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ABSTRACT

Aminoglycosides containing a 2-deoxystreptamine core (AGs) represent a large family of antibiotics that target the ribo-
some. These compounds promotemiscoding, inhibit translocation, and inhibit ribosome recycling. AG binding to helix h44
of the small subunit induces rearrangement of A-site nucleotides A1492 and A1493, which promotes a key open-to-closed
conformational change of the subunit and thereby increases miscoding. Mechanisms by which AGs inhibit translocation
and recycling remain less clear. Structural studies have revealed a secondary AG binding site in H69 of the large subunit,
and it has been proposed that interaction at this site is crucial for inhibition of translocation and recycling. Here, we analyze
ribosomes with mutations targeting either or both AG binding sites. Assaying translocation, we find that ablation of the
h44 site increases the IC50 values for AGs dramatically, while removal of the H69 site increases these values modestly.
This suggests that the AG–h44 interaction is primarily responsible for inhibition, with H69 playing a minor role.
Assaying recycling, we find that mutation of h44 has no effect on AG inhibition, consistent with a primary role for AG–

H69 interaction. Collectively, these findings help clarify the roles of the two AG binding sites in mechanisms of inhibition
by these compounds.
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INTRODUCTION

Aminoglycosides are chemically diverse antibiotics widely
used to treat bacterial infections (Magnet and Blanchard
2005). Most aminoglycosides are structurally similar and
contain a central 2-deoxystreptamine (2-DOS) ring. These
aminoglycosides (henceforth abbreviated “AGs”) fall into
two subgroups: 4,5-substituted 2-DOS compounds, exem-
plified by neomycin (Neo) and paromomycin (Par); and
4,6-substituted 2-DOS compounds, exemplified by genta-
micin (Gen) and tobramycin (Tob). These AGs bind to ribo-
somal RNA (rRNA) and exert multiple effects on bacterial
protein synthesis. They cause mRNA miscoding (Davies
et al. 1965, 1966), inhibit mRNA-tRNA translocation (Ca-
bañas et al. 1978; Misumi et al. 1978), and inhibit ribosome
recycling (Hirokawa et al. 2002).
The primary binding site of AGs lies in helix 44 (h44) of

the 16S rRNA, near the A site of the 30S subunit. Previous
studies have shown that single mutations in h44 (e.g.,
A1408G, G1491U, or U1495A) are sufficient to confer
high-level resistance to various AGs in vivo (Recht and
Puglisi 2001; Hobbie et al. 2005, 2006a,b; Nessar et al.
2011; Salian et al. 2012; Perez-Fernandez et al. 2014).

These mutations disrupt key interactions between helix
h44 and functional groups of ring I and/or II, thereby reduc-
ing AG affinity.
AGs stabilize tRNA in the A site, and structural studies

provide an explanation for this activity (Carter et al. 2000;
Ogle et al. 2001, 2002, 2003; Peske et al. 2004; Walker
and Fredrick 2006). Co-crystal structures have shown that
Neo, Par, and Gen bind h44 in a similar way (Fig. 1; Carter
et al. 2000; Ogle et al. 2001; Borovinskaya et al. 2007a).
Ring I intercalates into h44, stacking on G1491 and form-
ing hydrogen bonds with A1408. This occludes A1492
and A1493 from within h44, inducing a “flipped out”
conformation of these nucleotides. Similar conformational
changes of A1492 andA1493 normally occur upon codon–
anticodon pairing in the A site. Thus, AG binding to h44
reduces the energy barrier of this rearrangement, which
promotes A-site tRNA (A-tRNA) binding and decoding er-
rors (Ogle et al. 2003; Satpati et al. 2014; Zhang et al.
2018). By stabilizingA-tRNA, this rearrangement also inhib-
its translocation, because A-tRNA cannot readily move to
the P site (Peske et al. 2004; Shoji et al. 2006).
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The X-ray crystallography studies revealed that AGs
bind not only h44 but also helix H69 of the 50S subunit
(Fig. 1; Borovinskaya et al. 2007a). H69 contacts a number
of 16S rRNA nucleotides, including nt 1406–1409 and
1494–1495 of h44, forming intersubunit bridge B2a/d
(Liu and Fredrick 2016). This bridge plays an important
role in translation initiation (Liu and Fredrick 2015) and
needs to be disrupted during the subunit-splitting step
of ribosome recycling. Co-crystal structures showed that ri-
bosome recycling factor (RRF) displaces H69 from its
normal position, disrupting B2a/d (Borovinskaya et al.
2007a). Binding of AG to the major groove of H69 reverses
these effects of RRF, presumably by stabilizing bridge B2a/
d. This may explain the mechanism by which AGs inhibit
ribosome recycling (Borovinskaya et al. 2007a).

