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ABSTRACT

Following peptide-bond formation, the mRNA:tRNA complex must be translocated within the ribosomal cavity before the next
aminoacyl tRNA can be accommodated in the A site. Previous studies suggested that following peptide-bond formation and prior
to EF-G recognition, the tRNAs occupy an intermediate (hybrid) state of binding where the acceptor ends of the tRNAs are
shifted to their next sites of occupancy (the E and P sites) on the large ribosomal subunit, but where their anticodon ends (and
associated mRNA) remain fixed in their prepeptidyl transferase binding states (the P and A sites) on the small subunit. Here we
show that pre-translocation-state ribosomes carrying a dipeptidyl-tRNA substrate efficiently react with the minimal A-site
substrate puromycin and that following this reaction, the pre-translocation-state bound deacylated tRNA:mRNA complex
remains untranslocated. These data establish that pre-translocation-state ribosomes must sample or reside in an intermediate
state of tRNA binding independent of the action of EF-G.
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INTRODUCTION

The addition of each amino acid to the growing peptide

chain during translation involves three distinct steps: de-

coding of the incoming aminoacyl tRNA, peptide-bond for-

mation, and translocation of the mRNA:tRNA complex.

Translocation of the mRNA:tRNA complex is promoted by

the GTPase EF-G in order to vacate the A site so that the

next incoming aminoacyl tRNA can be accommodated. Al-

though there is considerable evidence indicating that the

elongation factors (and other GTPases involved in the

translation cycle) bind to overlapping sites on the ribosome

(Cabrer et al. 1972; Miller 1972; Richter et al. 1972; Moazed

et al. 1988; Cameron et al. 2002; Frank 2003), there must be

structural distinctions between the different functional

states of the ribosome that allow for their specificity of

action (Richman and Bodley 1972; Wool et al. 1992; Zavi-

alov and Ehrenberg 2003). Traditionally, pre-translocation-

state ribosomes have been characterized by the lack of re-

activity of bound peptidyl tRNA substrate with incoming

aminoacyl tRNA substrates. Conversely, post-translocation-

state ribosomes have been characterized by their high level

of reactivity with the same aminoacyl tRNA substrates. De-

fining the structural distinctions between these two states

should provide a molecular explanation for these gross dif-

ferences in the reactivity of the active site of the large ribo-

somal subunit, as well as provide clues for understanding

the specific recognition of the pre-translocation-state ribo-

some by EF-G.

Chemical modification analysis of pre- and post-translo-

cation-state ribosome complexes provided experimental

evidence that the tRNA substrates move in a staggered fash-

ion with respect to the large and small subunits of the

ribosome during the translation cycle (Moazed and Noller

1989), as had been predicted earlier (Bretscher 1968). In

this model, following peptide-bond formation, the acceptor

ends of the tRNAs move with respect to the large subunit to

form what is referred to as a hybrid state of tRNA binding,
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while three-nucleotide movement of the mRNA and (asso-

ciated anticodon ends of the tRNA) with respect to the

small subunit is ultimately catalyzed by EF-G. Thus the

hybrid state of tRNA binding can be defined as a state

occupied after peptide-bond formation but before translo-

cation, where the tRNAs have “translocated” on the large

subunit—occupying the E site and vacating the A site of the

large subunit—but have not moved on the small subunit.

Other evidence for the staggered movement of tRNAs

through the ribosome was obtained from nonradiative fluo-

rescence energy transfer experiments that showed the ac-

ceptor end of the tRNA moving substantially following

peptide-bond formation but independent of EF-G-cata-

lyzed translocation (Hardesty et al. 1986). Hardesty and

colleagues also used fluorescence to establish that two tRNA

substrates in addition to the minimal aminoacyl substrate

puromycin could be simultaneously bound to the ribosome

(consistent with predictions of the hybrid states model;

Odom et al. 1990).

However, the existence of such an intermediate or hybrid

state of tRNA binding has long been debated, for several

fundamental reasons (Wilson et al. 2002). First, the chemi-

cal protections of the large subunit by the acceptor ends of

the tRNAs seemed to depend on (and thus potentially re-

port on) the three terminal nucleotides of the molecule (the

CCA-end; Burkhardt et al. 1998). Indeed, examination of

the crystallographic data indicates that the A and P site

footprints spatially overlap and only some of the specific

protections seem to represent direct tRNA contacts. Second,

the chemical footprinting experiments relied on some varia-

tion of the ionic conditions, in particular the magnesium

concentration, to observe certain changes. These issues have

been highlighted by cryoelectron microscopy (cryoEM)

studies showing that buffer conditions can have dramatic

effects on the extent and sites of tRNA occupancy (Agrawal

et al. 1999). In certain polyamine-containing buffers, ribo-

somes seem to preferentially bind deacylated tRNA sub-

strates (mimicking the deacylated product of the peptide

transferase reaction) in a “classical” (P/P) state that is in-

distinguishable from the state occupied by fMet-tRNAfMet.

In contrast, in more simple buffers similar to those used in

the original description of the hybrid states model (con-

taining 15 mM Mg(OAc)2 and 160 mM NH4Cl), the same

deacylated tRNA substantially occupies a hybrid (P/E) state

of binding where the anticodon end of the tRNA is bound

in the P site of the 30S subunit while the acceptor end of the

tRNA is bound in the E-site (near protein L1) region of the

large subunit. In a recent cryoEM study, another glimpse of

a P/E hybrid bound tRNA was obtained when ribosomes

were loaded with a single peptidyl tRNA that was subse-

quently deacylated with puromycin and incubated with

EF-G:GDPNP (Valle et al. 2003). Although those authors

argued that this hybrid state of binding is not naturally

occupied following peptide-bond formation in the absence

of EF-G, their data do provide support for the proposal that

tRNAs move in a staggered fashion with respect to their

binding sites on the large and small subunits of the ribo-

some.

Each of the structural studies described above reported

on equilibrium binding states of the tRNAs on the ribo-

some. One possible interpretation of the structural data is

that a hybrid state of binding is not sampled by the tRNAs

during the translation cycle and that the tRNAs instead

remain in the classical (P/P) state of binding until EF-G

promotes the movement of the tRNAs in their entirety to

the post-translocation state (Zavialov and Ehrenberg 2003).

