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Protein synthesis occurs on macromolecular machines, called ribosomes. Bacterial ribo-
somes and the translational machinery represent one of the major targets for antibiotics
in the cell. Therefore, structural and biochemical investigations into ribosome-targeting
antibiotics provide not only insight into the mechanism of action and resistance of antibiot-
ics, but also insight into the fundamental process of protein synthesis. This review summa-
rizes the recent advances in our understanding of protein synthesis, particularly with respect
to X-ray and cryoelectron microscopy (cryo-EM) structures of ribosome complexes, and
highlights the different steps of translation that are targeted by the diverse array of known
antibiotics. Such findings will be important for the ongoing development of novel and
improved antimicrobial agents to combat the rapid emergence of multidrug resistant path-

ogenic bacteria.

THE BACTERIAL RIBOSOME AND PROTEIN
SYNTHESIS

he ribosome is the macromolecular machine

that converts the genetic information en-
coded in the messenger RNA (mRNA) into
the polypeptide sequence that comprises the
proteins and enzymes of the cell (Schmeing
and Ramakrishnan 2009; Voorhees and Rama-
krishnan 2013). Bacterial 70S ribosomes are
comprised of two subunits, a small 30S subunit
and a large 50S subunit (Fig. 1A), both of which
are ribonucleoprotein particles. In the bacte-
rium Escherichia coli, the small subunit (SSU)
is assembled from 21 ribosomal proteins and a
single 16S ribosomal RNA (rRNA) of 1541 nu-

cleotides, whereas the large subunit (LSU) is
assembled from 33 ribosomal proteins and
two rRNAs, a 55 rRNA of 115 nucleotides,
and a 23S rRNA of 2904 nucleotides (Fig. 1B).
The ribosome provides the platform for the
binding of transfer RNAs (tRNAs), which are
adaptor molecules that contain at one end the
anticodon to recognize a specific codon of the
mRNA, and at the other end the CCA-end that
is covalently linked to the amino acid specific
for the mRNA codon. There are three tRNA
binding sites in the 70S ribosome, termed the
A-site, P-site, and E-site (Fig. 1C). The P-site is
the peptidyl-tRNA binding site, which is occu-
pied by the tRNA carrying the polypeptide
chain during elongation (or the initiator
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Figure 1. The prokaryotic ribosome. (A) Overview of the Escherichia coli 70S ribosome (Dunkle et al. 2011) with
30S subunit colored in yellow and 50S subunit in gray. (B) Table of assembly components of the 70S ribosome as
well as the 30S and 50S subunits. (C) Schematic representation of the prokaryotic ribosome bound with three
transfer RNAs (tRNAs) showing the 30S subunit (yellow), 50S subunit (gray), A-tRNA (green), P-tRNA (red),
E-tRNA (pink), nascent polypeptide chain (violet), and mRNA (black). The peptidyltransferase center (PTC)

on the 508 subunit is depicted as a dashed sphere.

tRNA during initiation). The A-site binds the
incoming aminoacylated or charged tRNA,
whereas the E-site is the exit site and binds
only outgoing deacylated or uncharged tRNA.
Thus, during translation elongation, the tRNAs
pass consecutively through the A-, P-, and then
E-sites before dissociating from the ribosome.
There are two main functional centers on the
ribosome, namely, the decoding center (DC)
and peptidyltransferase center (PTC). The DC
is located on the SSU in the A-site and monitors
the correctness of the interaction between the
codon of the mRNA and the anticodon of the
tRNA and thereby ensures that the correct ami-
no acid is delivered, that is, the amino acid cor-
responding to the codon of the mRNA. The
PTC is located on the LSU and catalyzes the
process of peptide bond formation. Protein syn-
thesis can be divided into four main steps: ini-
tiation, elongation, termination, and ribosome
recycling, each of which is targeted by a plethora
of different antibiotics (Fig. 2) (Wilson 2009,
2014). Therefore, studies into antibiotic action
during translation provide not only insight into
the inhibitory action of the antibiotics, but also
insight into the fundamental process of protein
synthesis. This review provides an overview of
the individual steps of protein synthesis and
provides a brief overview of how these steps
are inhibited by antibiotics.

