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ABSTRACT: The dissociation of inorganic phosphate (Pi) following GTP hydrolysis is a key step determining
the functional state of many GTPases. Here, the timing of Pi release from elongation factor Tu (EF-Tu)
and its implications for the function of EF-Tu on the ribosome were studied by rapid kinetic techniques.
It was found that Pi release from EF-Tu is>20-fold slower than GTP cleavage and limits the rate of the
conformational switch of EF-Tu from the GTP- to the GDP-bound form. The point mutation Gly94Ala
in the switch 2 region of EF-Tu abolished the delay in Pi release, suggesting that Pi release is controlled
by the mobility of the switch 2 region with Gly94 acting as a pivot. The rate of Pi release or the
conformational switch of EF-Tu does not affect the selection of aminoacyl-tRNA on the ribosome. Rather,
the slow Pi release may be a consequence of the tight interaction of the switch regions of EF-Tu with the
γ-phosphate and the ribosome in the GTPase activated state of the factor.

Elongation factor Tu (EF-Tu1) is a GTP-binding protein
that promotes the binding of aminoacyl-tRNAs (aa-tRNA)
to the A site of the ribosome. EF-Tu consists of three
domains, domain 1, or GTP binding domain, that is
homologous among all GTP binding proteins, and domains
2 and 3 that are necessary to bind aa-tRNA (1). Binding of
the ternary complex EF-Tu‚GTP‚aa-tRNA to the ribosome
is a multistep process. It starts with the rapid and reversible
initial binding of EF-Tu‚GTP‚aa-tRNA to the ribosome,
which is most likely mediated by contacts between EF-Tu
and the ribosomal protein L7/12 and allows for rapid
sampling of different ternary complexes (2). On the ribo-
some, aa-tRNAs are selected according to the match between
their anticodons and the mRNA codons in the A site (3).
Correct codon recognition of cognate aa-tRNAs stabilizes
the tRNA on the ribosome and accelerates the GTPase
activation of EF-Tu by an induced-fit mechanism (4). GTP
cleavage itself is rapid and limited by the preceding con-
formational changes leading to GTPase activation. Until now,
it was assumed that inorganic phosphate (Pi) is expelled from
EF-Tu immediately with GTP hydrolysis due to the strong
charge repulsion between the reaction products, GDP and
Pi. Following GTP hydrolysis, EF-Tu undergoes a large
conformational change from the GTP- to the GDP-bound
form; the rearrangement involves changes in the switch 1
and 2 regions of EF-Tu as well as large changes in the

relative orientation of the domains (5, 6). The rearrangements
are inhibited by the antibiotic kirromycin (7) which stalls
the ternary complex EF-Tu‚GDP‚aa-tRNA on the ribosome
in a GTP-like conformation and prevents the subsequent steps
(8). The GDP-bound form of EF-Tu binds aa-tRNA very
weakly, resulting in the release of aa-tRNA and the dis-
sociation of EF-Tu from the ribosome. After release from
EF-Tu, the acceptor end of aa-tRNA is free to accommodate
in the A site and to take part in peptide bond formation. In
analogy to GTP hydrolysis, which is limited by the GTPase
activation rearrangement, the rate of peptide bond formation
is limited by the accommodation of aa-tRNA in the A site.
The properties of EF-Tu as a GTP binding protein are crucial
for the speed and fidelity of aa-tRNA delivery to the A site
of the ribosome. The GTP to GDP switch causes the release
of aa-tRNA and allows for EF-Tu dissociation from the
ribosome. In addition, the GTPase rate is tightly controlled
and dependent on correct codon recognition by aa-tRNA,
and activated by contacts with the ribosome. Thereby, the
properties of EF-Tu as GTP binding protein contribute to
the selection of the correct aa-tRNA.

