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During translation, tRNAs must move rapidly to their adjacent sites
in the ribosome while maintaining precise pairing with mRNA. This
movement (translocation) occurs in a stepwise manner with hy-
brid-state intermediates, but it is unclear how these hybrid states
relate to kinetically defined events of translocation. Here we
analyze mutations at position 2394 of 23S rRNA in a pre-steady-
state kinetic analysis of translocation. These mutations target the
50S E site and are predicted to inhibit P/E state formation. Each
mutation decreases growth rate, the maximal rate of translocation
(ktrans), and the apparent affinity of EF-G for the pretranslocation
complex (i.e., increases K1/2). The magnitude of these defects
follows the trend A > G > U. Because the C2394A mutation did not
decrease the rate of single-turnover GTP hydrolysis, the >20-fold
increase in K1/2 conferred by C2394A can be attributed to neither
the initial binding of EF-G nor the subsequent GTP hydrolysis step.
We propose that C2394A inhibits a later step, P/E state formation,
to confer its effects on translocation. Replacement of the peptidyl
group with an aminoacyl group, which is predicted to inhibit A/P
state formation, decreases ktrans without increasing K1/2. These
data suggest that movements of tRNA into the P/E and A/P sites are
separable events. This mutational study allows tRNA movements
with respect to both subunits to be integrated into a kinetic model
for translocation.

elongation factor G � translation � exit site � GTPase

Movement of tRNAs through the ribosome is believed to
occur in a stepwise manner (1). Chemical protection

experiments showed that, after peptidyl transfer, the acceptor
ends of the tRNAs can move spontaneously with respect to the
50S subunit to form the hybrid state. In the hybrid state, the
deacylated tRNA occupies the 30S P site and 50S E site (P/E site)
while the peptidyl-tRNA occupies the 30S A site and 50S P site
(A/P site). It was proposed that hybrid state formation precedes
codon–anticodon movement within the 30S subunit, and only the
latter event requires catalysis by elongation factor G (EF-G).
Support for the hybrid-state model came from Förster resonance
energy transfer (FRET) experiments in which an �20-Å move-
ment of the 5� end of the newly deacylated tRNA toward
ribosomal protein L1 was inferred after peptide bond formation,
whereas the position of the peptidyl group changed little (2).
Because L1 lies near the 50S E site, these data are consistent with
movement of tRNA into the P/E site. Further evidence came
from single-molecule FRET studies that monitored the distance
between probes attached to the elbows of tRNAs in the A and
P sites. Fluctuations between two distinct configurations were
observed that were structurally consistent with the classical and
hybrid states (3). More recently, a third state of the pretranslo-
cation (PRE) complex was observed by single-molecule FRET,
consistent with one tRNA bound to the P/E site and the other
bound to the A/A site (4). Experiments that monitored mRNA
in ribosomal complexes showed that movement of tRNA from
P/P to P/E destabilizes the codon–anticodon helix, providing
additional evidence for the hybrid-state model (5). These data
suggest that rotation of tRNA about the pivot-point anticodon
necessary for P/E binding distorts and thereby weakens the

codon–anticodon helix. Finally, the P/E-bound tRNA has been
visualized directly by cryo-EM (6–8).

Several models have been proposed to describe translocation
in kinetic terms. Early experiments showed that single-turnover
translocation can be catalyzed by EF-G in the presence of
nonhydrolyzable GTP analogs (reviewed in ref. 9). These data
indicated that GTP hydrolysis is not strictly required for trans-
location, and it was proposed that hydrolysis is necessary for
dissociation of EF-G from the post-translocation (POST) com-
plex instead. However, more recent pre-steady-state studies
showed that GTP hydrolysis precedes and accelerates codon–
anticodon movement, suggesting that the energy of hydrolysis is
used to drive translocation (10, 11). Experiments in which the
rates of tRNA movement and inorganic phosphate (Pi) release
were monitored suggested that GTP hydrolysis is followed by a
conformational rearrangement, termed unlocking, that limits
both codon–anticodon movement and Pi release (12). Deletion
of domains 4 and 5 of EF-G slowed codon–anticodon movement
and Pi release identically, supporting the existence of a rate-
limiting rearrangement that precedes both events. Effects of
antibiotics and ribosomal mutations indicated that, although
both events are limited by the unlocking step, codon–anticodon
movement and Pi release are independent of each other and
probably occur in random order (12–14). Finally, ribosomal
rearrangements must occur to ‘‘relock’’ the tRNAs in their new
sites, followed by release of EF-G�GDP from the POST complex,
although the kinetics of these events have yet to be fully
characterized.