INITIATION OF TRANSLATION

Initiation of translation is the rate-limiting step
during translation of mRNA molecules into
proteins (Laursen et al. 2005; Simonetti et al.
2009). Prokaryotic translation initiation re-
quires formation of the 30S preinitiation
complex (PIC), which in bacteria involves the
three initiation factors (IFs), IF1, IF2, and IF3,
as well as mRNA and the formylated initiator
fMet-tRNA™" (Fig. 3A). The methionyl-tRNA
transformylase-mediated formylation of the
initiator tRNA distinguishes initiator fMet-
tRNA™¢' from elongation Met-tRNAM', The
main goal of 30S-PIC formation is to position
the initiator fMet-tRNA™¢" in a peptidyl/initi-
ation (P/I) state, such that it is bound to the
start codon of the mRNA in the P-site of the
SSU (Fig. 3A). Subsequently, the LSU joins to
form the 70S preinitiation complex (70S-PIC)
(Fig. 3B). 70S-1C formation is accompanied by
the dissociation of initiation factors IF1-IF3
from the ribosome, leaving the fMet-tRNA™¢!
positioned in the P/P state, thereby priming the
ribosome for initiation of translation elonga-
tion (Fig. 3C).

During initiation, IF1 and IF3 ensure fidel-
ity of the process, whereas IF2 recruits fMet-
tRNA™<' TF3 binds to the E-site of the 308
subunit to form the IF3—-30S complex (Dallas
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Figure 2. Overview of antibiotics inhibiting the prokaryotic translation cycle. Overview of antibiotics, inhibiting
translation initiation (green), translation elongation (yellow), and translation termination/recycling (red) of
the prokaryotic translation cycle (modified from Sohmen et al. 2009). tRNA, Transfer RNA; mRNA, messenger
RNA; IE initiation factor; EF-Tu, elongation factor Tu; GDP, guanosine diphosphate; EF-G, elongation factor G;
GTP, guanosine triphosphate; RRE ribosome recycling factor.

and Noller 2001) and, thereby, prevents prema-
ture 50S subunit joining before association
with IF1, IF2, mRNA, and initiator tRNA (Ka-
rimi et al. 1999). The interaction of the Shine—
Dalgarno (SD) sequence of canonical mRNAs
with the anti-SD at the 3’ end of the 16S rRNA
(Fig. 3D) places the start codon in the P-site and
allows for subsequent association of fMet-
tRNA™€C TF1, and IF2. Discrimination of the
initiator tRNA is performed by IF3 through
monitoring of three unique G:C base pairs in
fMet-tRNA™, Furthermore, the presence of
IF3 is required to ensure the fidelity of the co-
don—anticodon interaction in the P-site of the
SSU. IF1 binds at the A-site of the SSU (Fig. 3E)

(Carter et al. 2001) where it stabilizes IF2 bind-
ing (Julian et al. 2011; Simonetti et al. 2013)
and accelerates IF2-dependent fMet-tRNA™¢t
recruitment (Laursen et al. 2005). Binding of
IFs to the SSU stabilizes a swiveled conforma-
tion of the head with respect to the body (Julian
etal. 2011). The LSU joins the 30S-PIC in ratch-
eted conformation to form the 70S-1C (Allen
et al. 2005). Formation of the 70S-IC activates
guanosine triphosphate (GTP) hydrolysis by
IF2, which leads to unratcheting of the ribo-
some, allowing the conformational transition
of the fMet-tRNA™" from the P/I state to the
accommodated P /P-state (Fig. 3C). At the same
time, the IFs dissociate from the complex, thus
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Figure 3. Initiation of translation. Schematic assembly of the (A) 30S preinitiation complex (PIC), (B) 70S-PIC,
and (C) 70S-IC during translation initiation with 30S subunit (yellow), 50S subunit (gray), messenger RNA
(mRNA) (dark gray), initiator transfer RNA (tRNA) (red), initiation factors (IFs): IF1 (brown), IF2 (purple),
and IF3 (green). (D) Crystal structure of the prokaryotic ribosome with zoom onto the interaction of the Shine—
Dalgarno (SD) sequence of canonical mRNAs (orange) with the anti-SD at the 3" end of the 16S ribosomal RNA
(rRNA) (green), including P-site tRNA (red) and E-site tRNA (pink) (Yusupova et al. 2006). (E) Crystal
structure of IF1 (brown) bound to the 30S subunit (yellow) with highlighted h44 (blue) of the 16S rRNA and
ribosomal protein S12 (red) (Carter et al. 2001). (F) Binding sites of dityromycin (PDB 4NVU) (Bulkley et al.
2014), gentamicin (PDB 4V53) (Borovinskaya et al. 2007a), thermorubin (PDB 3UXT) (Bulkley et al. 2012),
viomycin (PDB 3KNH) (Stanley et al. 2010), neomycin (PDB 2QAL) (Borovinskaya et al. 2007a), negamycin
(PDB 4RBH) (Polikanov et al. 2014c), tetracycline (PDB 4G5K) (Jenner et al. 2013), tigecycline (PDB 4G5T)
(Jenner et al. 2013), amicoumacin A (PDB 4RB5) (Polikanov et al. 2014a), edeine (PDB 1195) (Pioletti et al.
2001), kasugamycin (PDB 1VS5) (Schuwirth et al. 2006), pactamycin (PDB 4RBB) (Polikanov et al. 2014c), and

emetine (PDB 3]J7A) (Wong et al. 2014), on the small subunit (SSU) (yellow). P/I, Peptidyl/initiation.

readying the ribosome to enter into the elonga-
tion cycle.