Most GTPases interact with their respective effectors in
the active GTP-bound form. The intrinsically low GTPase
activity is stimulated by interactions with GTPase activating
proteins (GAPs). GTP hydrolysis and the subsequent switch
from the GTP- to the GDP-bound form change the structure
of GTPases, resulting in the loss of interactions with the
effectors (and the GAPs) and the formation of the inactive
GDP-bound form of the protein. Pi release is crucial for
switching between the GTP- and GDP-bound forms; how-
ever, its importance for the regulation of signaling remains
unclear. In small GTP binding proteins Pi release may take
place rapidly after GTP hydrolysis or after a significant delay
(9), while little data exist on Pi release from heterotrimeric
GR proteins, except for two studies with transducin which
led to contradictory results (10, 11).
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In contrast to Ras-like and heterotrimeric GR proteins,
some GTPases do not behave as classical switches. For
example, GTP hydrolysis by elongation factor G (EF-G)
induces structural changes within the ribosome that are
required for the subsequent tRNA movement and precede
Pi release (12). Pi dissociation from EF-G is controlled by
the ribosomal protein L7/12 and is important for coupling
of GTPase-induced conformational changes of EF-G, rear-
rangements of the ribosome, and movement of the tRNA,
as well as for determining the timing of EF-G dissociation
from the ribosome (13). Pi release from eukaryotic initiation
factor 2 (eIF2) was shown to contribute to the function of
the factor by ensuring that release of Met-tRNAi from eIF2
occurs only upon correct AUG start site selection (14). In
this respect, EF-G and eIF2 seem to resemble the motor
proteins, such as myosin where Pi release is significantly
delayed relative to ATP hydrolysis and triggers the power
stroke (15). In contrast, other ATPases release Pi rapidly,
such as motor protein kinesin, and the role of Pi release in
the overall mechanism is not clear (16).

The role and timing of Pi release from EF-Tu is not known.
Here, we employed rapid kinetic measurements to study the
mechanism of Pi release by EF-Tu. Rate constants of Pi

release were determined and compared to the rates of GTP
hydrolysis and the EF-Tu conformational change reported
previously (17, 18). The importance of the mobility of the
switch 2 region of EF-Tu for Pi release was studied using
the mutant EF-Tu(G94A) that was defective in the confor-
mational switch (18, 19).

MATERIALS AND METHODS

Buffers and Reagents.Buffer A: 50 mM Tris-HCl, pH
7.5, 70 mM NH4Cl, 30 mM KCl, 10 mM MgCl2, and 2 mM
dithiothreitol. GTP, phosphoenolpyruvate, and pyruvate
kinase were from Roche Diagnostics. Radioactive com-
pounds were from ICN. Kirromycin was a kind gift of A.
Parmeggiani and P. Nissen (Aarhus, Denmark). All other
chemicals were from Merck.

Ribosomes, tRNAs, and Factors.Ribosomes fromEscheri-
chia coliMRE 600 were prepared as described (20). AcPhe-
tRNAPhe, Phe-tRNAPhe, wild-type EF-Tu, EF-Tu(G94A), and
MDCC-labeled phosphate-binding protein (MDCC-PBP)
were prepared and purified as described (17, 19, 21).

Preparation of Ribosome and Ternary Complexes.Ternary
complexes containing Phe-tRNAPhe from E. coli (0.4 µM
prior to mixing with ribosome complexes) were prepared
by incubating 20-50µM EF-Tu (wild-type or G94A), 1 mM
GTP, 3 mM phosphoenol pyruvate, 0.05 mg/mL pyruvate
kinase, 0.05µM EF-Ts in buffer A for 30 min at 37°C
followed by addition of 10-15 µM Phe-tRNAPhe and
purification by gel filtration on two Superdex 75 HR columns
operated in tandem (Pharmacia) in the same buffer. Ternary
complexes containing [γ-32P]GTP were prepared in the same
way, except that the concentration of [γ-32P]GTP was 30
µM. In both cases, the excess of GTP was used to form the
complex, and unbound GTP was removed by gel filtration.
Ribosomes were programmed with 1 mg/mL poly(U) and a
1.1-fold excess of AcPhe-tRNAPhein buffer A for 15 min at
37 °C. When indicated, kirromycin was added to the
ribosome complexes. Concentrations stated in the text are
concentrations after mixing of the ribosome complex with
ternary complex.