A number of studies suggest an important role for hybrid-state
formation in the mechanism of EF-G-dependent translocation
(11, 15–17). However, it remains unclear how the P/P-to-P/E and
A/A-to-A/P transitions relate to the kinetically defined events of
translocation. Here, we address this question by analyzing mu-
tations in rRNA and substitutions in the translocated tRNA that
inhibit movement of tRNA into the P/E and A/P sites, respec-
tively. Based on our findings, we present a kinetic model for
EF-G-dependent translocation that incorporates movement of
tRNA within both subunits of the ribosome.

Results
Mutations of C2394 Confer Moderate Defects in Cell Growth. To
investigate the role of the P/E hybrid state in translocation, we
mutagenized C2394, a key nucleotide of the 50S E site that
interacts with the 3�-terminal adenosine (A76) of tRNA (1,
18–21). Plasmids containing rrnB without or with mutation
C2394A, C2394G, or C2394U were moved into an Escherichia
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coli strain lacking all chromosomal rrn operons (�7 prrn),
replacing the resident plasmid containing rrnC. Although C2394
is highly conserved, ribosomes with any base substitution at this
position supported cell growth with only moderate defects in
growth rate (control � 1.7 � 0.08, C2394A � 1.1 � 0.06,
C2394G � 1.2 � 0.05, and C2394U � 1.4 � 0.14 doublings per
hour). Similar data regarding mutation C2394G have been
reported previously (22).

Mutations of C2394 Confer Defects in EF-G-Catalyzed Translocation.
To study the effects of the E-site mutations on translocation, we
used a single-turnover assay that monitors the rate of codon–
anticodon movement in the ribosome by fluorescence stopped-
flow (23). This assay employs an mRNA labeled at its 3� end with
pyrene, a fluorophore sensitive to the local environment. In the
pretranslocation (PRE) complex, the pyrene is highly fluores-
cent, but when the mRNA translocates by three nucleotides
toward or into the mRNA channel, the fluorescence is quenched
(Fig. 1A).

Ribosomes were purified from each �7 prrn strain. There were
no obvious differences between control and mutant 70S ribo-
somes based on sucrose gradient sedimentation and SDS/PAGE
analyses (data not shown). Moreover, the efficiency of tRNA
binding to the P and A sites and the extent of translocation were
comparable among the ribosome preparations [supporting in-
formation (SI) Fig. S1].

Control and mutant ribosomes were used to assemble PRE
complexes containing pyrene-labeled mRNA (m433), tRNATyr2

in the P site, and N-acetyl-Val-tRNAVal (Ac-Val-tRNAVal) in the
A site. These complexes were rapidly mixed with EF-G in the
presence of GTP, and decreased pyrene fluorescence was ob-
served at different rates depending on the mutation (Fig. 1B). In
each case, the decrease in fluorescence intensity over time did
not fit a single-exponential function, but instead fit a double-
exponential function (Figs. S2–S5). This phenomenon was also
seen when ribosomes isolated from E. coli MRE600 were used

(data not shown) and has been observed previously by others
(ref. 13 and S. Joseph, personal communication). Presumably,
the two phases reflect two populations of ribosomes undergoing
translocation at different rates, although the basis for this
putative population heterogeneity remains unclear. The fraction
amplitude corresponding to the fast (A1 � 0.5) and slow (A2 �
0.5) processes remained constant regardless of whether the
ribosomes harbored an E-site mutation. Thus, this putative PRE
complex heterogeneity seems unrelated to the ability of the
ribosomes to adopt the hybrid-state conformation. In fact, the
fast and slow processes were similarly affected by the mutations
(see below), suggesting that both processes involve movement of
tRNA through the P/E site.

Mutations of C2394 Decrease ktrans and Increase K1/2. Apparent rates
were measured at several concentrations of EF-G to derive ktrans,
the maximal rate of translocation, and K1/2, the concentration of
EF-G at which half-maximal rate was observed (Fig. 1C and
Table 1). In control ribosomes, when Ac-Val-tRNAVal was
translocated to the P site, ktrans for the fast process was found to
be 19 s�1, with a K1/2 of 0.36 �M, consistent with previously
reported values (11, 12). Mutation C2394A increased K1/2 by
23-fold and decreased ktrans by 8-fold; C2394G increased K1/2 by
13-fold and decreased ktrans by 4-fold; and C2394U increased K1/2
by 4-fold and decreased ktrans by 2-fold. Kinetic parameters for
the slow process were also derived, and these parameters were
similarly influenced by substitution of C2394 (Table 1). The
degree to which these E-site mutations affected each kinetic
parameter followed the trend A � G � U, the same trend that
was observed when growth rate was measured (see above).