An alternate interpretation is that a hybrid state of tRNA

binding is routinely sampled during the translation cycle,

although depending on the in vitro conditions, it may not

be a particularly stable (i.e., easily captured) state of bind-

ing. Indeed, previous binding studies showed that the trans-

peptidylation of Phe-tRNAPhe to fMet-Phe-tRNAPhe (to

form a pre-translocation state complex) decreased the af-

finity of the tRNAPhe for the ribosome, thus promoting

translocation by ground-state destabilization (Semenkov et

al. 2000).

Analysis of the reactivity of the pre- and post-transloca-

tion states has not been fully explored and may provide an

alternate approach for assessing whether the tRNA sub-

strates sample, even transiently, a hybrid state of binding

prior to EF-G-catalyzed translocation. We are aware of sev-

eral studies that have addressed the question from a func-

tional perspective. Several of these studies began their ex-

periments by forming pre-translocation-state ribosomal

complexes on poly-uridylic acid templates (poly-U) using

N-Ac-Phe-tRNAPhe as the “initiator” tRNA and supplying

Phe-tRNAPhe to form a dipeptidyl-tRNA (N-Ac-Phe-Phe).

The earlier study observed that this pre-translocation-state

dipeptidyl-tRNA acted as a donor in a peptidyl transferase

reaction with puromycin to form the tripeptide product

N-Ac-Phe-Phe-Pm (Bergemann and Nierhaus 1983). In in-

terpreting these data, those authors concluded that sponta-

neous translocation (EF-G-independent) had occurred and

that as a result the dipeptidyl-tRNA had become puromy-

cin-reactive. We note, however, that the observed rates of

the reaction were much faster than any previously reported

rate for spontaneous translocation on untreated ribosomes

(Southworth et al. 2002), and no independent method was

used to establish that movement of the mRNA:tRNA com-

plex (translocation) had occurred. In a more recent study,

Semenkov et al. (1992) performed analogous experiments

where the same dipeptidyl-tRNA complex was formed on a

poly-U template, and again observed that the dipeptide (N-

Ac-Phe-Phe) was reactive with puromycin. Those authors

reached a different conclusion and argued that transloca-

tion had not occurred, because the reaction was insensitive

to translocation-specific antibiotics. They suggested that the

pre-translocation-state bound dipeptidyl tRNA was reactive

with puromycin (i.e., catalytically competent), but that the

rate of catalysis was substantially slower than in a post-
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translocation-state ribosome. Although

these data were compelling, these stud-

ies also failed to independently assess

translocation. In addition, both studies

suffered from using complexes formed

on poly-U templates rather than on de-

fined mRNA sequences where distinct

tRNA species and initiation factors can

confer specific positioning.

We have been interested in similar

experiments to determine whether

tRNAs sample or reside in an interme-

diate (perhaps hybrid) state of binding

on the ribosome following peptide-

bond formation and prior to transloca-

tion. What is the stability of such a ri-

bosomal state, and are its structural fea-

tures those that are recognized by EF-G?

Here we describe experiments that es-

tablish that an intermediate state of

tRNA binding is sampled by a pre-

translocation-state ribosome complex.

In this intermediate state, the dipeptidyl

tRNA reacts efficiently and relatively

rapidly with puromycin, thus establish-

ing that on the large subunit, the A site

is empty and the P site is occupied by

this substrate. Primer extension (toe-

printing) analysis confirms that this re-

active state is an intermediate by show-

ing that following the peptidyl transfer-

ase reaction, the tRNAs remain bound

in a pre-translocation state on the small

subunit. We are ultimately interested in

understanding the functional signifi-

cance of this hybrid state of tRNA bind-

ing during the elongation cycle.

RESULTS

Reactivity of the pre-translocation-state ribosome
complexes with puromycin and aminoacyl
tRNA substrates

To investigate the behavior of the pre-translocation state,

ribosome complexes containing two tRNA substrates and a

cognate mRNA were formed in two different ways. In the

first case, ribosomes were first programmed with gene 32

mRNA (coding sequence AUG-UUU-AAA, MFK) and then

deacylated tRNAMet and N-Ac-Phe-tRNAPhe were sequen-

tially bound (complex I; Fig. 1A). Primer extension (toe-

printing) analysis was then used to assess the state of tRNA

binding in these ribosomal complexes. In this technique,

extension by reverse transcriptase of a radioactively labeled

DNA primer annealed to the 3� end of the mRNA bound in

various ribosome complexes is correlated with the position

of the mRNA in the ribosome. By binding different tRNAs

to the ribosome:mRNA complex (Fig. 1B, lanes 1,2), char-

acteristic toeprints separated by three nucleotides are ob-

served. Interestingly, when two tRNAs are bound to form a

pre-translocation-state complex (Fig. 1B, lane 3), a doublet

with greater intensity at +1 is observed (Jerinic and Joseph

2000). Thus, using this defined mRNA and sequentially

loading the tRNA substrates, translocation of the pre-trans-

location-state ribosome complex is observed as three-

nucleotide movement along the mRNA promoted by EF-G

and GTP (Fig. 1B).

We next looked at the reactivity of the pre- and post-

translocation-state complexes with the minimal A-site sub-

strate puromycin. The dipeptidyl product (N-acetyl-[14C]-

phenylalanine-puromycin) was separated from free N-

acetyl-[14C]-phenylalanine and quantitated as described

(Southworth et al. 2002). As predicted, in the pre-translo-

cation-state ribosome complex, the N-Ac-Phe-tRNAPhe was

FIGURE 1. Reactivity of pre-translocation-state ribosome complex I. (A) Complex I was
prepared by successive binding of uncharged tRNAMet and N-Acetyl-Phe-tRNAPhe to ribo-
somes programmed with a gene 32 mRNA variant with AUG UUC UUC (MFF) as the first
three codons in its open reading frame. (B) Primer extension analysis of complex I before and
after incubation with EF-G and GTP. Ribosome complexes were formed on gene 32 variant
mRNA pre-annealed to a [32P]-labeled primer. Markers include tRNAMet (lane 1) which yields
a band at position 0, and tRNAPhe (lane 2) which yields a band at position +3. The pre-
translocation-state complex (lane 3) has a diagnostic pattern with a doublet heavier at the +1
position. Movement to the +3 position is promoted by EF-G (lane 4). (C) Puromycin reactivity
of complex I. Complex I was incubated with 10 mM puromycin at 37°C (open squares), and
the fraction N-Ac-Phe converted to N-Ac-Phe-Pm is shown on the y-axis. Puromycin reactivity
of the corresponding post-translocation complex (filled squares), formed after incubating com-
plex I with 5 µM EF-G for 5 min at 37°C, is also shown.
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not reactive with puromycin, even after

prolonged periods of time. However,

when EF-G and GTP were added to the

pre-translocation complex, essentially

all of the N-Ac-Phe-tRNAPhe eventually

reacted with puromycin, consistent with

the observed movement of the tRNA

substrates from a pre- to a post-trans-

location state (Fig. 1C).