There are a number of antibiotics that are
commonly referred to as translation initiation
inhibitors, namely, kasugamycin, pactamycin,
edeine, GE81112, which interact with the SSU
(Fig. 3F), the orthosomycins evernimicin and
avilamycin, which interact with the LSU, as
well as thermorubin, the binding site of which
comprises components of both the SSU and
LSU (Brandi et al. 2008; Wilson 2009; Bulkley
et al. 2012). Kasugamycin binds within the E-
site of the SSU in a position that overlaps with
the mRNA (Fig. 3F) (Schluenzen et al. 2006;
Schuwirth et al. 2006). By disturbing the path

of the mRNA, kasugamycin prevent the initia-
tor fMet-tRNA™¢ binding to the 30S-PIC
(Schluenzen et al. 2006; Schuwirth et al.
2006). Similarly, pactamycin has also been re-
ported to prevent 30S-PIC formation by per-
turbing the path of the mRNA through the E-
site (Fig. 3F) (Brodersen et al. 2000); however,
subsequent studies suggested that inhibition of
translocation, rather than initiation, was the
mechanism of action (Dinos et al. 2004). In
contrast, edeine and GE81112 are suggested to
inhibit 30S-PIC formation by directly blocking
the binding of fMet-tRNA™¢" (Pioletti et al.
2001; Dinos et al. 2004; Brandi et al. 2006).
The binding site of thermorubin is located
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within a pocket formed by h44 of the SSU and
H69 of the LSU (Bulkley et al. 2012) and, there-
fore, does not directly overlap with the mRNA
or initiator-tRNA, but rather inhibits 30S-PIC
formation by inducing conformational changes
that perturb IF binding (Bulkley et al. 2012).
Evernimicin and avilamycin are suggested to
block the association of the 30S-PIC with the
LSU by preventing the accommodation of IF2
on the LSU during subunit joining (Belova et al.
2001).

ELONGATION PHASE

After initiation, the ribosomal P-site is occupied
by the initiator fMet—tRNAfMﬂ, whereas the A-
site remains empty. The next aminoacyl-tRNA
(aa-tRNA) is delivered to the empty A-site as
a ternary complex with elongation factor Tu
(EF-Tu) and GTP (Schmeing and Ramakrish-
nan 2009; Voorhees and Ramakrishnan 2013).
The ternary complex initially binds with a
bent or kinked conformation of the tRNA that
allows the anticodon stem loop (ASL) to inter-
act with the codon of the mRNA in the DC,
whereas the aminoacylated 3'-acceptor stem re-
mains bounds to EF-Tu and is, hence, termed
the A/T state (Fig. 4A) (Stark et al. 1997; Valle
et al. 2002; Blanchard et al. 2004a; Schmeing
et al. 2009; Schuette et al. 2009; Fischer et al.
2015). To ensure translational fidelity, the
ribosome discriminates between cognate and
noncognate tRNA binding by monitoring the
interaction between the A-site codon of the
mRNA and the anticodon of the tRNA (Ogle
and Ramakrishnan 2005). During codon recog-
nition, nucleotides A1492 and A1493 (E. coli
numbering) adopt a conformation flipped-out
of helix 44 (h44) of the 16S rRNA and together
with G530 monitor the correct Watson—Crick
geometry of the first two base pairs of the co-
don—anticodon interaction in the form of A-
minor motifs (Fig. 4B) (Ogle and Ramakrish-
nan 2005). At the third nucleotide position of
the codon a wobble pair (e.g., G-U) is tolerated.
This allows a single tRNA to decode multiple
codons that only differ in the third anticodon
position, thus providing an explanation for the
degeneracy of the genetic code. Recent crystal
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structures of complete cognate or near-cognate
tRNAs bound to the full 70S ribosome have
challenged the hypothesis of how the ribosome
distinguishes cognate tRNAs from near-cognate
or noncognate tRNAs (Demeshkina et al. 2012).
Surprisingly, in these structures, even the near-
cognate codon—anticodon interactions are ob-
served to form Watson—Crick-like interactions,
suggesting that A1492, A1493, and G530 do not
discriminate cognate and near-cognate tRNAs
(Demeshkina et al. 2012). Rather, the ribosome
stabilizes an energetically unfavorable tautomer
of the nucleotide to achieve Watson—Crick ge-
ometry, leading the investigators to suggest that
this energetic penalty is then used by the ribo-
some to discriminate cognate from near-cog-
nate tRNAs (Demeshkina et al. 2013; Rozov
et al. 2015).