It has been suggested that AG–H69 interaction also
plays a key role in the inhibition of translocation. In sin-
gle-molecule studies, Blanchard and coworkers found
that an EF-G-dependent conformational change was in-
hibited by Neo, andmutation A1408G of h44 had no bear-
ing on the observed inhibition (Wang et al. 2012). At the
time, they attributed to this conformational change to
translocation and proposed that, by binding H69, Neo sta-
bilizes a partially rotated conformation of the ribosome
and thereby blocks translocation. However, this model is

difficult to reconcile with the fact that
the mutation A1408G confers high-
level resistance to Neo in cell growth
assays (MIC>800 µM) (Recht and
Puglisi 2001; Hobbie et al. 2006b).
To clarify the contribution of the

two AG binding sites, we examined
reassociated mutant ribosomes with
either or both sites ablated. We find
that the inhibition of translocation is
primarily due to AG–h44 interaction,
whereas the inhibition of ribosome re-
cycling is independent of the h44 site.

RESULTS

Inhibition of translocation by
aminoglycosides depends largely
on the h44 site

To determine the contribution of h44
and H69 binding sites to AG activities,
we targeted each by mutagenesis. To
abrogate the h44 site, we introduced
A1408G or dual A1408G/G1491U
substitutions. Mutation A1408G and
G1491U each confers a distinct spec-
trum of AG resistance (Hobbie et al.
2006a). Cells carrying both mutations
grew normally and were highly resis-

tant to multiple AGs in vivo, consistent with earlier studies
(Hobbie et al. 2006b). To eliminate the H69 site, we used
mutation ΔH69, which replaces the entire helix with a sin-
gle nucleotide (Ali et al. 2006; Liu and Fredrick 2015).
30S subunits were purified from an E. coli Δ7 prrn strain, us-
ing conventional sucrose-gradient sedimentation (Qin
et al. 2007), while aptamer-tagged 50S subunits were
purified using affinity chromatography, as previously
described (Youngman and Green 2005). 70S ribosomes
were then formed by reassociation of control and/or mu-
tant subunits, yielding ribosomes with no, one, or both
AG binding sites mutated. Previous work has shown that
rates of translocation in tagged and reassociated control ri-
bosomes and in wild-type tight-couple ribosomes are
comparable (Walker et al. 2008; Devaraj et al. 2009; Liu
and Fredrick 2013).

