 according to the nomenclature derived from Selmer et al.17. Domain II consists of a β/α/
β–sheet motif. The approximate location of the flexible hinge between RRF Domains I and II
is indicated by the dotted line. For conserved amino acids in RRF across all species (Methods),
those that are identical in both E. coli and T. thermophilus RRF are colored red, those that are
similar in two species are colored gold, and those that are dissimilar in the two species are
colored cyan. Amino acids in grey are not conserved in RRF.
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Figure 3. Comparison of E. coli RRF and T. thermophilus RRF binding to E. coli 70S ribosome II
in pre-grown ribosome crystals
(A) Schematic representation of the 70S ribosome/RRF complex in the classical conformation,
i.e. unratcheted state. All crystallographic analyses in this paper were performed on this
complex. (B) Fobs - Fobs difference electron density map comparing the 70S ribosome/E.
coli RRF complex to the apo-70S ribosome (Methods) is shown at 6 Å resolution. In this figure,
T. thermophilus RRF (pdb ID: 1EH1)19 is used as a homology model for E. coli RRF and is
docked into the positive difference density. The approximate locations of the P site and A site
are indicated by lines near H69 in the figure. (C) Fobs - Fobs difference electron density map
comparing the 70S ribosome/T. thermophilus RRF complex to the apo-70S ribosome
(Methods) is shown at 6 Å resolution. (D) Fobs - Fobs difference electron density map comparing
the 70S ribosome/T. thermophilus RRF complex to the 70S ribosome/E. coli RRF complex at
6 Å resolution.
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In panel (B), positive density (blue) and negative density (red) are at +/−2.5 standard deviations
from the mean. In panels (C) and (D), positive density (blue) and negative density (red) are
contoured at +/− 3 standard deviations from the mean, respectively. RRF is shown (blue), as
are 16S rRNA (cyan) and 23S rRNA (green). The approximate location of RRF Domain II
(DII) is shown. The direction of view is shown by the icon to the right in panel (B).
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Figure 4. E. coli RRF in complex with ribosome II in crystals grown from pre-formed RRF ribosome
complexes
(A) Fobs - Fobs difference electron density map comparing 70S ribosomes co-crystallized with
E. coli RRF to 70S ribosomes in pre-grown crystals subsequently soaked with T.
thermophilus RRF, at 8 Å resolution. Since no significant difference density is evident, the co-
crystallized E. coli RRF 70S ribosome complex is nearly identical to the complex formed by
soaking the RRF into the pre-formed crystals. (B) Fobs - Fobs difference electron density map
comparing 70S ribosomes co-crystallized with E. coli RRF to the apo-70S ribosome, at 8 Å
resolution. Positive density (blue) and negative density (red) are at +/− 3 standard deviations
from the mean, respectively. Elements in the ribosome and RRF are colored as in Figure 3.
The approximate location of RRF Domain II (DII) is shown. The direction of view is shown
by the icon in Figure 3B.
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Figure 5. The movement of helix H69 upon RRF binding
(A) Fobs - Fobs difference electron density map comparing the 70S ribosome/T. thermophilus
RRF complex to the apo-70S ribosome (ribosome I), at 6 Å resolution. (B) Fobs - Fobs difference
electron density map comparing the 70S ribosome/T. thermophilus RRF complex to the
apo-70S ribosome (ribosome I), at 3.5 Å resolution. (C) Close-up of interactions between H69-
I and T. thermophilus RRF Domain I in ribosome I. The molecular surface of H69 at the
interface with RRF is shown. The gold spheres are the Cα positions of the residues in RRF that
likely contact H69. (D) Fobs - Fobs difference electron density map comparing the 70S
ribosome/T. thermophilus RRF complex to the apo-70S ribosome (ribosome II) is shown, at
3.5 Å resolution. (E) Fobs - Fobs difference electron density map comparing the soaked 70S
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ribosome/E. coli RRF complex to the apo-70S ribosome (ribosome I) is shown, at 6 Å
resolution. (F) Fobs - Fobs difference electron density map comparing the co-crystallized 70S
ribosome/E. coli RRF complex to the apo-70S ribosome (ribosome I) is shown, at 8 Å
resolution.
In panels (A) and (B), positive density (blue) and negative density (red) are at +/−2.5 standard
deviations from the mean, respectively. In panel (D), positive density (blue) and negative
density (red) is contoured at +/− 3 standard deviations from the mean, respectively. In panels
(E) and (F), positive density (blue) and negative density (red) are at +/− 2.2 standard deviations
from the mean, respectively. Elements in the ribosome and RRF are colored as in Figure 3.
The approximate location of RRF Domain II (DII) is shown. The direction of view is shown
by the icon in Figure 3B.