Nevertheless, recognition of a correct co-
don-—anticodon interaction triggers large-scale
conformational changes in the ribosome that
induce a domain closure of the 30S, involving
movement of the SSU shoulder toward EF-
Tu (Ogle and Ramakrishnan 2005; Schmeing
et al. 2009). These structural rearrangements
are propagated to EF-Tu, which ultimately leads
to stimulation of GTP hydrolysis (Schmeing
and Ramakrishnan 2009; Voorhees and Rama-
krishnan 2013). The GTPase activity of EF-Tu is
controlled by positioning the catalytic histidine
84 (H84) of EF-Tu in proximity to the phos-
phate of A2662 of the sarcin—ricin loop (SRL)
in H95 of the 23S rRNA. This enables H84 to
coordinate a water molecule for nucleophilic
attack on the +y-phosphate of GTP, which is
then hydrolyzed (Voorhees et al. 2010). GTP
hydrolysis and inorganic phosphate (P;) release
cause structural rearrangements in EF-Tu, lead-
ing to dissociation of EF-Tu from the ribosome
and, thus, allowing the tRNA to transition from
the A/T-state into the A/A-state. During ac-
commodation, the acceptor stem of the tRNA
moves into the A-site of the PTC in the large
ribosomal subunit (Blanchard et al. 2004a; San-
bonmatsu et al. 2005).

There are many antibiotics that inhibit de-
livery and accommodation of the aminoacyl-
tRNA on the ribosome (Wilson 2009). These
range from antibiotics that interact with
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Figure 4. Decoding and peptide bond formation on the ribosome. (A) Crystal structure of the ribosome in
complex with elongation factor Tu (EF-Tu) (purple), A/T-transfer RNA (tRNA) (green), P-tRNA (red),
E-tRNA (pink), kirromycin (light green), messenger RNA (mRNA) (brown), 30S subunit (yellow), and 50S
subunit (gray) (Voorhees et al. 2010) with superimposed binding positions of thiostrepton (orange) (Harms
etal. 2008) and tetracycline (blue) (Jenner et al. 2013). The decoding center (DC) on the 30S subunit is depicted
as dashed-lined sphere. (B) DC within the small ribosomal subunit with A-tRNA (green), mRNA (brown), and
16S ribosomal RNA (rRNA) nucleotides G530, A1492, and A1493 (yellow) (Demeshkina et al. 2012). (C)
Positions of the A-tRNA (green) and P-tRNA (red) within the peptidyltransferase center (PTC) of the 50S
subunit. The nucleophilic attack of the A-tRNA a-amino group (Na) onto the P-tRNA carbonyl-carbon
(Cearbonyl) is indicated with an arrow. (D) Overview and (E) zoom onto the binding sites of Onc112 (PDB
47ER) (Seefeldt et al. 2015), hygromycin A (PDB 4Z3R) (Polikanov et al. 2015), A201A (PDB 4Z3S) (Polikanov
et al. 2015), chloramphenicol (PDB 30FC) (Dunkle et al. 2010), linezolid (PDB 3DLL) (Wilson et al. 2008),
clindamycin (PDB 30FZ) (Dunkle et al. 2010), erythromycin (PDB 30FR) (Dunkle et al. 2010), bactobolin A
(PDB 4WWE) (Amunts et al. 2015), and blasticidin S (PDB 4L6]) (Svidritskiy et al. 2013) within the PTC
(dashed lines in D) of the 50S subunit (gray) with A-tRNA (green) and P-tRNA (red).