Replacing the N-Acetylaminoacyl Group with an Aminoacyl Group
Decreases ktrans but Does Not Increase K1/2. Chemical protection
and single-molecule FRET experiments provided evidence
that aminoacyl-tRNA is defective in A/P state formation (1, 3,
4). The aminoacyl group decreases the apparent rate and extent
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Fig. 1. Effects of 50S E-site mutations on EF-G-dependent translocation. (A) Schematic of the stopped-flow assay used to monitor codon–anticodon movement
in the ribosome. Pretranslocation (PRE) complexes were formed by incubating ribosomes with pyrene-labeled message m433 and tRNATyr2 to bind the P site, and
then adding Ac-Val-tRNAVal to bind the A site. Experiments were performed by rapidly mixing PRE complex (0.25 �M) with a mixture of EF-G and GTP in a
stopped-flow spectrometer. Translocation of mRNA results in quenching of fluorescence as the pyrene moves toward or into the mRNA channel of the ribosome.
(B) Examples of fluorescence traces for ribosomes without and with mutations at position 2394 of 23S rRNA (as indicated). The data were fit to a
double-exponential function from which apparent rate constants for the fast and slow process were obtained. (C) Apparent rate constants (kapp) for the fast (F)
and slow (E) processes were plotted versus EF-G concentration for control and mutant ribosomes (as indicated). Resultant plots were fit to the equation kapp �
([EF-G]�ktrans)/([EF-G] � K1/2) to yield ktrans, the maximal rate of translocation, and K1/2, the concentration of EF-G at which half-maximal rate was observed (see
Table 1).
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of translocation, suggesting an important role for the A/P state
in translocation (5, 24, 25). Mutation G2553U, predicted to
destabilize tRNA in the A/A site, suppressed the inhibitory
effect of the aminoacyl group, further suggesting that this group
inhibits the A/A-to-A/P transition (5). To investigate the role of
the A/P state in translocation, we analyzed the kinetics of mRNA
movement when aminoacyl-tRNA was translocated to the P site
(Fig. 2). When Val-tRNAVal was translocated, ktrans was reduced
by 4-fold compared with the control (Ac-Val-tRNAVal), whereas
K1/2 of EF-G for the PRE complex was unaffected (Fig. 2 A,
Table 1, Fig. S6). We repeated the experiment in a different
context, comparing translocation of Ac-Phe-tRNAPhe to that of
Phe-tRNAPhe. Replacing Ac-Phe with Phe decreased ktrans by
190-fold, whereas no increase in K1/2 was observed (Fig. 2B,
Table 1, Figs. S7 and S8). If anything, the Phe substitution
seemed to enhance the apparent affinity of EF-G for the PRE
complex. However, analysis of the slow process did not indicate
a decrease in K1/2 (Table 1), suggesting that the K1/2 value for the
fast process may be an underestimate. Nevertheless, these data
are similar to the Val-tRNAVal case, except that the rate decrease
conferred by the Phe substitution was much larger.

Mutation C2394A Does Not Decrease the Rate of EF-G-Dependent GTP
Hydrolysis. Next, we tested whether mutation C2394A affected
the GTP hydrolysis step of EF-G-dependent translocation (Fig.
3). To measure the rate of single-turnover GTP hydrolysis, we
used chemical quench flow as described in ref. 26. PRE com-
plexes were assembled with control or C2394A ribosomes and
then mixed with EF-G�[�-32P]GTP for various periods of time
before quenching with 0.6 M perchloric acid. The amount of
GTP hydrolyzed at each time point was then determined by