In other experiments, pre-transloca-

tion-state ribosome complexes (com-

plex II) were prepared by enzymatically

loading each of two aminoacylated

tRNA substrates (Semenkov et al. 2000).

In this case, ribosomes were pro-

grammed with either gene 32 (MFK)

mRNA or a variant (AUG-UUC-UUC,

MFF), and then fMet-tRNAMet was

bound to the AUG-coded P site using

initiation factors (IF1, IF2, and IF3)

and GTP. Following this more natural

initiation step, Phe-tRNAPhe was enzy-

matically loaded into the ribosome

with purified EF-Tu in a ternary com-

plex with GTP. The ribosome catalyzes

peptide-bond formation when two

competent substrates are loaded into

the A and P sites, resulting in a deacyl-

ated tRNAMet and a dipeptidyl-tRNA

(fMet-Phe-tRNAPhe) on the ribosome.

According to convention, this ribosome

complex is in a pre-translocation state,

awaiting EF-G for elongation to con-

tinue (Fig. 2A). Toeprinting experi-

ments confirm that the mRNA:tRNA

complexes were positioned as expected

prior to translocation, and that three-

nucleotide movement along the mRNA

is seen following the addition of EF-G

and GTP (Fig. 2B).

These data are consistent with the

idea that well behaved pre-transloca-

tion-state ribosome complexes can be

formed either by prebinding a deacyl-

ated tRNA and then loading a peptidyl-

like P-site substrate (N-Ac-Phe-

tRNAPhe; complex I) or by enzymati-

cally loading two aminoacylated tRNAs

that then react with one another to es-

tablish a pre-translocation state (com-

plex II). Both complexes have charac-

teristic toeprints before and after the addition of EF-G and

GTP (Figs. 1B, 2B).

We next asked whether the pre-translocation complex

with the bound dipeptidyl-tRNA (complex II) was reactive

with different aminoacyl tRNA substrates. The third codon

in the variant gene 32 mRNA is UUC, allowing us to ask

whether the dipeptidyl-tRNA in the pre-translocation state

is reactive with Phe-tRNAPhe (bound in a ternary complex

FIGURE 2. Reactivity of pre-translocation-state ribosome complex II. (A) Complex II was
prepared by successive factor-dependent binding of fMet-tRNAMet and Phe-tRNAPhe to the P
and A sites of ribosomes programmed with gene 32 variant mRNA (as above) where peptide-
bond formation generates deacylated and dipeptidyl tRNA species. (B) Primer extension analy-
sis of complex II before and after incubation with EF-G and GTP. Markers include tRNAMet

(lane 1) which yields a band at position 0, and tRNAPhe (lane 2) which yields a band at position
+3. The pre-translocation-state complex (lane 3) has a diagnostic pattern with a doublet heavier
at the +1 position. Movement to the +3 position is promoted by EF-G (lane 4). (C) Complex
II was incubated with equimolar Phe-tRNAPhe in complex with EF-Tu/GTP before (open
squares) and after (filled squares) translocation with 5 µM EF-G (as above). The fraction of
fMet-Phe converted to fMet-Phe-Phe is shown on the y-axis. (D) Puromycin reactivity of
complex II in buffer B with 7 mM MgCl2. Complex II was incubated with 10 mM puromycin,
and the fraction of fMet-Phe converted to fMet-Phe-Pm was determined before (open squares)
and after (filled squares) translocation with 5 µM EF-G (as above). (E) Puromycin reactivity of
complex II in polymix buffer (Jelenc and Kurland 1979). Complex II was incubated with 10
mM puromycin, and the fraction of fMet-Phe converted to fMet-Phe-Pm was determined
before (open squares) and after (filled squares) translocation with 5 µM EF-G (as above).
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with EF-Tu and GTP) in the absence of EF-G. Again, the

precursors and products of the reaction were resolved by

electrophoresis and quantitated as described (Southworth

et al. 2002). As would be predicted, the dipeptidyl-tRNA

substrate (fMet-Phe-tRNAPhe) was unreactive with Phe-

tRNAPhe unless EF-G was provided to promote movement

to a post-translocation state (Fig. 2C). Similar results were

observed with the wild-type gene 32 mRNA carrying a ly-

sine codon (AAA) in the third position when Lys-tRNALys

was added to react with the pre- and post-transloca-

tion-state ribosome (data not shown). However, when

the dipeptidyl-tRNA ribosomal complex was incubated

with the minimal A-site substrate puromycin, the dipepti-

dyl-tRNA reacted efficiently to form the tripeptide fMet-

Phe-Pm (Fig. 2D). The kinetics of the reaction were uni-

form, proceeding nearly to completion, and could be fit

to a single exponential curve with a rate constant of 0.014

sec−1.

Because previous cryoEM studies indicated that tRNA

binding can be affected by buffer choice, we asked whether

these dipeptidyl-tRNA pre-translocation-state ribosome

complexes were similarly reactive in a variety of conditions.

Interestingly, the rate constants and endpoints for the pu-

romycin reaction with pre-translocation-state ribosomes

were essentially the same in “simple” buffers containing

different amounts of Mg+2, 7 mM or 15 mM, as well as in

polyamine buffers, allowing direct comparison with recent

studies (Fig. 2E; Agrawal et al. 1999; Zavialov and Ehren-

berg 2003).