EF-Tu, such as GE2270A and kirromycin, to
those that interact directly with the ribosome,
such as thiostreptons and tetracyclines (Fig.
4A). In addition, antibiotics of the negamycin
and aminoglycoside classes also bind to the
ribosome and interfere with the decoding pro-
cess. Thiopeptide antibiotics, such as GE2270A
and related derivatives, such as LFF571, bind to

EF-Tu and prevent formation of the complex
with the aminoacyl-tRNA, whereas in contrast
kirromycin binds to the EF-Tu-aa-tRNA com-
plex and traps it on the ribosome (Fig. 4A)
(Wilson 2009). The thiostrepton-like antibiot-
ics interact with the large ribosomal subunit
and interfere with the binding of translational
GTPases, including EF-Tu and elongation factor
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G (EF-G) to the ribosome (Fig. 4A) (Wilson
2009). The tetracycline family of antibiotics,
including the third-generation glycylcyclines,
such as tigecycline, bind to the SSU and steri-
cally block the recognition of the codon of
the mRNA by the anticodon of the aa-tRNA
(Nguyen et al. 2014). Although negamycin
and aminoglycoside antibiotics have distinct
binding sites on the SSU, both classes stabilize
the binding of aa-tRNAs, including near-cog-
nate aa-tRNAs, thus leading to misreading and
stop-codon suppression (Wilson 2009; Olivier
et al. 2014; Polikanov et al. 2014c¢).

PEPTIDE BOND FORMATION AND
NASCENT CHAIN PROLONGATION

Peptide bond formation between the incoming
amino acid attached to the A-site tRNA and the
nascent polypeptide attached to the P-site tRNA
represents the main function of the ribosome
(Simonovic and Steitz 2009; Rodnina 2013).
On accommodation of the A-site tRNA, the
peptidyl transfer reaction occurs rapidly, with
a rate that is ~2 x 10’-fold faster than the
rate of spontaneous peptide bond formation
in solution (Sievers et al. 2004). The ribosome
acts as an entropy trap by precisely positioning
the aminoacylated tRNA CCA-end substrates
for trans-esterification and formation of the
new peptide bond (Sievers et al. 2004). Posi-
tioning of the tRNAs is facilitated by stabilizing
interactions between 23S rRNA nucleotides and
the tRNA CCA-ends. The P-site CCA end is
stabilized by Watson— Crick base pairs of nucle-
otides C74 and C75 with P-loop nucleotides
G2251 and G2252, respectively, whereas the
A-tRNA C74 stacks up on U2555, C75 forms a
Watson—Crick base pair with G2553 and A76
interacts with G2583 in the form of a class I
A-minor motif (Kim and Green 1999; Nissen
et al. 2000; Hansen et al. 2002; Voorhees et al.
2009; Polikanov et al. 2014b). Proper tRNA ac-
commodation into the A-site leads to confor-
mational changes within the PTC, namely, 23S
rRNA nucleotides G2583-U2585 undergo a
shift of 1-2 A, while U2506 rotates by 90° to
provide space for A-tRNA accommodation into
the PTC (Schmeing et al. 2005). These confor-

Targeting Bacterial Protein Synthesis

mational changes convert the PTC into its in-
duced state by exposing the peptidyl-tRNA es-
ter for peptide bond formation, which occurs
through nucleophilic attack of the a-amino
group of the A-tRNA onto the carbonyl-carbon
of the aminoacyl ester of the peptidyl-tRNA
in the P-site (Fig. 4C). The most recent model
for peptide bond formation is based on high-
resolution crystal structures of a Thermus ther-
mophilus 70S ribosome in both pre-attack and
postcatalysis states (Polikanov et al. 2014b).
Three water molecules trapped in the PTC be-
fore catalysis allowed the investigators to suggest
a proton wire mechanism that couples aa-tRNA
accommodation and peptide bond formation.
Both tRNAs, 23S rRNA nucleotides A2451,
U2584, C2063, and A2602, as well as the amino
terminus of ribosomal protein L27 contribute
to the coordination of the water molecules.
L27and N6 of A2602 activate a water molecule
(W1) to initiate the proton wire via the 2’ OH of
A2451 to the 2/ OH of the P-site A76, which
deprotonates the a-amino group for concerted
nucleophilic attack onto the ester carbonyl car-
bon. The tetrahedral intermediate state is stabi-
lized by a second water molecule (W2), which
donates a proton to the negatively charged ester
carbonyl carbon. Breakdown of the intermedi-
ate state occurs via protonation of the 3 ester
oxygen of the leaving group via a third water
(W3) and a partially reversed proton wire via
the 2’ OH of P-site A76, the 2/ OH of A2451
back to W1 (Polikanov et al. 2014b).
Antibiotics that directly interfere with
peptide bond formation generally do so by pre-
venting the accurate placement of the amino-
acylated-CCA-end of the A-tRNA at the PTC
(Fig. 4D). Therefore, these antibiotics can also
be thought of as inhibiting a final stage in the
accommodation of the aminoacyl-tRNA at
the A-site. Well-known examples include the
phenicols (chloramphenicol), oxazolidinones
(linezolid), pleuromutilins (tiamulin), and lin-
cosamides (clindamycin) (Wilson 2009, 2014),
but was also shown more recently for hygro-
mycin A, the nucleoside antibiotic A201A (Po-
likanov et al. 2015), and the antimicrobial pep-
tide oncocin (Fig. 4E) (Roy et al. 2015; Seefeldt
et al. 2015). Some of the larger macrolide anti-
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biotics, such as josamycin, tylosin, and spiramy-
cin, also interfere with peptide bond formation
by perturbing A-tRNA accommodation at the
PTC (Wilson 2009), but generally the binding of
macrolide antibiotics within the ribosomal tun-
nel is thought to interfere with prolongation of
the nascent polypeptide chain (Kannan et al.
2014). However, recent studies have revealed
that some polypeptides manage to bypass the
drug in the tunnel and can even become fully
synthesized in the presence of the drug (Kannan
and Mankin 2012; Kannan et al. 2012).