Pai et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2009 July 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Temperature factors of helix H69-I in the 70S ribosome structures
(A) Temperature factors in H69-I in the 70S ribosome/T. thermophilus RRF complex. RRF is
in grey with amino acids in close proximity to H69 highlighted in magenta. (B) Temperature
factors in H69-I in the apo-70S ribosome32.
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Figure 7. 3Fobs - 2Fcalc electron density maps at 3.3 Å resolution detailing the interaction of T.
thermophilus RRF Domain I with the ribosome
(A) T. thermophilus RRF Domain I docked into 3Fobs - 2Fcalc difference electron density (blue),
in ribosome II. (B) T. thermophilus RRF Domain I docked into 3Fobs - 2Fcalc difference electron
density (blue), in ribosome I. The position of Domain II is based on rigid-body refinement of
the domain against the crystallographic data (see Methods). In panels (A) and (B), the electron
density is contoured at +/− 1.2 standard deviations from the mean, respectively.
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Figure 8. Interaction of RRF Domain II with protein S12
(A) Fobs -Fobs difference electron density map comparing the 70S ribosome/T. thermophilus
RRF complex to the 70S ribosome/E. coli RRF complex (ribosome II), at 6 Å resolution. T.
thermophilus RRF Domain II refined as a rigid body (Methods) is shown docked into the
difference density. Ribosomal protein S12 (dark purple) and h44 in 16S rRNA (cyan) are also
shown. Positive density (blue) near RRF is shown, at +2 standard deviations from the mean.
The direction of view is shown by the icon to the right. (B) Stereo view of the interaction
between T. thermophilus RRF Domain II and protein S12. (C) Evolutionary trace analysis of
RRF and protein S12. The interaction in (A) has been “opened” to yield the surface interaface
of S12 (left, same orientation as in panel A) and RRF (right, rotated 180° around the vertical
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axis relative to panel A). Residues that are conserved and buried are colored dark blue on the
molecular surface representations. Residues that are conserved and exposed are colored light
blue. Residues that are class-specific and buried are colored red. Residues that are class-specific
and exposed are colored gold. The approximate interface between T. thermophilus RRF
Domain II and E. coli protein S12 is indicated by the dotted ellipses.
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Table 1
Crystallographic statistics of diffraction data.

T. thermophilus RRF T. thermophilus RRF E. coli RRF
E. coli RRF Co-
crystal

Crystal growth conditions
[Mg2+]

33 mM 24 mM 24 mM 33 mM

RRF soaking time 3–4 d 12 h 12 h N/A

Space group P212121 P212121 P212121 P212121

Cell dimensions

 a 207.9 210.1 210.1 210.1

 b 378.2 378.7 378.4 380.4

 c 736.3 737.8 739.7 739.7

Resolution (Å) [high-
resolution bin]

123-3.3 [3.55-3.3] 75.4-4.15 [4.22-4.15] 138-4.3 [4.37-4.3] 138-7.0 [7.12-7.0]

I/σI 12.5 [2.4] 7.0 [2.0] 6.48 [2.3] 8.0 [2.2]

Completeness % 96.8 [52.6] 79 [60] 94 [78.1] 71.4 [73]

Measurement Redundancy 4.6 [1.6] 2.4 [1.6] 3.3 [1.9] 4.1 [4.1]

Rsym or Rmerge 10.4 [35.3] 8.4 [5.2] 15.2 [31.4] 19.2 [79.2]

Refinement Resolution (Å) 40-3.3

No. of reflections Total: 738,488 R-free: 35,383

Rwork/Rfree (%) 27.5/30.4

No. atoms 284,210

Mean B-factor (Å2) 69.7

R.m.s deviations

-Bond length (Å) .003

-Bond Angle (°) .929
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Table 2
Table of Interactions of RRF Domain I with 23S rRNA

23S rRNA helix 23S rRNA nucleotide RRF amino acid
Secondary structural
Element in RRF

H69 Ψ1917 S17 α1

H69 A1916 V20 α1

H69 m3Ψ1915 V20 α1

H69 C1914 H23 α1

H69 C1914 N24 α1

H71 C1947 R119 α5

H71 G1945 E123 α5

H71 U1946 E123 α5

H71 U1963 E123 α5

H71 U1946 R126 α5

H71 U1963 V127 α5

H71 C1942 R130 (R129) α5

H71 U1943 R130 (R129) α5

H71 G1945 R130 (R129) α5

H71 C1941 R133 (R132) α5

H71 C1942 R133 (R132) α5

H71 C1965 R134 (R133) α5

H71 C1942 Q162 α6

H71 U1943 D166 α6

P-loop G2255 H148 α5- α6 loop

P-loop G2255 L149 α5- α6 loop

P-loop C2254 S150 α5- α6 loop

P-loop G2253 E151 α5- α6 loop

P-loop G2253 D152 α5- α6 loop

*
(Amino Acids in parenthesis represent positions in E. coli RRF)

**
Designation of the five αhelices in T. thermophilus RRF are based on nomenclature established by Selmer et al.17. See Figure 2 for positions of the

corresponding α helices.
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