Pre-translocation-state dipeptidyl-tRNA reacts from
an intermediate (A/P) state of binding on
the ribosome

Several mechanisms can be proposed to explain the puro-

mycin reactivity of the dipeptidyl-tRNA ribosome pre-

translocation complex II. One possibility is that the dipep-

tidyl-tRNA reacts when stably bound in the pre-transloca-

tion state, as has been suggested (Semenkov et al. 1992).

Alternatively, the dipeptidyl-tRNA ribosome complex

translocates spontaneously (or in a manner dependent on

minor EF-G contamination), and it is the post-transloca-

tion ribosome complex that actually reacts with puromycin,

as has also been suggested (Bergemann and Nierhaus 1983).

Similarly, it is possible that puromycin facilitates actual

translocation, as was recently observed with the antibiotic

sparsomycin (Fredrick and Noller 2003). Finally, the reac-

tivity of the dipeptidyl-tRNA might be explained by disso-

ciation of the dipeptidyl-tRNA and the deacylated tRNAfMet

followed by rebinding of the dipeptidyl-tRNA, now in a

classical (post-translocation) state of binding. In the latter

cases, puromycin would be predicted to react from the clas-

sical A site with the dipeptidyl tRNA substrate bound in the

classical P site in a post-translocation-state ribosome com-

plex (as has been characterized in detail by Katunin et al.

2002).

We first asked whether the pre-translocation-state ribo-

some complex translocates slowly over time as a result ei-

ther of minor levels of EF-G contamination or via factor-

independent translocation (Gavrilova et al. 1976; South-

worth et al. 2002). If spontaneous translocation does occur,

the resulting post-translocation state should be stable. Thus,

incubation of the pre-translocation-state ribosome complex

(II) for varying amounts of time should yield mixed popu-

lations of ribosome states—an original population that re-

acts with puromycin at a rate constant of 0.014 /sec, and the

translocated population that reacts with puromycin at a rate

constant of 10/sec (Katunin et al. 2002). These populations

can be readily distinguished using kinetic approaches.

The stability of pre-translocation-state ribosome com-

plexes to translocation was tested as follows. Pre-transloca-

tion dipeptidyl-tRNA ribosome complexes were formed as

above (II) and were incubated at 37°C for varying lengths of

time (3, 10, or 45 min) before the addition of puromycin.

Following these incubations, homogeneous unaffected rate

constants (Fig. 3A) were measured for the puromycin re-

action, indicating that the dipeptidyl-tRNA pre-transloca-

tion ribosome complexes do not translocate or re-phase

(either at 7 mM or 15 mM MgCl2) during the time course

of these incubations. These data thus formally exclude po-

tential mechanisms for puromycin reactivity that invoke

conversion of the pre-translocation-state complex into a

post-translocation-state complex.

These data argue that the dipeptidyl-tRNA complex re-

acts with puromycin from a pre-translocation state. How-

ever, if there are significant off-rates for the dipeptidyl-

tRNA from the pre-translocation ribosome, as has been

reported (Semenkov et al. 2000), the rebinding kinetics of

the dipeptidyl-tRNA might dominate the measured rate

constants for the puromycin reaction. This possibility was

tested by performing a chase experiment where excess

(fourfold) unlabeled N-Ac-Phe-tRNAPhe was added to the

dipeptidyl-tRNA pre-translocation ribosome complex along

with puromycin to ask whether the extent or rate of reac-

tivity was affected. If the dipeptidyl-tRNA dissociates during

the course of reaction, then the N-Ac-Phe-tRNAPhe will

compete for binding to the ribosome with the dipeptidyl-

tRNA and thus affect the puromycin reactivity of the com-

plex. The absence of a chase by the N-Ac-Phe-tRNAPhe with

the pre-translocation-state dipeptidyl-tRNA complex at

both lower and higher magnesium concentrations (Fig. 3B)

suggests that the observed rate constants are pseudo-first-

order for the reactivity of the pre-translocation-state ribo-

some complex. When pre-translocation complexes were al-

lowed to sit for extended periods of time at lower Mg+2

concentrations, the N-Ac-Phe-tRNAPhe did effectively chase

the reaction, consistent with previously measured off-rates

of the dipeptidyl tRNA from this complex (Semenkov et al.

2000).
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To independently assess the state of binding of tRNAs to

the pre-translocation ribosome complex before and after

reaction with puromycin, we used toeprinting analysis.

These data, shown in Figure 4, clearly indicate that the

dipeptidyl-tRNA is positioned in the A site on the 30S sub-

unit both before and after the reaction with the puromycin

substrate. Furthermore, as expected, when EF-G is added to

the ribosome complexes that have already reacted with pu-

romycin, the predicted three-nucleotide movement of

translocation can still be observed.

Substrate specificity for pre-translocation-state
puromycin reactivity mimics that of the
post-translocation state

Aminoacyl-tRNAs bound in the A site of the ribosome in-

teract via their CCA-end in a Watson-Crick pairing inter-

action between C75 of the tRNA and nucleotide G2553 of

23S rRNA (Kim and Green 1999; Nissen et al. 2000). We

asked whether the puromycin reaction that was observed

with the pre-translocation-state dipeptidyl-tRNA complex

depended on the same interactions of the ribosome with the

A-site substrate. G2553C mutant ribosomes were produced

in Escherichia coli and separated from wild-type ribosomes

using a recently developed affinity-tagging procedure (E.

Youngman and R. Green, in prep.). Wild-type and vari-

ant ribosomes (G2553C) carrying pre-translocation-state

bound dipeptidyl-tRNA complex were reacted with CpPm

or GpPm substrate, and the rates of the reactions were

compared. The data shown in Figure 5 indicate that the

substrate specificity of the wild-type and mutant (G2553C)

ribosomes for the cognate Watson-Crick substrate is

equivalent to the substrate specificity observed for post-

translocation-state ribosomes with the same dipeptidyl-

tRNA substrate (Kim and Green 1999). These data confirm

that the puromycin reactivity of the pre-translocation-state

complexes depends on canonical A-site interactions.