TRANSLOCATION AND EF-G

After peptide bond formation, the A-site is
bound by the peptidyl-tRNA lengthened by
one amino acid and the P-site is bound by de-
acylated tRNA. To allow the next round of elon-
gation, the tRNAs together with the mRNA
need to move with respect to the ribosome,
namely, to shift the peptidyl-tRNA from the
A-site to the P-site and the deacylated tRNA
from the P-site to the E-site (Yamamoto et al.
2014). The mRNA shifts precisely by one codon,
placing the next codon in the A-site. Transloca-
tion is catalyzed by the GTPase elongation fac-
tor G (EF-G) and provides an empty A-site,
which in turn allows binding and accommoda-
tion of the next cognate aa-tRNA and, thus, the
elongation cycle to proceed (Fig. 2). However,
the ribosome has an intrinsic capability to
translocate tRNAs both forward and backward,
and therefore, the function of EF-G is to accel-
erate and direct the process in forward direction
(Yamamoto et al. 2014).

In the pretranslocation state, the 3’-ends of
A- and P-site tRNA spontaneously move back
and forth between the P- and E-sites on the
LSU, respectively, while their ASLs remain an-
chored within the A- and P-sites on the SSU,
which creates A/P and P/E hybrid tRNA bind-
ing states (Fig. 5A) (Moazed and Noller, 1989;
Blanchard et al. 2004b). The spontaneous for-
mation of tRNA hybrid states is driven by
decreased affinity for peptidyl-tRNA in the A-
site and deacylated tRNA in the P-site by
~1000-fold (Semenkov et al. 2000). Moreover,
the E-site on the 50S subunit sterically occludes

binding of peptidyl-tRNA (Rheinberger et al.
1981; Schmeing et al. 2003) and, thus, ensures
that translocation occurs only after peptide
bond formation is completed. Formation of
tRNA hybrid states is coupled to a large-scale
conformational rotation (ratcheting) of the
SSU ~3-10° counterclockwise relative to the
LSU (Frank and Agrawal 2001; Valle et al. 2003).

It has been shown that EF-G binds to both
the ratcheted and nonratcheted states of the ri-
bosome (Chen et al. 2013; Pulk and Cate 2013),
but translocation occurs via hybrid state forma-
tion for both scenarios. Rotation of the SSU
head relative to the body (head swiveling) opens
a constriction that allows the passage of the
mRNA and ASLs through the SSU (Zhang
et al. 2009; Ratje et al. 2010; Yamamoto et al.
2014). Domain IV of EF-G, overlapping the
A-site on the SSU, is crucial to facilitate GTP-
dependent translocation by disrupting interac-
tions of the codon—anticodon duplex with the
DC (Liu et al. 2014). Translocation of tRNAs
through the ribosome proceeds via a series of
intermediate states including intrasubunit hy-
brid states on the SSU, where the mRNA and
ASLs simultaneously bind to the A- and P-site
(ap/P) and to the P- and the E-site (pe/E)
(Ratje et al. 2010; Ramrath et al. 2013). Follow-
ing GTP hydrolysis and P; release, the 30S head
swivel and the ratcheting is reversed, EF-G dis-
sociates and leaves the ribosome in the post-
translocation (POST) state with tRNAs bound
in the classical P/P and E/E sites (Fig. 5B)
(Ratje et al. 2010; Ermolenko and Noller 2011).