extraction and quantification of 32Pi. As shown in Fig. 3, under
the conditions used (25 �M GTP, 1.5 �M EF-G, 1 �M PRE
complex), a burst phase corresponding to single-turnover GTP
hydrolysis was observed, followed by a linear phase correspond-
ing to multiple-turnover hydrolysis. The apparent single-
turnover (burst) rate was similar in control (25 s�1) and C2394A
(44 s�1) ribosomes. The burst amplitude was also similar,
although somewhat (15%) lower in the mutant ribosomes.
Multiple-turnover GTP hydrolysis was noticeably inhibited by
C2394A, which may result from substantially slower transloca-
tion in these ribosomes (Fig. 1C). The fact that C2394A did not
decrease the rate of single-turnover GTP hydrolysis suggests that
the mutation affects neither the initial binding of EF-G nor the
GTP hydrolysis step. Rather, C2394A inhibition of overall
translocation must be due to inhibition of a step following GTP
hydrolysis, presumably that of P/E state formation. Our findings
are consistent with an earlier study showing that the acylation
state of the P-site tRNA (which strongly influences the P/P-to-
P/E transition) does not affect the rate of single-turnover GTP
hydrolysis (10).

Discussion
Here, we study the contribution of a key E-site nucleotide,
C2394, to EF-G-dependent translocation. Each substitution for
C2394 decreases ktrans and increases K1/2, and the magnitude of
the defects follows the trend A � G � U. The same trend is
observed when growth rate in the �7 prrn background is
measured, suggesting that translocation limits growth rate in
those strains expressing mutant ribosomes. The same trend (A �
G � U � WT) is also observed when the stability of mRNA in
complexes containing P-site deacylated tRNA is assessed in an
mRNA repositioning assay (S.E.W., K. G. McGarry, and K.F.,
unpublished data). In this assay, mRNA repositioning correlates
with the ability of tRNA to bind the P/E site (5, 27). Thus, effects
of these E-site mutations on growth, translocation, and P/E-
binding all correlate. The fact that purine substitutions at
position 2394 are more deleterious can be rationalized in struc-
tural terms. In the 50S E site, the 3�-terminal adenosine of tRNA
(A76) intercalates between 23S rRNA nucleotides G2421 and
A2422 and forms hydrogen bonds with C2394 (19, 21). Replace-
ment of C2394 with either purine should not only disrupt
H-bonding to A76 but also sterically inhibit stacking of A76
between G2421 and A2422.

In contrast to the effects of substitutions for C2394 on both
ktrans and K1/2, substituting Val-tRNAVal for Ac-Val-tRNAVal in
the PRE complex decreases ktrans with little effect on K1/2 (Table
1). The model presented in Fig. 4 to describe translocation
provides a qualitative explanation of these results. In the model,
EF-G�GTP binding and rapid, reversible GTP hydrolysis (steps
1 and 2; refs. 10 and 11) are followed first by movement of
deacylated tRNA to give the P/E state (step 3) and then by
movement of peptidyl-tRNA to give the A/P state (step 4), which
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Fig. 2. Substitutions predicted to inhibit A/P state formation decrease ktrans

but do not increase K1/2. PRE complexes were formed by incubating control
ribosomes with pyrene-labeled mRNA and tRNATyr2 to bind the P site, followed
by addition of Ac-Val-tRNAVal, Val-tRNAVal, Ac-Phe-tRNAPhe, or Phe-tRNAPhe to
bind the A site. Apparent rates of translocation were measured at several
concentrations of EF-G to obtain K1/2 and ktrans for each A-site tRNA species
translocated: Ac-Val-tRNAVal (A, F), Val-tRNAVal (A, E), Ac-Phe-tRNAPhe (B, ■ ),
and Phe-tRNAPhe (B, �). Plots include only the apparent rate constants for the
fast process.

Table 1. Kinetic parameters for EF-G-dependent translocation in control and mutant ribosomes

Ribosomes
tRNA translocated to

the P site

Fast process Slow process

ktrans, s�1 K1/2, �M ktrans, s�1 K1/2, �M

Control Ac-Val-tRNAVal 19 0.36 5.8 0.61
C2394A Ac-Val-tRNAVal 2.4 8.1 0.42 5.8
C2394G Ac-Val-tRNAVal 4.7 4.8 ND ND
C2394U Ac-Val-tRNAVal 8.0 1.3 2.1 1.2
Control Val-tRNAVal 4.3 0.48 1.1 0.28
Control Ac-Phe-tRNAPhe 39 1.1 NA NA
Control Phe-tRNAPhe 0.21 0.14 0.05 1.4

ND, not determined; in these cases, a reliable fit to the data was not obtained. NA, not applicable. At each concentration of EF-G,
translocation of m432 with N-acetyl-Phe-tRNAPhe fit a single-exponential function.
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is probably equivalent to the INT complex described earlier (11).
The A/P state is then converted to the POST complex by
codon–anticodon movement, which coincides with 30S unlock-
ing and Pi release (step 5; ref. 12) and is the rate-determining
step for the process. Steps 4 and 5 may be conformationally
linked: thus, EF-G-dependent translocation is accelerated by
either mutation of the 50S A site or lengthening of the peptidyl
group (17), and each of these changes promotes the A/A-to-A/P
transition (4).