K1/2 and kcat of puromycin reaction of the
dipeptidyl-tRNA bound pre-translocation state

To further characterize the molecular properties of the pre-

translocation-state reactivity, we measured the kcat and K1/2FIGURE 3. Stability of pre-translocation ribosome complex II. (A)
The pre-translocation complex II was incubated at 37°C for 2 (open
circles), 10 (filled diamonds) or 45 (open squares) min, before starting
the reaction with the addition of puromycin (1 mM). The fraction of
fMet-Phe converted to fMet-Phe-Pm was determined where the time
of addition of puromycin is taken as time zero in each case. As a
control, puromycin reactivity of the post-translocation complex (filled
squares) was determined after incubating complex II with 5 µM EF-G
(as in Fig. 2). (B) Chase experiment performed with N-Ac-Phe-
tRNAPhe with pre-translocation-state complex II. Reaction was started
with the simultaneous addition of 4 equivalents of N-Ac-Phe-tRNAPhe

(1 µM final) and 10 mM puromycin, and time points were taken. The
fraction of fMet-Phe converted to fMet-Phe-Pm was determined in
the absence or presence (filled or open symbols, respectively) of tRNA
competitor in buffer B at 7 mM or 15 mMMgCl2 (circles or squares,
respectively).

FIGURE 4. Primer extension analysis (toeprinting) of complex II
before and after reaction with puromycin. Ribosome complexes were
formed on gene 32 variant mRNA pre-annealed to a [32P]-labeled
primer. As controls, the first and second codons in the gene 32 variant
open reading frame were bound by their cognate tRNAs, fMet-
tRNAMet (lane 1) or Phe-tRNAPhe (lane 2), alone before carrying out
the primer extension reaction. Lanes 3 and 4: The toeprint for complex
II, before and after reaction with puromycin, respectively. Lanes 5 and
6: The toeprint for complex II, before and after reaction with puro-
mycin, and after incubation with 5 µM EF-G (as above).
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of this reaction at two different magnesium concentrations

(7 and 15 mM MgCl2; Fig. 6; Table 1). The kinetics of the

pre-translocation-state peptide-bond-forming activity were

well behaved, and the time courses at different puromycin

concentrations were readily fit to single exponential curves.

These data were then fit to the Michaelis-Menten equation

to derive the kinetic parameters shown in Table 1. Although

the apparent K1/2 of puromycin for the pre-translocation

state is comparable to the K1/2 reported for the post-trans-

location state (2 versus 5.9 or 10.3 mM), the rate constants

for these reactions differ by approximately three orders of

magnitude (11.6 versus 0.024 or 0.014 sec−1 for the post-

and prestates respectively).

DISCUSSION

The structural state of the ribosome and the bound mRNA:

tRNA complex following peptide-bond formation and pre-

ceding EF-G-catalyzed translocation has been actively de-

bated. Chemical modification/protection experiments and

fluorescent studies support a model where the tRNAs move

through the ribosome in a staggered fashion (Hardesty et al.

1986; Moazed and Noller 1989). As specifically outlined in

the hybrid states model, following peptide-bond formation,

the acceptor ends of the tRNAs can spontaneously move

into the E and P sites of the large subunit (from the P and

A sites), whereas the anticodon ends of the tRNAs remain

fixed in the small subunit, where they interact with the

bound mRNA. This hybrid ribosome complex is then rec-

ognized by EF-G to promote the events of translocation,

where the anticodon ends of the tRNAs (and the associated

mRNA) are moved into their next binding state (the E and

P sites on the small subunit). Indeed, structural data have

provided compelling evidence that the footprints defined by

chemical modification analysis correlate reasonably well

with the three observed tRNA binding sites (Yusupov et al.

2001) and that tRNAs can bind in a hybrid state (Agrawal

et al. 1999; Valle et al. 2003).

Here we used a biochemical approach to define some of

the basic functional properties of the pre-translocation state

of the ribosome. First, pre-translocation-state ribosomes

occupied with dipeptidyl-tRNA readily react with the mini-

mal aminoacyl substrate puromycin but not with intact

aminoacylated tRNAs (Fig. 2). In contrast, post-transloca-

tion-state ribosomes occupied with dipeptidyl-tRNA (i.e.,

complexes that have been treated with EF-G following pep-

tide-bond formation) readily react with both puromycin

and the appropriate intact aminoacyl tRNA (Fig. 2). The

apparent K1/2 for puromycin for the pre-translocation-state

ribosome is only fivefold higher than for the post-translo-

cation state, whereas the observed rate constant (kobs) for

the peptidyl transferase reaction is substantially lower (de-

creased ∼ 1000-fold; Fig. 6; Table 1). The simplest interpre-
tation of these data is that although binding determinants in

the A site of the ribosome seem to be largely unperturbed,

moieties critical to the catalysis of peptide-bond formation

or substrate positioning are more substantially perturbed in

this intermediate state (affecting the rate of catalysis). The

stability of the pre-translocation-state ribosome complexes

was assessed using tRNA chases and extended incubations

of the complexes at 37°C to confirm that the extent and

FIGURE 6. Dependence of pre-translocation-state puromycin reac-
tivity on puromycin concentration. The time courses of fMet-Phe-Pm
formation by complex II were fitted to single exponential rate equa-
tions in order to obtain the kobs for each puromycin concentration in
buffer B with either 7 mM or 15 mM MgCl2. Fitting the data to the
Michaelis-Menten equation gave a K1/2 of 5.9 or 10.3 mM and a kcat
of 0.024 or 0.014 s−1.

FIGURE 5. Compensatory base analysis of G2553 mutant ribosomes
with C75 tRNA mutant A-site substrates in complex II. The rate of
reactivity of the wild-type and mutant ribosome complexes with 8 µM
CpPm and GpPm was determined (Kim and Green 1999).

TABLE 1. Kinetic parameters of the puromycin reactivity of pre- and
posttranslocation complexes with dipeptidyl fMet-Phe-tRNAPhe

K1/2 for puromycin
(mM) kcat (s

−1)

Pretranslocation (7 mM) 5.9 ± 1.7 0.024 ± 0.003
Pretranslocation (15 mM) 10.3 ± 2.6 0.014 ± 0.002
Posttranslocation 2.0 ± 0.55 11.6 ± 1.0

Data for pretranslocation complexes measured in buffer B at either
7 or 15 mM MgCl2.

Sharma et al.

108 RNA, Vol. 10, No. 1



rates of reaction with puromycin were unaffected (Fig. 3).