GTP Hydrolysis.GTP hydrolysis was measured using a
KinTek quench-flow apparatus by rapidly mixing poly(U)-
programmed ribosomes with AcPhe-tRNAPhe in the P site
(0.6 µM, after mixing) and ternary complex containing
[γ-32P]GTP (0.2 µM). Samples were quenched by 40%
formic acid and analyzed by thin-layer chromatography on
PEI-cellulose in 0.5 M potassium phosphate pH 3.5. The
extent of GTP hydrolysis was quantified using a Bio-Rad
phosphoimager. To obtain values for apparent rate constants,
time courses were evaluated by fitting to a function with
exponential terms (characterized by variable time constants,
kapp, and respective amplitudes) and another variable for the
final signal using TableCurve software (Jandel Scientific).

Pi Release.Pi release from EF-Tu after GTP hydrolysis
was monitored by the fluorescence change of MDCC-PBP
(22) in buffer A at 20°C. Poly(U)-programmed ribosomes
with AcPhe-tRNAPhe in the P site (concentrations after
mixing as indicated in the figure legends) and purified ternary
complex (concentration after mixing, 0.2µM) were rapidly
mixed in a stopped-flow apparatus (Applied Photophysics).
Both reaction mixtures contained MDCC-PBP (2.5µM),
purine nucleoside phosphorylase (0.1 U/mL), and 7-meth-
ylguanosine (200µM) (the latter two components serving
as “Pi mop” to take up trace amounts of contaminating Pi

(22)). MDCC fluorescence was excited at 425 nm and
measured after passing a cutoff filter (KV 450, Schott).

Determination of Rate Constants.The rate constant of Pi
release (kPi) was calculated by global fitting of the respective
time courses using Scientist for Windows software (Micro-
math Scientific software). Numerical integrations were based
on the following kinetic scheme:

where the ternary complex EF-Tu‚GTP‚Phe-tRNAPhe is A
and the ribosomal complex is B. C represents the ribosomal
complex after initial binding, D after codon recognition, E
after GTP hydrolysis, and F after release of Pi (P). Liberated
Pi binds to MDCC-PBP forming the Pi‚MDCC-PBP complex
(G); alternatively, Pi can be removed by the “Pi mop”
resulting in ribose-1-phosphate (and guanine) (H). Rate
constantsk1, k-1, k2, and k3 for initial binding, codon
recognition, and GTP hydrolysis were fixed to values
determined previously for wild-type EF-Tu (k1 ) 100µM-1

s-1, k-1 ) 25 s-1, k2 ) 100 s-1, k3 ) 500 s-1) and for the
mutant EF-Tu(G94A) (k1 ) 120µM-1 s-1, k-1 ) 10 s-1, k2

) 40 s-1, k3 ) 330 s-1) (17, 18). The dissociation rate of
the codon recognition complex (k-2) was neglected, as it is
very low (0.2 s-1 for cognate tRNAs (17)). Rate constants
for Pi binding to MDCC-PBP,kP andk-P, were determined
in independent titrations of MDCC-PBP with phosphate and
fixed in the calculations tokP ) 100µM-1 s-1 andk-P ) 60
s-1, respectively. The rate constants for Pi release,kPi, and
phosphate removal by the “Pi mob”, kx, as well as the
amplitude factor for the fluorescence of MDCC-PBP‚Pi (G)
were determined by global fitting. Standard deviations of
the amplitude factor (5%) and of elemental rate constants
(4%) were calculated using Scientist for Windows software.
The same global model (up to and including formation of
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intermediate E) was previously used to describe the time
courses of GTP hydrolysis (17).

RESULTS

Timing of Pi Release from EF-Tu.To investigate the
kinetics of Pi release from EF-Tu, we used the indicator assay
detecting free Pi upon its binding to phosphate-binding
protein (PBP) which was fluorescently labeled with MDCC.
The binding of Pi to MDCC-PBP results in a fluorescence
increase which can be monitored in a time-resolved manner
in a stopped-flow apparatus (22). Time courses of Pi release
from EF-Tu were measured and compared to those of GTP
hydrolysis measured by quench-flow using [γ-32P]GTP. Both
reactions were started by rapidly mixing the purified ternary
complex EF-Tu‚GTP‚Phe-tRNAPhewith poly(U)-programmed
ribosomes containing AcPhe-tRNAPhe in the P site. This
model system was preferred over the system with natural
mRNA (23, 24), because all rate constants of A-site binding
(except for Pi release) are available for the poly(U) system,
including the kinetic parameters for wild-type EF-Tu in the
presence of kirromycin as well as for mutant EF-Tu (18,
20, 25, 26). Furthermore, the main mechanistic conclusions
derived from previous experiments in the two systems were
the same.