It iswell known thatAGs can completely inhibit transloca-
tion (Cabañas et al. 1978; Fredrick and Noller 2003; Studer
et al. 2003; Shoji et al. 2006). Accordingly,wemeasured the
effects of various AGs on the extent of translocation by
toeprinting, which tracks mRNA position in the ribosome
(Hartz et al. 1989; Fredrick and Noller 2002; McGarry
et al. 2005; Shoji et al. 2006). Complexes containing
message m291 (Shoji et al. 2006), tRNAfMet in the P site,
and N-acetyl-Phe-tRNAPhe in the A site were made and
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FIGURE 1. 2-DOS aminoglycosides bind h44 and H69 of the ribosome in a similar way. Co-
crystal structures with Neo (A) and Gen (B) are shown as examples. Thumbnail on the right
shows the perspective of view. 16S rRNA is colored beige, with key A-site nt A1492 and
A1492 (violet) and h44 nt A1408 and G1491 (red) highlighted. 23S rRNA is colored gray,
with H69 highlighted in light cyan. Aminoglycosides (as indicated) are shown as space-filled
models. Images were made using PDB entries 4V52 and 4V53.
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incubated with various concentrations of AG. EF-G and
GTP were then added, and the extent of translocation
was determined (Fig. 2). In the absence of AG, the fraction
of post-translocation (POST) state ribosomes observedwas
∼0.5, somewhat lower than the value expected (∼0.8) from
earlier studies involving tight-couple ribosomes (Fredrick
and Noller 2003; Shoji et al. 2006; Balakrishnan et al.
2014). This could be due to partial A-site occupancy, a por-
tionof 30S complexes, and/or aportion of inactive 50S sub-
units. The extent of translocation decreased as a function of
AG concentration. Neo strongly inhibited translocation in
control ribosomes, with an IC50 value of 0.4 µM (Table
1; Fig. 2C). The dual A1408G/G1491U mutation of h44
increased the IC50 by 100-fold. The activity of Par, another
4,5-substituted 2-DOS aminoglycoside, was also sub-
stantially weakened by mutation A1408G/G1491U (Table
1; Fig. 2D). The 4,6-substituted 2-DOS AGs Gen and Tob
were also investigated. Mutation A1408G/G1491U com-
pletely relieved the inhibition by Gen (Fig. 2E) and in-
creased the IC50 of Tob by >30-fold (Table 1; Fig. 2F). We
also compared the effects of the single A1408G mutation,
which Wang et al. (2012) used, on Neo and Tob inhibition
(Table 1; Fig. 2C,F). In both cases, the degree of resistance
conferred by A1408G was similar to that conferred by the
dual A1408G/G1491U mutation. These strong effects of
A1408GandA1408G/G1491U indicate thatAG interaction
with h44 is critical for the inhibition of translocation.
Removal of H69 had a smaller impact on AG inhibition

of translocation. Mutation ΔH69 increased IC50 for Neo,

Par, Gen, and Tob by about 15-, four-, four-, and sixfold,
respectively (Table 1; Fig. 2C–F). We also compared the
behavior of ribosomes with both h44 and H69 sites abro-
gated. This triple A1408G/G1491U/ΔH69 mutation con-
ferred the highest resistance to Neo and Par (Table 1;
Fig. 2C,D). Removal of H69 from A1408G/G1491U ribo-
somes increased the IC50 for Neo and Par by sixfold and
threefold, respectively, effects similar to those of ΔH69
in ribosomes with the h44 site intact. The simplest inter-
pretation of these data is that, for 4,5-substituted 2-DOS
compounds, AG–H69 interaction contributes to inhibi-
tion through a mechanism that is largely independent
of h44. In the case of the 4,6-substituted 2-DOS com-
pound Tob, the triple mutant ribosomes were essentially
no more resistant than the A1408G/G1491U ribosomes
(Table 1; Fig. 2F). This differs from Neo and Par cases
and suggests that the observed effect of ΔH69 on inhibi-
tion depends on Tob–h44 interaction. For Gen, the dual
h44 mutation A1408G/G1491U conferred complete resis-
tance (IC50 > 2000 µM), in the presence or absence of H69
(Table 1; Fig. 2E).
We also analyzed inhibition of translocation by Neo

in control and mutant ribosomes in polymix buffer (Eh-
renberg et al. 1990), conditions analogous to those of
Wang et al. (2012). The results obtained (Fig. 3) were
qualitatively similar to those described above (Table 1;
Fig. 2C), providing further evidence that Neo–h44 in-
teraction is primarily responsible for the inhibition of
translocation.

A
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FIGURE 2. Inhibition of EF-G-dependent translocation by aminoglycosides. (A) Sequence of model mRNA, m291, with the relevant codons in-
dicated. The first nucleotide of codon 1 (defined as position +1) is shown in bold text and the Shine–Dalgarno (SD) sequence is underscored.
(B) Example of a toeprinting experiment that measures AG inhibition of translocation. The pretranslocation complex (PRE) was formed by incu-
bating m291-programmed ribosomes with tRNAfMet to bind the P site and N-acetyl-Phe-tRNAPhe to bind the A site. The complex was further
incubated in the absence (lanes 1,2) or presence of AG (lanes 3–8, various concentrations), and then EF-G andGTP were added to promote trans-
location (lanes 2–8). The position of mRNA was then mapped in each case to quantify the fraction of ribosomes in the post-translocation (POST)
state. (C,D) Shown is the extent of translocation (Fraction POST) in control and mutant ribosomes (as indicated, see KEY) plotted against the con-
centration of Neo (C ), Par (D), Gen (E), and Tob (F ). Data were fit to a modified dose response equation to obtain IC50 values (Table 1).
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The ability of Neo to promote spontaneous reverse
translocation is eliminated by h44 mutations