Primer extension analysis established that following the re-

action of the pre-translocation-state bound dipeptidyl-

tRNA with puromycin, the tRNA and mRNA substrates

remain fixed in a pre-translocation state with respect to the

small subunit (Fig. 4). Finally, experiments using G2553C

mutant ribosomes and modified puromycin substrates

showed that the substrate binding site that is critical for

pre-translocation-state peptidyl transferase reactivity is re-

lated to the A site that was characterized previously (Kim

and Green 1999), based on its reactivity with substrates

bound in the post-translocation state (Fig. 5). These data

support a model where the pre-translocation-state bound

peptidyl tRNA must either reside in or sample a hybrid

(A/P) state of binding on the ribosome. Further experi-

ments will be critical in defining the stability of this inter-

mediate state of tRNA binding under physiological condi-

tions, to better understand how and when EF-G interacts

with the ribosome to promote translocation.

Overall, the data presented here are consistent with ex-

perimental observations reported by Semenkov et al (1992).

In those studies, a pre-translocation-state ribosome com-

plex was formed on a poly-U messenger RNA with two

charged tRNAs (N-Ac-Phe-tRNAPhe and Phe-tRNAPhe) that

reacted to form a dipeptidyl-tRNA N-Ac-Phe-Phe-tRNAPhe,

and it was reported that this dipeptidyl tRNA substrate

reacted efficiently with the minimal A-site substrate puro-

mycin. Semenkov et al. (1992) argued that the reactivity was

associated with the pre-translocation state, although they

failed to independently assess translocation (e.g., by toe-

printing) before and after the reaction with puromycin. Our

present data provide convincing evidence that the dipepti-

dyl-tRNA bound to the ribosome in a pre-translocation

state does indeed react with puromycin (meaning that the A

site on the large subunit must be accessible to some extent),

while the anticodon ends of the tRNAs remain fixed on the

small ribosomal subunit in the A site—in an intermediate

state of binding. Because our experiments cannot specify

whether the deacylated tRNA is bound in the P/E state, we

use the term “intermediate” rather than “hybrid” to de-

scribe the complex, although chemical footprinting and

cryoEM data argue that the intermediate state occupied by

both tRNAs just prior to translocation is likely to be hybrid

(A/P and P/E; Moazed and Noller 1989; Agrawal et al.

1999).

Although the data presented here establish that a hybrid

state of tRNA binding is at least sampled by a dipeptidyl-

tRNA bound in a pre-translocation state on the ribosome,

they do not address the equilibrium binding state of this

tRNA species. The strikingly different reactivity profiles of

the pre-translocation N-acetylated aminoacyl tRNA and the

dipeptidyl tRNA and the strong dependence of the puro-

mycin reactivity on temperature (e.g., even the dipeptidyl

tRNA pre-translocation complex is essentially unreactive on

ice) may provide clues about the equilibrium binding states

of these and other substrates. Perhaps the N-protected ami-

noacyl tRNA generally occupies the classical (A/A) state

(i.e., with only rare excursions into the A/P hybrid state)

such that even during extended incubations with puromy-

cin, no peptidyl transfer reaction occurs. According to such

a model, the dipeptidyl tRNA more readily samples both the

classical (A/A) and hybrid (A/P) binding state following

peptide-bond formation (Fig. 7). And, in the latter case,

these excursions of the dipeptidyl tRNA into the hybrid

binding state are sufficient to allow puromycin to trap the

dipeptidyl moiety and form a peptide bond. Alternatively,

the differences in reactivity of the N-Acetyl-Phe-tRNAPhe

relative to the dipeptidyl-tRNA might be reconciled by dif-

ferences in the detailed positioning (for peptide-bond for-

mation) of the “peptidyl” moiety of the tRNA in the A/P

state. For example, a more complete peptidyl moiety might

allow for more extensive positioning of this substrate in the

exit channel so that the aminoacyl ester bond is more op-

timally exposed for attack. These models might ultimately

be distinguished by chemical modification analysis.

Consistent with such a model, it is worth noting that

although ribosome complexes containing either the N-

acetylated or the dipeptidyl-tRNA substrate are translocated

effectively by EF-G, the rates of these reactions are likely

to differ substantially. For example, it is known that

dipeptidyl tRNA (fMet-Phe-tRNAPhe)-containing pre-trans-

location ribosome complexes are translocated approxi-

mately one order of magnitude more rapidly than com-

plexes containing two deacylated tRNA species (Studer et al.

2003) and more than two orders of magnitude more rapidly

than complexes containing Phe-tRNAPhe in the A site (Se-

menkov et al. 2000). The recent measurements of the bind-

ing affinity of pre-translocation-state dipeptidyl tRNA for

the ribosome were consistent with these ideas and further

FIGURE 7. Model for sampling of intermediate (hybrid) tRNA bind-
ing states by pre-translocation-state bound N-Ac-Phe-tRNAPhe and
fMet-Phe-tRNAPhe, where the dipeptidyl tRNA equilibrium favors hy-
brid-state tRNA binding compared with the equilibrium for N-Acetyl-
Phe-tRNAPhe.
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suggested that one of the mechanisms utilized by the ribo-

some to promote translocation is ground-state destabiliza-

tion (Semenkov et al. 2000).

A unifying interpretation of these and other data is that

there are binding determinants for EF-G that are revealed in

an unobstructed A site on the large subunit. It follows that

translocation is most rapid on ribosome complexes con-

taining peptidyl-tRNAs bound in a hybrid (A/P) state.

Thus, the first energetic barrier that must be surmounted

during translocation is the movement of the pre-transloca-

tion-state tRNAs into a hybrid state of binding, and then in

a second step, movement of the mRNA:tRNA complex on

the small subunit can take place. Mutations in the ribosome

or the tRNA substrates that result in preferential binding of

tRNAs in a hybrid state should lead to increased rates of

spontaneous translocation and may even affect the rates of

EF-G-catalyzed translocation. Preliminary data in our labo-

ratory that are consistent with such a model show that

ribosomes covalently modified at their A loop with the

minimal A-site substrate 4-thiodT-CPm are refractive to

translocation by EF-G (Green et al. 1998; D. Sharma and R.