Substitution at C2394 should have the greatest effect on the
rate constant for step 3, whereas substitution of Val-tRNAVal for
Ac-Val-tRNAVal should principally affect the rate constant for
step 4. Kinetic modeling based on the model presented in Fig. 4
shows that, under certain assumptions and in accord with the
results presented in Table 1, reductions in the value of k3 can lead

to larger effects on K1/2 than on ktrans, whereas reductions in k4
can be confined largely to ktrans (SI Appendix).

Independent formation of the P/E and A/P states is consistent
with results of recent kinetic and single-molecule FRET exper-
iments (4, 11). In the work of Pan et al. (11), which examined
translocation of a PRE complex containing tRNAfMet in the P
site and fMetPhe-tRNAPhe in the A site, the P/E state could be
demonstrated only in the presence of viomycin, leading to the
conclusion that, in the absence of antibiotic, k4��k3. The large
reduction in k4 that should result from substituting Val-tRNAVal

for Ac-Val-tRNAVal might also lead to some accumulation of the
P/E state.

According to our model, EF-G�GTP can dissociate from the
PRE complex but EF-G�GDP cannot (Fig. 4). We have consid-
ered an alternative model in which EF-G�GDP can dissociate
from the PRE complex, allowing multiple GTP molecules to be
hydrolyzed per translocation event (SI Appendix). One predic-
tion of this alternative model is that the apparent rates of GTP
hydrolysis and translocation would be identical, which is clearly
not the case (Figs. 1 and 3; refs. 10 and 11). Thus, the idea of a
futile cycle of GTP hydrolysis in either control or mutant
ribosomes is incompatible with the data.

Binding of EF-G to ribosomal complexes can be stabilized in
the presence of nonhydrolyzable GTP analogs or certain anti-
biotics such as fusidic acid. A number of groups have analyzed
structural differences between ribosomal complexes with EF-G
trapped in the GTP form [e.g., 5-guanylyl imidodiphosphate
(GDPNP)] versus the GDP form in an effort to understand the
role of GTP hydrolysis in the mechanism of EF-G-dependent
translocation (6, 27–31). A particularly intriguing observation
from these studies was that bound EF-G promotes an intersub-
unit rotation (termed ratchet subunit rotation or RSR) in com-
plexes containing P-site deacylated tRNA. This RSR correlates
with P/E-bound tRNA and movement of the L1 stalk toward the
50S E site. In a complementary study, it was shown that
deacylation of P-site tRNA enhances EF-G binding, suggesting
that the RSR conformation (with P/E-tRNA) stabilizes EF-G
(32). On the basis of these studies, it was recently proposed that
initial binding of EF-G�GTP promotes hybrid-state formation,
which is followed by GTP hydrolysis (8). Here the timing of
hybrid-state formation versus GTP hydrolysis is largely based on
results obtained with EF-G�GDPNP, which is taken as a model
for EF-G�GTP. However, recent kinetic studies (11), along with
our present results, indicate that EF-G catalyzes GTP hydrolysis
before hybrid state formation. This apparent disagreement is
readily resolved if it is assumed that, during translocation,
ribosome-bound EF-G�GDPNP can be a model for bound
EF-G�GDP�Pi, as suggested elsewhere (11), with hybrid state
formation preceding Pi release. Support for this assumption is
provided by the recent structural characterization of an archaeal
initiation factor aIF2�GDP�Pi complex, in which the position of
the switch 2 region is similar to that seen in the aIF2�GDPNP
complex (33).