It has been shown previously that Neo, Par, and Gen can
similarly increase the rate of spontaneous reverse translo-
cation (Shoji et al. 2006; Borovinskaya et al. 2008). While
the basis of this activity remains unclear, it has been pro-
posed that these AGs shift the microscopic equilibrium of
tRNA binding in the transition-state complex (also known
as “unlocked” state), thereby enhancing the reaction rate
(Shoji et al. 2009b). To determine whether this AG activity
involves h44, wemeasured spontaneous reverse transloca-
tion in control and mutant ribosomes (Fig. 4), as detailed
previously (Shoji et al. 2006; Borovinskaya et al. 2008). E-
site tRNAfMet was added to m292-programmed ribosomes
containing N-acetyl-Val-tRNAVal in the P site and the frac-
tion of ribosomes in the POST state was monitored as a
function of time. In line with previous observations (Shoji
et al. 2006; Borovinskaya et al. 2008), Neo increased kobs
by approximately threefold in control ribosomes. In ribo-
somes harboring either A1408G or G1491U, the rate was
virtually unaffected by Neo (Fig. 4). These data clearly indi-
cate that h44 binding is critical for the ability of Neo to
speed reverse translocation. Although there was no EF-G
in these reactions, the spontaneous reaction is fundamen-
tally related to EF-G-dependent translocation (Fredrick
and Noller 2003; Shoji et al. 2006, 2009b; Fischer et al.
2010; Liu and Fredrick 2013). Hence, these results further
implicate AG–h44 interaction in the mechanism of translo-
cation inhibition.

Inhibition of ribosome recycling by aminoglycosides

Kaji and coworkers showed that RRF/EF-G-dependent ri-
bosome recycling could be strongly inhibited by AGs
(Hirokawa et al. 2002), but the basis of this activity has re-
mained unclear. Structural studies have shown that RRF
binds the large subunit and causes H69 to swing away
from the subunit interface, breakingbridgeB2a/d (Borovin-
skaya et al. 2007a). The additional presence of Gen or Par
completely suppressed this RRF-induced movement of

H69. It was proposed that AG binding to H69 restricts the
dynamics of the helix and stabilizes B2a/d, thereby inhibit-
ing the subunit-splitting step of recycling (Borovinskaya
et al. 2007a). Yet, single mutations in h44 confer high-level
AG resistance (Recht and Puglisi 2001; Hobbie et al. 2005,
2006a,b; Nessar et al. 2011). The corresponding nucleo-
tides (A1408, G1491, U1495, C1409, and U1406) lie close
to the intersubunit bridge B2a/d, raising the alternative
possibility that AG–h44 interaction is involved in recycling
inhibition.

To test the role of the h44 site in recycling inhibition, we
used a filter-binding method to assay recycling at various
concentrations of AGs.Model post-termination complexes
containing radiolabeled tRNAPhe in the P site were formed,
and the tRNA dissociation rate (koff) was measured in the
absenceandpresenceof RRF, EF-G (GTP), and IF3. The fac-
tors stimulated the rate of tRNA release by an order ofmag-
nitude, an effect that required all three factors (Fig. 5A).
Although quite slow, the observed rate of this reaction is
comparable to rates seen previously for analogous POST
complexes in which SD–ASD pairing occurs (Peske et al.
2005; Chen et al. 2017). As expected, Neo and Tob inhib-
ited recycling of the control ribosome, with IC50 values of
1.9 ± 0.3 µM and 23±3 µM, respectively (Fig. 5B,D,E).
Ablation of the h44 site (via mutation A1408G or dual
mutation A1408G/G1491U) had virtually no effect on recy-
cling inhibition (Fig. 5C–E). If anything, complexes formed
with the mutant ribosomes exhibited slightly smaller IC50

values (Neo IC50= 1.5±0.2, 1.3 ± 0.2 µM; Tob IC50 = 20±
2, 18±2 µM). These data indicate that AG–h44 interaction
plays no role in the inhibition of recycling, as measured in
this in vitro assay. The effect of ΔH69 could not be investi-
gated because the mutation causes recycling to become
independent of RRF (Ali et al. 2006), an observation that
we confirmed.