There are a plethora of antibiotics that in-
terfere with the process of translocation, in-
cluding aminoglycosides, tuberactinomycins
(viomycin, capreomycin), and spectinomycin
(Wilson 2009), as well as more recently charac-
terized translocation inhibitors, such as nega-
mycin, amicoumacin A, and dityromycin
(Figs. 2 and 3F) (Bulkley et al. 2014; Olivier
et al. 2014; Polikanov et al. 2014a,c). Amino-
glycosides, such as kanamycin and gentamycin,
bind within h44 of the SSU (Fig. 3F) and sta-
bilize the pretranslocation state (Wilson 2009),
whereas aminoglycosides, such as neomycin,
have an additional binding site located in H69
of the LSU, and appear to inhibit translocation
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Figure 5. The prokaryotic ribosome. Crystal structures of the ribosome bound with elongation factor G (EF-G)
in the (A) pre- (Brilot et al. 2013), and (B) posttranslocation state (Lin et al. 2015), with 30S subunit (yellow),
50S subunit (gray), EF-G (blue), P-transfer RNA (tRNA) (red), E-tRNA ( pink), and fusidic acid (green). (C)
Crystal structure of RF2 (dark green) bound to the poststate ribosome with P-tRNA (red) and E-tRNA ( pink)
(Weixlbaumer et al. 2008). The peptidyltransferase center (PTC) on the 50S (gray) and the DC on the 30S
subunit (yellow) are indicated as dashed lines. The insert zooms onto the PTC showing the GGQ motif of RF2
interacting with the CCA-end of the P-tRNA. (D) Crystal structure of RF3 ( pale green) bound to the rotated 70S
ribosome (Zhou et al. 2012b) with superimposed position of the P/E hybrid tRNA (red) (Brilot et al. 2013). The
position of class I release factors is indicated with dashed lines. (E) Crystal structure of ribosome recycling factor
(RRE orange) bound to the rotated ribosome (Borovinskaya et al. 2007a) with superimposed positions of P/E

hybrid tRNA (red) and prestate EF-G (blue) (Brilot et al. 2013).

by trapping intermediate hybrid states (Wang
et al. 2012). Similarly, the binding site of vio-
mycin and capreomycin span the ribosomal
interface between h44 (Fig. 3F) and H69 (Stan-
ley et al. 2010), and inhibit translocation by
stabilizing a distinct intermediate hybrid state
(Ermolenko et al. 2007b). In contrast, specti-
nomycin binds to the neck region of the SSU
(Carter et al. 2000), locking a rotated confor-
mation of the SSU head (Borovinskaya et al.
2007b) and, thus, trapping an intermediate
state during translocation (Pan et al. 2007).
Negamycin inhibits translocation by interact-

ing with the A-tRNA and stabilizing it in the
A-site (Olivier et al. 2014; Polikanov et al.
2014c), whereas amicoumacin A interacts
with the mRNA in the E-site (Fig. 3F) and,
thus, prevents translocation by preventing
movement of the mRNA (Polikanov et al.
2014a). In contrast, dityromycin and the relat-
ed antibiotic GE82832 interact exclusively with
ribosomal protein S12 on the SSU (Fig. 3F) and
block translocation by preventing EF-G from
adopting the final state necessary for transloca-
tion of the tRNAs and mRNA on the SSU
(Bulkley et al. 2014).
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TERMINATION AND RECYCLING

Class I termination release factors 1 (RF1) or 2
(RF2) recognize mRNA stop codons in the
A-site of the SSU and trigger translation termi-
nation by mediating hydrolysis of the P-site
peptidyl-tRNA and subsequent peptide release
(Fig. 2) (Klaholz 2011; Rodnina 2013). In a fol-
lowing step, the class I release factors are re-
moved from the ribosome with the help of the
GTPase class II release factor RF3 in a GTPase-
dependent manner. RF1 and RF2 differ with
respect to stop-codon recognition (RF1 recog-
nizes UAG/UAA; RF2 recognizes UGA/UAA),
but both mediate peptidyl-tRNA hydrolysis us-
ing their universally conserved GGQ-motif
(Fig. 5C). Early structures revealed that ribo-
some binding induces conformational changes
in RF1 and RF2 that stabilize an open confor-
mation, which allows the concurrent insertion
of the GGQ motif into the PTC on stop-codon
recognition (Fig. 5C) (Klaholz 2011; Zhou et al.
2012a). Subsequent X-ray structures of RF1 and
RF2 bound to the ribosome provided molecular
insight into the structural determinants of spe-
cificity of stop-codon recognition (Korostelev
et al. 2008; Laurberg et al. 2008; Weixlbaumer
etal. 2008; Jin etal. 2010). The exact mechanism
by which the GGQ motif coordinates peptidyl-
tRNA hydrolysis remains unclear. The amino
acid side chain of Q of the GGQ motif is not
essential to mediate hydrolysis (Seit-Nebi et al.
2001), but rather the backbone nitrogen of
Q240 of RF2 (or Q230 for RF1) that accounts
for the catalytic activity by interacting with the
3’ OH of A76 (Fig. 5C) (Laurberg et al. 2008).
However, loss of the posttranslational N5-
methylation of Q230/Q240 reduces the effi-
ciency of peptide release (Dincbas-Renqvist
et al. 2000) and, therefore, favors a model in
which the glutamine side chain, together with
the backbone amine, the 2’ OH of A76, and
A2451, directly coordinate a water molecule
for nucleophilic attack (Weixlbaumer et al.
2008; Jin et al. 2010; Klaholz 2011). After hy-
drolysis of the nascent chain, the class II release
factor RF3 binds to the ribosome and promotes
dissociation of RF1 and RF2 from the ribosome
in a GTP-dependent manner (Freistroffer et al.