Integral to our model is that step 2, GTP hydrolysis, is reversible.
This is consistent with studies showing that, within the active sites
of ATPases and GTPases, including eukaryotic initiation factor
eIF2 (34), the free energy of NTP hydrolysis approaches zero, in
sharp contrast to the thermodynamics in solution (35–39). Lorsch
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and colleagues (34) have provided compelling evidence for an
internal equilibrium between GTP and GDP�Pi within the nucle-
otide-binding pocket of eIF2 with an estimated equilibrium con-
stant of 0.5. When eIF2�GTP�Met-tRNA interacts with a model
preinitiation complex, hydrolysis of GTP occurs rapidly regardless
of whether a start codon is present or absent. However, in the latter
case, the amplitude of GTP hydrolysis is reduced and the subse-
quent step of Pi release is blocked. The authors propose that before
start codon recognition an internal equilibrium between GTP and
GDP�Pi is established. Subsequent recognition of the start codon
allows Pi release to occur, making hydrolysis of GTP irreversible.
The mechanism of EF-G-dependent translocation is similar in that
Pi release occurs much more slowly than GTP hydrolysis (12, 26)
and is limited by a conformational rearrangement (12, 40). Further
experiments will be required to determine the internal equilibrium
position of GTP and GDP�Pi within ribosome-bound EF-G.

Materials and Methods
Strains and Plasmids. Strains expressing homogeneous populations of ribo-
somes harboring each substitution of C2394 were constructed as described
in ref. 41. Plasmid replacement was confirmed by purification of plasmid
DNA from each strain and sequencing the relevant region of the 23S rRNA
gene.

Biochemical Reagents. Tight-couple ribosomes, acylated tRNAs, mRNAs, and
EF-G were prepared as described in ref. 25. Messages m432 (5�-AAGGAAAUAAU-
GUUUACUUUGUU-3�) and m433 (5�-AAGGAAAUAACAUUUACGUAGCU-3�) con-
tained a 2�-amino-pyrene modification on the 3�-terminal uridine and were
purchased from Dharmacon.

Translocation Experiments. To form PRE complexes, control or mutant ribo-
somes (1.5 �M) were first incubated with mRNA (m432 or m433; 1.25 �M) and
tRNATyr2 (1.5 �M) in buffer 1 [50 mM Tris (pH 7.6), 100 mM NH4Cl, 15 mM
MgCl2] for 10 min at 37°C to fill the P site. Then, Ac-Val-tRNAVal, Ac-Phe-

tRNAPhe, Val-tRNAVal, or Phe-tRNAPhe (1.5 �M) was added (as indicated) and
the reactions were incubated for 10 more minutes to bind the A site. PRE
complexes were then diluted 5-fold (to 0.25 �M) with buffer 1 containing GTP
(1 mM) just before performing an experiment. To form EF-G�GTP, EF-G (at
various concentrations as indicated) was incubated with GTP (1 mM) in buffer
2 [50 mM Tris (pH 7.6), 30 mM NH4Cl, 70 mM KCl, 5 mM MgCl2, 6 mM
2-mercaptoethanol] for 5 min at 37°C. To measure the rate of mRNA move-
ment, equal volumes of PRE complex (0.25 �M) and EF-G�GTP (as indicated),
were rapidly mixed at 37°C in an SX18-MV stopped-flow spectrometer (Ap-
plied Photophysics) essentially as described in ref. 23. Data were fit to a single-
or double-exponential curve by using the SX18-MV software. Apparent rates
were then plotted versus EF-G concentration and fit to the equation kapp �
([EF-G]�ktrans)/([EF-G] � K1/2).

GTPase Experiments. The rate of single-turnover GTP hydrolysis was deter-
mined essentially as described in ref. 26. To form PRE complexes, control or
mutant ribosomes (2 �M) were first incubated with message m404 (4 �M; see
ref. 42) and tRNATyr2 (3 �M) in buffer 3 [50 mM Tris (pH 7.6), 30 mM NH4Cl, 70
mM KCl, 7 mM MgCl2, 1 mM DTT] for 10 min at 37°C to fill the P site. Then,
Ac-Val-tRNAVal (2.5 �M) was added to bind the A site and the complexes were
placed on ice. To form EF-G�GTP, EF-G (3 �M) was incubated with [�-32P]GTP
(Perkin–Elmer; 50 �M, �1,000 dpm/pmol) in buffer 3 for 2 min at 37°C and
then placed on ice. Equal volumes of PRE complex (1 �M final) and EF-G�GTP
(1.5 �M final) were then rapidly mixed at 25°C in a quench-flow apparatus
(Kintek) for indicated times before quenching with 0.6 M HClO4 containing 1.8
mM KH2PO4, as described (26). Data were fit to the equation y �
A�exp(�kapp1�t) � kapp2�t � C; where A is the burst amplitude, kapp1 is the
apparent burst rate, t is time, kapp2 is the apparent turnover rate, and C is a
constant.
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