TABLE 1. AG inhibition of EF-G-dependent translocation in
control and mutant ribosomes

AG Control A1408G
A1408G/
G1491U ΔH69

A1408G/
G1491U/
ΔH69

Neo 0.41±0.03 39±5 42±6 6.2±0.5 270±30

Par 32±3 ND 330±30 120±8 1040±110
Tob 26±3 620±70 880±90 100±10 1250±130

Gen 36±4 ND >2000 220±30 >2000

Values represent IC50 (µM) ± SEM from three or more independent exper-
iments like those shown in Figure 2. ND, not determined.
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FIGURE 3. Inhibition of EF-G-dependent translocation byNeo in poly-
mix buffer. Shown is the extent of translocation (Fraction POST) in
control and mutant ribosomes (as indicated) plotted against the con-
centration of Neo. Data were fit to a modified dose response equa-
tion, yielding the following micromolar IC50 values (mean±SEM, n≥
3): Control, 3 ± 0.4; A1408G, 45±10; ΔH69, 15±3; A1408G/ΔH69,
130±30.
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DISCUSSION

Our findings help clarify the roles of twoAGbinding sites in
the inhibitionof protein synthesis.Wedemonstrate thatAG
interaction with the h44 site is primarily responsible for in-
hibition of translocation. This is consistent with the fact
that single mutations in the h44 are sufficient to confer
high-level resistance to AGs in vivo (Recht and Puglisi
2001; Hobbie et al. 2005, 2006a,b; Nessar et al. 2011)
and challenges an earlier conclusion of Blanchard and co-
workers (Wang et al. 2012). Monitoring a fluorescence
change in single-molecule studies (Munro et al. 2010),
they reported no difference in AG-inhibition between con-
trol andA1408G ribosomes and proposed that AG–H69 in-
teraction was key to translocation inhibition (Wang et al.
2012). Translocation is a complex process involving multi-
ple conformational changes of the ribosome, tRNAs, and
EF-G. Our suspicion is that their readout—an EF-G-depen-
dent increase in Cy3-tRNA fluorescence intensity—corre-
sponds to another event, related to translocation but
distinct from codon–anticodon movement. Indeed, more
recentwork fromtheBlanchard laboratory, inwhich themo-
tions of translocation were followed from multiple per-
spectives, suggests that codon–anticodon movement
with respect to the 30S subunit occurs at a later stage in
the process (Wasserman et al. 2016).
The ability of AGs to inhibit translocation is reduced to

some degree by removal of H69. The simplest interpreta-
tion of these data is that AG–H69 interaction does contrib-
ute, albeit modestly, to translocation inhibition. Deletion
ΔH69 similarly increases the IC50 for Neo and Par, regard-
less of whether the primary h44 site ismutated. Such cumu-
lative effects of ΔH69 and A1408G/G1491U suggest that
for example Par-H69 and Par-h44 interactions act in largely
independent ways, each contributing to translocation inhi-
bition. In contrast, ΔH69 fails to increase the IC50 for Tob

when the primary h44 site is ablated. This indicates a differ-
ence in activity between the 4,6-linkedAGToband the 4,5-
linked AGs Neo and Par, regarding H69. Interestingly, it
has been shown that Neo alters the dynamics of the ribo-
some, stabilizing a semi-rotated conformation (Wang
et al. 2012). This activity, attributed to H69 binding, ap-
pears to be specific to the 4,5-linked AGs. Based on these
collective observations, we propose that binding of 4,5-
linked AGs to H69 stabilizes an intermediate of the process
(Wang et al. 2012; Wasserman et al. 2016), which contrib-
utes to inhibition.
Another possibility is that the effects of ΔH69 are indi-

rect, and AG–H69 interaction plays no role in translocation
inhibition. Deletion ΔH69 removes the secondary AG
binding site, of course, but also disrupts bridge B2a/d,
which could weaken AG–h44 interaction and/or its inhibi-
tory effects. Although we introduced two AG resistance
mutations in an effort to eliminate the h44 site, low-affinity
AG binding to h44 may still occur in A1408G/G1491U ri-
bosomes. If so, ΔH69 could indirectly weaken AG–h44 in-
teraction in both control and A1408G/G1491U ribosomes,
thereby increasing the IC50 in multiple contexts as ob-
served. Additional experiments will be needed to distin-
guish whether AG–H69 interaction plays a minor role or
no role in the inhibition of translocation.
Based on structural studies, it has been proposed that