1997; Koutmou et al. 2014; Peske et al. 2014).
RF3-GTP binding to RF1/RF2-ribosome com-
plexes stabilizes the ratcheted state of the ribo-
some with tRNAs in hybrid states (Fig. 5D)
(Ermolenko et al. 2007a; Gao et al. 2007; Jin
et al. 2011; Zhou et al. 2012b). The ratcheted
conformation of the ribosome creates a series of
steric clashes between RF domains I and IV with
the L11 stalk and the 30S head, respectively,
which are supposed to contribute to the desta-
bilization of the RFs (Fig. 5D) (Gao et al. 2007).

Following termination, the ribosome still
contains mRNA and deacylated tRNA in the
P-site, which needs to be recycled to allow a
new round of translation. During recycling,
the ribosome is split into subunits by the com-
bined action of ribosome recycling factor (RRF)
and EF-G in a GTP-dependent manner (Fig. 2)
(Kaji et al. 2001). Recent crystal structures of
RRF bound to the ribosome show RRF bound
in the ribosomal P-site stabilizing the ratcheted
conformation of the ribosome and would,
therefore, presumably also stabilize a deacylated
tRNA in a P/E hybrid state (Fig. 5E) (Weixl-
baumer et al. 2007; Dunkle et al. 2011). Binding
of EF-G to the RRF*mRNA-tRNA-70S complex
subsequently splits the ribosome into subunits
on GTP hydrolysis (Peske et al. 2005; Zavialov
et al. 2005; Barat et al. 2007). Binding of IF3 to
the 30S subunit leads to dissociation of mRNA
and deacylated tRNA and simultaneously pre-
vents re-association with the 50S subunit (Za-
vialov et al. 2005) and thereby links the last steps
in translation termination to the first steps of
translation initiation (Fig. 2).

To date, there are no antibiotics that spec-
ifically target the termination and recycling
phases of translation. Many antibiotics that act
during elongation to inhibit factor binding, for
example, thiostrepton, or prevent peptide bond
formation, for example, chloramphenicol, also
inhibit RF binding or peptidyl-tRNA hydrolysis
(Wilson 2009). However, a few antibiotics have
been suggested to act preferentially during ter-
mination, rather than elongation, namely, blas-
ticidin S (Svidritskiy et al. 2013) and fusidic acid
(Savelsbergh et al. 2009). Fusidic acid does not
bind to the free form of EF-G, but rather when
EF-G-GTP is in complex with the ribosome

10 Cite this article as Cold Spring Harb Perspect Med 2016;6:a025361



fco;ﬁ\b Cold Spring Harbor Perspectives in Medicine

PERSPECTIVES

www.perspectivesinmedicine.org

(Fig. 5B). Fusidic acid allows GTP hydrolysis
but prevents the associated changes in EF-G
that are necessary for dissociation and, thus,
traps EF-G on the ribosome. Inhibition of EF-
G’s function during ribosome recycling, rather
than during elongation, has been reported to
be more sensitive to the inhibitory action of
fusidic acid (Savelsbergh et al. 2009). Blasticidin
S binds to the P-site of the LSU and overlaps the
binding position of C75 of the CCA-end of the
P-tRNA (Fig. 4E) (Hansen et al. 2003; Svidrit-
skiy et al. 2013). As expected, the presence of
blasticidin S reduces the rate of peptide bond
formation, but is even more effective at inhib-
iting peptidyl-tRNA hydrolysis by RF1 (Svidrit-
skiy et al. 2013).
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