The time course of GTP hydrolysis at given concentrations
of reactants was fitted to a single-exponential function with
an apparent rate constant,kapp ) 14 s-1 (Figure 1A), in
agreement with previous studies (17). If Pi release would
take place instantaneously following GTP cleavage, the time
courses of the two reactions would be indistinguishable.
However, the time course of Pi release deviated clearly from
GTP hydrolysis and showed a lag phase of about 20 ms.
Thus, the direct comparison of GTP hydrolysis and Pi release
by EF-Tu indicates that the two steps have different kinetics.

The time course of Pi release could not be evaluated by
single-exponential fitting, because at all ribosome concentra-
tions, the time courses showed a clear lag phase (Figure 1B).
The difference in the length of the lag phase reflects the
concentration-dependence of the steps before Pi release at
the respective concentration (17). A quantitative analysis of
Pi release required global fitting by numerical integration of
the time courses. For this purpose, all steps preceding and
including GTP hydrolysis were taken into account with the
rate constants reported previously for initial binding, codon
recognition, and GTPase activation (17) (see Materials and
Methods). Note that thekapp of GTP hydrolysis was only 14
s-1 (present data; refs17, 18), compared to the true rate
constant of GTP hydrolysis,kGTP > 500 s-1 (Figure 1A).
This is because in the experiment of Figure 1A subsaturating
ribosome concentrations were used, and because the observed
rate of GTP hydrolysis is largely limited by the preceding
codon recognition step (100 s-1; (17, 18)). The unknown
rate constant of Pi release following GTP hydrolysis, which
was to be determined by global fitting, was added to the
model. To fully account for the observed time courses it was
also necessary to include steps for Pi binding to MDCC-
PBP (kon ) 100 M-1 s-1, koff ) 60 s-1) and for the eventual
removal of Pi by the “Pi mob” (kx) (see Materials and
Methods). The result of the global fitting closely matched
the observed time courses (Figure 1B) indicating that the
model was suitable to describe the data. Notably, it was not

possible to fit the time courses of Pi release to a model
without a distinct step for Pi release, i.e., assuming immediate
Pi dissociation following GTP cleavage. The rate constant
of Pi release obtained from the fit waskPi ) 23 ( 1 s-1.
This value is much lower than the rate constant of GTP
hydrolysis, which is>500 s-1 at the present conditions (17),
indicating that Pi release is at least 20 times slower than GTP
hydrolysis.

Pi Release and EF-Tu Rearrangement.The rate constant
of Pi release from EF-Tu was the same as the rate constant
of the conformational transition of EF-Tu from its GTP- to
the GDP-form (k4), 25( 10 s-1 (18). The latter rate constant
was calculated from the lag phase of aa-tRNA accommoda-
tion in the A site in comparison to the rate of GTP hydrolysis
and thus summarizes all steps that take place in between
those two steps. As Pi release is a distinct step following
GTP cleavage, the rate constantk4 must comprise both the
release of Pi and the conformational change of EF-Tu. This
raises the question about the order of events in the active
site of EF-Tu: either Pi release, at about 20 s-1, precedes
and limits the rate of the conformational change of EF-Tu,
or the conformational change takes place first and limits the
rate of subsequent Pi release which is intrinsically rapid. In