AG binding to H69 is responsible for the inhibition of recy-
cling (Borovinskaya et al. 2007a). Our data are consistent
with this model, as recycling inhibition appears to be
completely independent of h44. Yet, as mentioned above,
single nucleotide substitutions in h44 are sufficient to con-
fer high-level AG resistance in vivo. This implies that AG in-
hibition of recycling either (i) occurs with little physiological
consequence or (ii) is countered somehow in the cell. The
latter scenario seemsmore likely, given that RRF is essential
for cell viability (Janosi et al. 1994, 1998; Baba et al. 2006).
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FIGURE 4. The ability of neomycin to stimulate spontaneous reverse translocation depends on the h44 site. Reverse translocation in control (A),
A1408G (B), or G1491U (C ) ribosomes was measured in the absence and presence of Neo (as indicated). The fraction of ribosomes in the POST
state was plotted versus time, and the data were fit to a single exponential function to obtain the observed rate at 0, 0.5, and 3 µM Neo (respec-
tively): Control, kobs = 0.16, 0.54, 0.60 min−1; A1408G, kobs =0.15, 0.15, 0.15 min−1; G1491U, kobs = 0.15, 0.14, 0.20 min−1.
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MATERIALS AND METHODS

Subunit purification and reassociation

Mutations A1408G and G1491T were introduced into plasmid
p278MS2 (Youngman and Green 2005), using the QuikChange
(Stratagene) method. Plasmid p278MS2 and its derivatives (carry-
ing nonlethal mutations) were moved into E. coli Δ7 prrn strain
SQZ10, replacing the resident plasmid. From these strains, 30S

subunits (control or mutant) were purified,
using conventional sucrose-gradient sedi-
mentation as previously described (Qin
et al. 2007). Mutation ΔH69 has been de-
scribed previously (Ali et al. 2006), and
aptamer-tagged 50S subunits (control
and mutant) were purified using affinity
chromatography as previously described
(Youngman and Green 2005; Liu and
Fredrick 2013, 2015).

Reassociated 70S ribosomes were
formed from purified subunits (Shoji et al.
2009a; Liu and Fredrick 2013). 30S sub-
units (control or mutant) were heat activat-
ed in the presence of 20mMMg2+ at 42°C
for 20 min and then mixed with an equal
amount of 50S subunits (control or mutant)
and further incubated at 37°C for 20 min.

Factors, tRNAs, and other
reagents

EF-G-His6, IF3-His6, andRRFwerepurified
as previously described (MacDougall et al.
1997; Dallas andNoller 2001; Fredrick and
Noller 2002). Purified tRNAfMet, tRNAPhe,
and tRNAVal were purchased from Chemi-
cal Block, charged, and acetylated as pre-
viously described (Walker and Fredrick
2008). Messenger RNA was made by in vi-
tro transcription and gel purified (Fredrick
and Noller 2002). AGs were purchased
from Sigma-Aldrich or Fisher Scientific.

Translocation assays

EF-G-dependent translocation was mea-
sured by toeprinting (Shoji et al. 2006;
Fosso et al. 2015). Briefly, pretranslocation
(PRE) complexes (0.5 µM; final concentra-
tions indicated throughout) containing
deacylated tRNAfMet in the P site and N-
acetyl-Phe-tRNAPhe in the A site were
formed at 37°C in buffer A (10 mM Tris-
HCl pH 8.0, 10 mM MgCl2, 65 mM
NH4Cl, 1 mM DTT). AG (variable concen-
tration) was added, followed 10 min later
by EF-G (1 µM) and GTP (0.3 mM). Under
single-turnover conditions like these, the
rate of translocation is too fast to measure

manually (Pan et al. 2007; Walker et al. 2008; Liu and Fredrick
2013; Holtkamp et al. 2014). After 5 min, an end point chosen
merely for practical reasons, complexes were subjected to primer
extension analysis. Toeprints were quantified and the extent of
translocation determined, as described previously (Shoji et al.
2006). The fraction of ribosomes in the POST state (F ) were
plotted against the AG concentration (A), using KaleidaGraph
(Synergy Software), and the data were fit to the modified dose