Green, unpubl.). Such a model is also consistent with recent

results from Noller and colleagues (Fredrick and Noller

2003), who report that sparsomycin, an antibiotic that

binds in the peptidyl transferase center and stabilizes the

interaction of the P-site substrate with its binding site, pro-

motes translocation at a substantial rate. A plausible inter-

pretation of these data is that sparsomycin forces binding of

the tRNA substrates in a hybrid, somehow “activated” state

that pays part of the energetic cost of translocation (South-

worth and Green 2003). Occupation of the E site by deac-

ylated tRNAs once translation is past the dipeptide stage is

also likely to affect the equilibrium binding states of the

various tRNA substrates (Rheinberger and Nierhaus 1986)

and thus the rates at which translocation can occur. Inter-

actions between the deacylated P-site tRNA and the E site of

the large subunit that appear to increase the efficiency of

translocation have been characterized (Lill et al. 1989; Fein-

berg and Joseph 2001).

Several other published experiments are often cited for

their failure to support a hybrid states model for two-step

translocation. The data presented here help to resolve some

of these specific issues. For example, the failure of Wower et

al. (2000) to observe hybrid-state binding in their crosslink-

ing studies can be rationalized by the fact that their pre-

translocation state was not composed of a dipeptidyl-tRNA

and instead relied on the peptidyl tRNA analog N-Ac-Phe-

tRNAPhe, which we find to be unreactive with puromycin,

and thus likely not sampling the hybrid state. The fact that

Schmeing et al. (2002) did not see minimal tRNA substrates

moving in the crystal lattice to a “hybrid state” following

peptide-bond formation seems trivially explained either by

the constraints of the crystal lattice or, more likely, by the

absence of the small subunit and the associated strain of the

bound full-length tRNAs. These features seem likely to be

critical in stabilizing hybrid-state binding of the tRNA sub-

strates to the ribosome. Indeed, Schmeing et al. simply ar-

gued that their structure provided evidence of an interme-

diate state of tRNA binding that precedes the hybrid state.

The interpretation of recent biochemical and cryoEM

data (Valle et al. 2003; Zavialov and Ehrenberg 2003) con-

flict with some of the views presented here. Those studies

looked at the reactivity of pre-translocation-state dipepti-

dyl-tRNA complexes with puromycin and RF2 (a substrate

dependent on binding to a complete A site) and concluded

that intermediate, hybrid states of tRNA binding were not

spontaneously sampled by pre-translocation-state ribo-

somes. Instead, those authors proposed that EF-G binding

is required to promote movement of both ends of the

tRNAs with respect to the ribosome. Although a systematic

comparison of their approaches and data suggests that some

differences in experimental conditions may be significant,

the biggest distinction between these reports and our own is

in the interpretation of the data. Although those authors did

not provide rate constants for puromycin reactivity with the

pre-translocation state, they do indicate that there is “very

slow” reactivity of the pre-translocation-state complexes

with puromycin in the absence of active EF-G. Indeed, we

report pseudo-first-order rate constants for this reaction

that are three orders of magnitude slower than those for

dipeptidyl-tRNA bound in a post-translocation state. The

slower overall rate of the puromycin reaction that they ob-

served can likely be attributed to their use of subsaturating

puromycin concentrations of 0.4 mM (relative to 10 mM

used in our experiments). Indeed, when we use 0.4 mM

puromycin concentrations in polymix buffer (Jelenc and

Kurland 1979), our rate constants are at least 10-fold slower

than with higher puromcyin concentrations, and the end-

points of the reaction are diminished.

The authors also present cryoEM data showing that the

P-site deacylated tRNA can bind in a hybrid state on the

ribosome when EF-G is present (Valle et al. 2003; Zavialov

and Ehrenberg 2003). From this, they argue that movement

of this tRNA to the hybrid state is a consequence of EF-G

binding to an “unlocked” ribosome (where the P-site tRNA

is deacylated). These conclusions are supported by the ob-

servation of increased levels of EF-G binding and EF-G-

stimulated GTP hydrolysis on such ribosomes carrying a

single deacylated tRNA in the P site (rather than a peptidyl

tRNA). However, because translocation does not occur in

the absence of at least a minimal A-site substrate (e.g., an

ASL; Joseph and Noller 1998), the relevance of EF-G inter-

acting with this particular ribosomal complex is uncertain.

Overall, their data (Valle et al. 2003; Zavialov and Ehren-

berg 2003) are rather consistent with what one would pre-

dict from previous biochemistry suggesting that an authen-

tic pre-translocation-state ribosome carries a deacylated

tRNA in the P site (Lill et al. 1989). At issue is whether

movement of the ribosome complex into the hybrid state

precedes or follows EF-G binding. An alternate view of their
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data that is easily reconciled with our own data is that

hybrid binding states are readily sampled by pre-transloca-

tion ribosome complexes and that EF-G binds to and ef-

fectively traps this hybrid-state ribosomal complex, eventu-

ally promoting movement of the mRNA:tRNA complex on

the small subunit.

Thus, we would argue that there remains ambiguity in

the ordering of events during translocation—does tRNA

movement into hybrid states take place before or after EF-G

binds to pre-translocation-state ribosomes? The basic re-

sults of our experiments and those of others are similar

(Semenkov et al. 1992)—pre-translocation-state ribosome

complexes do react with puromycin at a substantial rate

(i.e., they do sample a hybrid state), and the question is how

significant this sampling of hybrid tRNA binding states

might be during the elongation process. In our view, the

results are equivocal. However, the fact that the pre-trans-

location-state ribosome so readily samples a hybrid state of

tRNA binding (even in polymix buffers) argues that it is

likely to be relevant to the normal cycle of elongation. Fur-

ther structural and biochemical experiments will be re-

quired to establish the actual state of the ribosome that is

recognized and acted on by EF-G to promote translocation.

MATERIALS AND METHODS

Assay components

Ribosome 70S particles were purified from E. coli as described

(Moazed and Noller 1989). E. coli tRNAPhe and tRNAfMet were

purchased from Sigma and aminoacylated with [14C]-phenylala-

nine and [35S]-methionine, respectively; N-acetylation and form-

ylation were performed as described (Semenkov et al. 2000). The

aminoacylation efficiency for the tRNAs ranged from 75% to 95%

of the input tRNA as determined by TCA precipitation. The ami-

noacylated tRNAs were stored in 20 mM potassium acetate, pH 5.5

at −80°C until further use. The gene 32 mRNA templates were

prepared by in vitro transcription by phage T7 RNA polymerase

(Hartz et al. 1988).