FIGURE 1: Pi release from EF-Tu during aa-tRNA binding to the
ribosome. (A) Time courses of GTP hydrolysis (circles) and Pi
release. Purified ternary complex EF-Tu‚GTP‚Phe-tRNAPhe (final
concentration 0.2µM) was rapidly mixed with poly(U)-programmed
ribosomes containing AcPhe-tRNAPhein the P site (final concentra-
tion 0.6 µM). The time course of GTP hydrolysis was measured
by quench-flow using [γ-32P]GTP; single-exponential fitting yielded
kapp) 14 s-1. Pi release was monitored by the fluorescence change
of MDCC-PBP in the stopped-flow apparatus. (B) Pi release
measured at different concentrations of ribosome complexes (lower
curve, 0.25µM; middle curve, 0.6µM; and upper curve, 1.0µM).
Smooth lines represent the results of least-squares fitting of the
time courses by numerical integration using a model with a separate
kinetic step for Pi release following GTP hydrolysis (Materials and
Methods) with the rate constant for Pi release,kPi ) 23 s-1.
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order to answer this question, we utilized the antibiotic
kirromycin which inhibits the conformational change of EF-
Tu and freezes EF-Tu‚GDP in a GTP-like conformation (7).
To assess the effect of kirromycin on the preceding steps,
the rate of GTP hydrolysis by EF-Tu on the ribosome was
measured in the presence of saturating amounts of kirromy-
cin. The efficiency of blocking EF-Tu in the state prior to
the conformational switch was verified by the inaccessibility
of aa-tRNA for peptide bond formation with AcPhe-tRNAPhe

in the P site. At the kirromycin concentrations used,<10%
of Phe-tRNAPhe was found in dipeptides (data not shown),
indicating that the majority of EF-Tu did not release aa-
tRNA into the A site, i.e., was blocked in the GTP-like
conformation.

The time courses of GTP hydrolysis in the presence and
absence of kirromycin were identical and gave akapp ) 14
s-1, suggesting that kirromycin does not interfere with GTP
hydrolysis (Figure 2). Also the time courses of Pi release in
the presence or absence of kirromycin were very similar and
showed a 20 ms lag phase relative to GTP hydrolysis (Figure
2). Indeed, Pi release in the presence of kirromycin could
be fitted by the same model and same values of the rate
constants as described above for the experiments without
the antibiotic. Thus, kirromycin had no effect on Pi dissocia-
tion, whereas the conformational change of EF-Tu was
completely inhibited (8, 27). This indicates that Pi release
takes place prior to the conformational switch of EF-Tu and
excludes a model where Pi release follows and is rate-limited
by the rearrangement of EF-Tu. An alternative would be a
branched model in which Pi release and EF-Tu conforma-
tional change take place independently and both pathways
were equally possible; the latter implies that the values of
the intrinsic rate constantskPi andkconf are similar. In such a
model, the apparent rate constant of either Pi release or EF-
Tu rearrangement equals the sum of the intrinsic rate
constants of the two stepskPi + kconf. In this case, kirromycin
would block the pathway in which EF-Tu conformational
change occurs first, whereas the pathway where Pi release
takes place first could still be observed. This scenario would
imply that the apparent rate constant of Pi release in the
presence of kirromycin must be reduced by the value of the

intrinsic rate constant of EF-Tu conformational change.
However, this was not observed, and thus the branched model
is unlikely. These data suggest that Pi release takes place
prior to and is rate-limiting for the subsequent conformational
change of EF-Tu from the GTP- to the GDP-form. The latter
step must be rapid compared to Pi release, because the rate
constant of Pi release is comparable to the overall rate of
both steps (k4) as determined previously.

Role of Gly94 in the Switch 2 Region of EF-Tu for Pi

Release.Although Pi dissociates from EF-Tu prior to the
gross conformational change of the protein from the GTP-
to the GDP-bound form, local structural changes at the
nucleotide binding site would be required for Pi release to
occur. Most likely, residues in the switch 1 and 2 regions of
EF-Tu restrict or facilitate Pi release. One interesting
candidate residue is Gly94 at the end of the switch 2 region,
which is believed to affect the conformational mobility of
the preceding helix and the transition of EF-Tu from the GTP
to the GDP form (1, 18, 19) (Figure 3A). Gly94 is not
involved in direct contacts with theγ-phosphate of GTP but,
together with Gly83, provides a pivot point for a rotation of
the switch 2 helix (19). The mutation of Gly94 to Ala had
no effect on the rate of GTP hydrolysis, but caused a more
than 300-fold reduction in the rates of the reactions that lead
to aa-tRNA accommodation in the A site and peptide bond
formation, 0.075 s-1 (18). The effect of the mutation on Pi