A

B C

D E

FIGURE 5. Inhibition of ribosome recycling by AGs. (A) An in vitro assay for ribosome recy-
cling. Dissociation of deacyl 3′-[32P]-tRNAPhe from the P site of m291-programmed ribosomes
wasmeasured in the absence or presence of various factors (as indicated). Stimulation of tRNA
release required RRF, EF-G (GTP), and IF3, as reactions with single omissions showed no ap-
parent catalysis. (B,C ) Examples of experiments measuring the effect of Neo (various concen-
trations, as indicated) on tRNA release from control (B) or A1408G/G1491U (C ) ribosomes in
the presence of RRF, EF-G (GTP), and IF3. Fraction of radiolabeled tRNA bound was plotted
against time, and the data were fit to a single exponential equation to obtain koff. (D,E) koff val-
ues were plotted as a function of concentration of Neo (D) and Tob (E). Data were fit to a mod-
ified dose response equation to generate IC50 values for control, A1408G, and A1408G/
G1491U cases, respectively, as follows: Neo IC50 =1.9±0.3, 1.5±0.2, 1.3±0.2 µM; Tob
IC50= 23±3, 20±2, 18±2 µM.
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response equation

F = F0 + Fmax/[1+ (A/B)C ],

where F0 represents F prior to EF-G and GTP addition (set to 0.05
based on control experiments), Fmax represents themaximal F val-
ue, B represents IC50, and C represents the Hill coefficient. Initial
data fitting showed that the Hill coefficient fell between 0.8 and
1.2, and hence C was set to 1.0 to ensure uniform comparisons.

Spontaneous reverse translocation was measured as detailed
previously (Shoji et al. 2006; Borovinskaya et al. 2007b, 2008;
Liu and Fredrick 2013). Briefly, m292-programmed ribosomes
(0.5 µM) containing N-acetyl-Val-tRNAVal in the P site were incu-
bated in polymix buffer (5 mM potassium phosphate pH 7.3, 95
mM KCl, 5 mMNH4Cl, 0.5 mM CaCl2, 5 mMmagnesium acetate,
8 mM putrescine, 1 mM spermidine, 1 mMDTT) with various con-
centrations of Neo at 37°C for 10 min. Reverse translocation was
initiated by adding deacylated tRNAfMet (8 µM) at time t=0. Ali-
quots were removed at various time points and subjected to prim-
er extension analysis. Fraction POST was quantified and plotted
as a function of time. Datawere fit to a single exponential function
to obtain the observed rate and amplitude of the reaction.

Ribosome recycling assay

Ribosome recycling was measured using a double-membrane fil-
trationmethod (Fahlman and Uhlenbeck 2004). Typically,∼50 nM
[3′-32P]-tRNAPhe, m291 (1.5 µM) and ribosomes (1 µM) were incu-
bated at 37°C in buffer A for 20 min to bind the P site. At t=0, a
portionof the reaction (2µL)wasdiluted100-fold inbuffer contain-
ing excess unlabeled tRNAPhe (0.2 µM) and GTP (0.3 mM), with or
without EF-G (0.3 µM), RRF (0.3 µM), IF3 (0.3 µM), andAG (variable
concentration) as specified. Aliquots (20 µL) were then filtered
through a bilayer of nitrocellulose (NitroBind, GE Healthcare)
and positively charged nylon (Hybond-N+) membranes (GE
Healthcare) at various time points. Ribosome-bound and free
tRNA were captured by the top and bottom membranes,
respectively (Fahlman and Uhlenbeck 2004; Shoji et al. 2009a).
Membranes were immediately washed with 150 µL of buffer,
dried, and exposed to a phosphor screen (GE Healthcare). The
fraction of tRNA bound was quantified and plotted against time.
Dissociation rate (koff) was determined by fitting the data to a sin-
gle exponential function. Then, koff was plotted as a functionof AG
concentration, and datawere fit to a dose response equation anal-
ogous to the one described above, yielding the IC50 value.
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