E. coli recombinant His-tagged EF-G was expressed from plas-

mid pET24b provided by K. Wilson and H. Noller (University of

California, Santa Cruz) and purified as described (Wilson and

Noller 1998). E. coli recombinant His-tagged EF-Tu and IF2 were

provided by C. Merryman (Johns Hopkins University). IF1 and

IF3 were overexpressed and purified as described (Pawlik et al.

1981). AMV-RT was purchased from Seikagaku America.

Pre- and post-translocation ribosome complexes

Ribosome pre-translocation complex I was prepared in buffer A

(50 mM Tris-HCl, pH 7.6, 15 mM MgCl2, 160 mM NH4Cl, and 5

mM �-mercaptoethanol) at 37°C, if not stated otherwise. The 70S
(0.75 µM) ribosomal particles were programmed with a twofold

excess of gene 32 (MFK) mRNA (coding sequence Met-Phe-Lys)

in the presence of 2.5-fold excess of tRNAfMet for 10 min at 37°C.

N-acetyl-[14C]-Phe-tRNAPhe (0.5 µM) was added and incubation

continued at 37°C for 15 min as described (Southworth et al.

2002).

Ribosome pre-translocation complex II was prepared in buffer

B (50 mM Tris HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 1 mM

DTT, and MgCl2 as specified) at 37°C by a modification of the

method described by Semenkov et al. (2000). To prepare 70S

initiation complexes, 70S ribosomes (1.5 µM) were programmed

with a fourfold excess of either MFK or variant MFF gene 32

mRNA, in the presence of 1.5-fold excess of initiation factors 1, 2,

and 3, and equimolar N-formyl-[35S]-Met-tRNAMet and 1 mM

GTP, in buffer B containing 7 mM Mg2+ for 30 min at 37°C. The

ternary complex was prepared by incubating 1.5 µM EF-Tu with

1.5 µM [14C]-Phe-tRNAPhe and 1 mM GTP in buffer B containing

7 mM Mg2+ at 37°C for 15 min. The ternary complex (final con-

centration 0.5 µM) was added to the initiation complex (final

concentration 0.5 µM), and the magnesium concentration

(MgCl2) was increased up to 15 mM final, by adding 1/9 volume

of 80 mM MgCl2. The initiation complex and the ternary complex

were combined, and the incubation continued at 37°C for 2 min.

Cellulose TLC electrophoretic analysis (see below) of the reaction

indicated that 80%–90% of the f-[35S]-Met-tRNAMet reacted with

the [14C]-Phe-tRNAPhe to form the dipeptide product.

Incubation of the pre-translocation-state complexes with EF-G

(5 µM) and GTP (1 mM) complex at 37°C for 5 min converted the

pre-translocation-state complexes to a post-translocation state, as

assessed by primer extension analysis (see below).

Puromycin reactions were carried out by the addition of equal

volumes of puromycin solution in the corresponding buffer to the

pre- or post-translocation ribosomal complexes I and II. A version

of gene 32 mRNA encoding Met-Phe-Phe (MFF) was used to

check the reactivity of the ribosome complexes with Phe-tRNAPhe

before and after translocation with EF-G. The reactions were

stopped by addition of 0.2 N KOH and incubation for 10 min at

37°C. This treatment released the peptides from the tRNAs, allow-

ing them to be resolved electrophoretically. The unreacted f-Met

amino acid and the various peptide products were resolved by

electrophoresis on cellulose TLC sheets in pyridine:acetic-acid:wa-

ter (1:40:160) solution. Phosphorimager analysis was done using a

Typhoon phosphorimaging system.

Primer extension (toeprint) analysis

Toeprint analysis was carried out essentially as described (Joseph

and Noller 1998). Ribosomal complexes were formed as described

above, except that the message was provided in equimolar ratios to

the ribosomes and was pre-annealed to a cDNA primer (5�-TTT
ATCTTCAGAAGAAAAACC-3�) labeled with [32P] at its 5� end.
Translocations with EF-G and puromycin reactions were carried

out as described in the previous section. Primer extension on the

ribosomal complexes was performed by diluting the reactions into

primer extension mix (10 mM Tris-HCl, pH 7.5, 10 mM MgCl2,

60 mM NH4Cl, 6 mM �-mercaptoethanol, 450 µM dNTPs, and 2

units of AMV-RT) and incubating for 15 min at 37°C. The primer

extension products were resolved by electrophoresis on 8% acryl-

amide, 7 M urea, 1X TBE gels. Markers for P-site occupancy of the

first (Met) and second (Phe) codons were obtained by toeprinting

the ribosome complexes bound to gene 32 message and only one

of the tRNAs, fMet-tRNAMet or Phe-tRNAPhe.
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Kinetic experiments

The post-translocation complexes for kinetic analysis were pre-

pared as described above and diluted to 0.25 µM in buffer B. The

rates of reaction of the dipeptidyl tRNA, fMet-Phe-tRNAPhe, with

puromycin in post-translocation complex II were determined es-

sentially as described (Katunin et al. 2002). Reactions were

stopped with 30 mM EDTA, base-treated with 0.2 N KOH, and

analyzed on the cellulose electrophoresis system, as described

above. The reaction plots were fit to a first-order exponential

equation, using KaleidaGraph software. The puromycin concen-

tration-dependence plots were fit to a Michaelis-Menten equation

to obtain the K1/2 for puromycin and the kcat for the peptidyl

transferase reaction of the pre-translocation-state ribosomes.

Preparation of mutant ribosomes

E. coli ribosomes bearing mutations at position 2553 in the 23S

rRNA were prepared by a recently developed affinity-tagging ap-

proach (E. Youngman and R. Green, in prep.). The mutations

were introduced at 2553 by site-directed mutagenesis of a plasmid-

borne version of 23S rRNA carrying an MS2 bacteriophage RNA

element under the control of the lambda promoter. The 23S rRNA

gene was expressed in an inducible system in E.coli DH10 cells as

described. The mutant and wild-type MS2-tagged ribosomes were

purified by a single pass over a glutathione column bearing GST-

MS2 chimeric protein to greater than 95% homogeneity.
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