release was not investigated previously, and thus it remained
unclear whether Pi release, EF-Tu conformational change,
or both steps are affected by the mutation. To assess the
effect of the G94A mutation on Pi release, the rates of GTP
hydrolysis and Pi release were measured (Figure 3B).
Exponential fitting of the time courses of GTP cleavage
resulted inkapp ) 14 s-1, which is the same as for wild-type
EF-Tu, in agreement with the notion that the rate constants
of initial binding, codon recognition, and GTPase activation
are not affected by the mutation (18). Pi release was rapid
and completed after about 0.1 s under these conditions
(Figure 3B). This suggests that the slow rearrangement
reported earlier, 0.075 s-1 (reaction transit time about 10 s),
does not reflect Pi release but must reflect the slow
conformational change of EF-Tu(G94A) to the GDP form,
which is not limited by the preceding Pi dissociation.
However, the time courses of Pi release from EF-Tu(G94A)
and wild-type EF-Tu were markedly different, as the time
courses of GTP hydrolysis and Pi release from EF-Tu(G94A)
were essentially identical and no lag phase of Pi release was
observed. Global fitting of the time course of Pi release from
EF-Tu(G94A) using the model described above for wild-
type EF-Tu suggested that the rate constant of Pi release was
too high (>1000 s-1) to be distinguished from GTP hydroly-
sis (Figure 3C). Furthermore, the experimental data clearly
differ from the fit obtained assuming the rate constant for Pi

release of wild-type EF-Tu,kPi ) 23 s-1 (Figure 3C, model
2). (The small decrease in the fluorescence of MDCC-PBP
observed after 0.1 s, albeit reproducible, is probably due to
an artifact of the coupled indicator assay appearing with EF-
Tu(G94A) and was not considered in the modeling.) In
summary, the results indicated that the mutation of Gly94
eliminated the delay between GTP hydrolysis and Pi release.
Thus, conformational rearrangements with a pivot at Gly94
in the switch 2 region seem to be critically involved in the
control of Pi release.

FIGURE 2: Influence of kirromycin on Pi release from EF-Tu. Time
courses of GTP hydrolysis (circles) and Pi release were measured
at the conditions of Figure 1A in the presence of 200µM
kirromycin. GTP hydrolysis takes place with an apparent rate
constantkapp ) 14 s-1 (single-exponential fit). Pi release in the
presence of kirromycin was modeled using the same model and
the same parameters as without antibiotic (smooth line), i.e. with
a rate constant for Pi release,kPi ) 23 s-1.
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DISCUSSION

Kinetic Mechanism of A-Site Binding.The present kinetic
measurement of Pi release from EF-Tu indicates that the
reaction is significantly slower than the preceding GTP
hydrolysis (kGTP > 500 s-1) which generates Pi. Thus, the
kinetic scheme of A-site binding has to be expanded to
include an additional step for Pi release, which proceeds at
a rate constantkPi ) 23 s-1 (Figure 4). Pi release takes place
prior to, and limits the rate of, the conformational switch of
EF-Tu from the GTP- to the GDP-bound form. The intrinsic
rate constant of the conformational switch appears to be high
compared to Pi release, resulting in an essentially instanta-
neous EF-Tu rearrangement following Pi dissociation. Thus,
EF-Tu seems to behave like a “loaded spring” (28) which is
held together by interactions with theγ-phosphate even after
GTP hydrolysis. Only upon Pi release, the tension within
EF-Tu is relieved and instantaneous relaxation into the GDP
conformation takes place.

Structural Requirements for Delayed Pi Release.Charge
repulsion between the products of GTP hydrolysis, Pi and
GDP, would be expected to cause rapid Pi release. The
delayed release of the highly negatively charged Pi indicates
that certain structural elements block its immediate dissocia-
tion. Most likely, the contacts between the switch regions
and theγ-phosphate of GTP might persist in the Pi‚GDP
state as long as the overall structure of EF-Tu does not
change. In the free ternary complex, contacts with switch 1
and 2 regions to do not close the Pi pocket completely (1);
hence Pi release from free EF-Tu may be rapid and
spontaneous, consistent with the notion that the rates of GTP
hydrolysis by EF-Tu and Pi release from EF-Tu‚GDP‚Pi are
similar (29). However, during the interaction of the ternary

complex with the ribosome the GTP-binding pocket of EF-
Tu may be closed by ribosomal elements, such as the sarcin-
ricin loop of 23S rRNA (8). Furthermore, during GTPase
activation by the ribosome, the catalytic His84 in the switch
2 region of EF-Tu presumably moves toward theγ-phos-
phate, thereby additionally shielding the phosphate pocket
(30). Therefore, the interaction of EF-Tu with the ribosome
may contribute to the Pi retention in EF-Tu, by shielding
the binding pocket and/or stabilizing a closed conformation
of EF-Tu.

Local conformational changes are necessary to open the
binding pocket on EF-Tu and to release Pi. The mutation of
Gly94 in the switch 2 region, a residue that does not have a
direct contact with theγ-phosphate of GTP, eliminates the
delay of Pi release and results in Pi dissociation concomitantly
with GTP cleavage. It seems likely that the mutation causes
a slightly different orientation of the switch 2 region. The
structural alteration does not impair GTP hydrolysis, but
appears to affect the contacts at the Pi binding pocket.

Mutations in the P loop and in the beginning of the switch
2 region of GiR1 allowed the crystallization of a GiR1‚GDP‚
Pi complex in a conformation that was distinct from both
GDP- and GTP-bound forms, and formed a stable Pi binding
pocket (31, 32). This suggests that two structural rearrange-
ments in the switch 2 region may be required: the first one
that stabilizes the Pi binding pocket, and the second that
allows for Pi dissociation (32). The mutation of Gly94 in
EF-Tu seems to facilitate the second rearrangement, in
contrast to the mutations in GiR1 which seem to inhibit it.
Recently, the crystal structure of a small GTP binding
protein, Rab11, in the complex with GDP and Pi has been
solved. In the complex, the Pi moiety retains the classical

FIGURE 3: Role of Gly94 for Pi release. (A) Structural context of Gly94 in the ternary complex EF-Tu‚GTP‚Phe-tRNAPhe (1TTT (1)).
Gly94 (red) is located at the end of the switch 2 region (yellow) of EF-Tu; switch 2 region contacts theγ-phosphate of GTP (green) prior
to GTP hydrolysis and presumably Pi after GTP cleavage. The hydrolysis of GTP induces transitions starting from Gly83 at the N terminus
of the switch 2 region by breaking the hydrogen bond between the main chain amide nitrogen and theγ-phosphate, causing a rotation of
the switch 2 region by 42°. The position of the switch helix is shifted from residues 87-97 in the GTP form to residues 83-93 in the GDP
form. Mutation G94A severely inhibits the overall conformational change of EF-Tu to the GDP form (18). (B) Time courses of GTP
hydrolysis (circles) and Pi release measured with purified ternary complex EF-Tu(G94A)‚GTP‚Phe-tRNAPhe(0.2µM) and poly(U)-programmed
ribosome complexes (0.6µM). The apparent rate constant of GTP hydrolysis was 14 s-1. (C) Comparison of time course of Pi release from
EF-Tu(G94A) with kinetic models assuming instantaneous Pi release after GTP hydrolysis (>1000 s-1; curve 1) or a slow separate step of
Pi release (23 s-1; curve 2) as calculated for wild-type EF-Tu. Both models take into account the rate constants for initial binding, codon
recognition, and GTP hydrolysis with EF-Tu(G94A) reported previously (18).
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contacts of theγ-phosphate, suggesting that the structure
represents an early intermediate following GTP hydrolysis
(33). Compared to the structure of Rab11 in the GTP-bound
form, the only significant change is a slight displacement at
the switch 2 region that accommodates Pi. This underlines
the general importance of the switch 2 region for the
formation of the Pi binding pocket and for subsequent Pi

release.
In addition to the sarcin-ricin loop of 23S rRNA, EF-Tu

contacts other elements of the ribosome, e.g., the ribosomal
protein L7/12. L7/12 is involved in the stimulation of rapid
GTP hydrolysis by both EF-Tu and EF-G (2, 34). Several
mutations in the C-terminal domain of L7/12 were shown
to reduce the rate of Pi dissociation from EF-G, while GTP
hydrolysis was unaffected, indicating that the ribosomal
protein is involved in control of the Pi release. However,
the same mutations did not affect Pi release from EF-Tu,
suggesting that either the contact between EF-Tu and L7/12
is transient and does not persist beyond the initial binding
step (35), or the interactions of L7/12 with EF-Tu and EF-G
are different in details.

In addition to EF-Tu, EF-G, and eIF2, slow Pi release has
been reported for several other GTPases. The small GTP-
binding protein Ras in the complex with one of its GAPs,
p120GAP, releases Pi rapidly, but the release is delayed when
Ras is bound to another GAP, neurofibromin (9, 36, 37).
This indicates that the rate of Pi release is a property not
only of the G protein alone but also of its activating
interaction partner. In the case of Ras, the delayed Pi release
correlates with a strong interaction between the GTP-binding
protein and the GAP (Kd < 0.3 µM for Ras‚GTP‚

neurofibromin (38)) whereas rapid Pi release correlates with
moderate affinity (Kd > 10µM for Ras‚GTP‚p120GAP (39)).
On the other hand, the affinity of RapGAP to Rap‚GTP is
moderate with aKd of about 14µM (9) and yet Pi release is
5- to 8-fold slower than GTP hydrolysis stimulated by
RapGAP (9, 40). Thus, the data on Pi release and GAP
interaction for different GTP-binding proteins are limited and
do not establish a clear correlation between these two
parameters.

Functional Significance of Pi Release from EF-Tu.Slow
Pi release compared to GTP hydrolysis has been observed
in EF-G and eIF2 (14, 21). In both cases, the delay in Pi

dissociation is important to control the coupling between
GTP hydrolysis and the function of the factors in tRNA
translocation and initiator Met-tRNAi release from the factor,
respectively (12, 14). The question arises whether the delay
in Pi release from EF-Tu may also fulfill a control function
in aa-tRNA delivery to the ribosome. GTP hydrolysis in EF-
Tu is an important determinant for the speed and fidelity of
aa-tRNA selection on the ribosome (41, 42). If the rates of
Pi release from cognate and near-cognate ternary complexes
were grossly different, i.e., fast with cognate and slow with
near- or non-cognate aa-tRNA, this could further contribute
to the discrimination of incorrect aa-tRNAs. However, the
rate constant previously assigned to the EF-Tu conforma-
tional change (k4) was the same for cognate and near-cognate
aa-tRNAs (4). As the rate of the EF-Tu rearrangement is
limited by Pi release, the observed rate represents the rate
of Pi dissociation which thus does not depend on correct
codon-anticodon pairing, suggesting that Pi release does not
contribute to the accuracy of aa-tRNA selection.

While the functional significance of the delayed Pi release
from EF-Tu appears unclear, it seems to be a consequence
of the interactions of EF-Tu with its ligands. First, the EF-
Tu complex with GDP is thermodynamically much more
stable than that with GTP. The stabilization of the GTP-
bound structure must be provided by interactions with the
γ-phosphate of GTP. It may be inevitable that these
interactions persist for some time after GTP cleavage, until
the local conformational rearrangement of the switch regions
has taken place. Second, the interaction of EF-Tu with the
ribosome is very tight, with aKd of the codon recognition
complex in the range of 1 nM (30), which may be important
to keep the GTPase activity of EF-Tu tightly controlled (4).
Binding to the ribosome might close the Pi binding pocket
of EF-Tu, resulting in slow Pi release. Only in special cases,
such as EF-G and eIF2, delayed Pi release might have
evolved into an additional control step.

In summary, we have shown that phosphate release from
EF-Tu is significantly slower than GTP hydrolysis and limits
the subsequent global conformational change of EF-Tu from
the GTP-bound to the GDP-bound form. Pi release requires
a local conformational change which involves movements
of the switch 2 region. In EF-Tu, delayed Pi release does
not seem to have a role for aa-tRNA selection, but appears
to be a consequence of the tight interaction of the switch
regions of EF-Tu with theγ-phosphate and the ribosome.
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