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The kinetic mechanism of elongation factor Tu (EF-
Tu)-dependent binding of Phe-tRNA" to the A site of
poly(U)-programed Escherichia coli ribosomes has
been established by pre-steady-state kinetic experi-
ments. Six steps were distinguished kinetically, and
their elemental rate constants were determined either
by global fitting, or directly by dissociation experi-
ments. Initial binding to the ribosome of the ternary
complex EF-Tu-GTP-Phe-tRNAM is rapid (k; = 110
and 60ftM/s at 10 and 5 mM Mg?*, 20°C) and readily
reversible k.; = 25 and 30/s). Subsequent codon
recognition (k, = 100 and 80/s) stabilizes the complex
in an Mg2*-dependent manner k_, = 0.2 and 2/s). It
induces the GTPase conformation of EF-TuK; = 500
and 55/s), instantaneously followed by GTP hydrolysis.
Subsequent steps are independent of Md. The EF-
Tu conformation switches from the GTP- to the GDP-
bound form (k, = 60/s), and Phe-tRNAM is released
from EF-Tu-GDP. The accommodation of Phe-tRNA®
in the A site (ks = 8/s) takes place independently of
EF-Tu and is followed instantaneously by peptide bond
formation. The slowest step is dissociation of EF-
Tu-GDP from the ribosome kg = 4/s). A characteristic
feature of the mechanism is the existence of two
conformational rearrangements which limit the rates
of the subsequent chemical steps of A-site binding.
Keywords codon recognition/conformational change/EF-
Tu function/GTP hydrolysis/protein synthesis

Introduction
The binding of aminoacyl-tRNA (aa-tRNA) to the A site

(Ecclestoret al,, 1985) by interactions of the tRNA with
the mRNA and, possibly, the ribosome. Codon—anticodon
interaction provides an activation signal that is transmitted
to the G domain of EF-Tu and leads to the formation of
the activated GTPase state of the ribosome-EF-Tu-aa-
tRNA complex (Rodninget al., 1995) which is followed

by GTP hydrolysis. As a consequence, the conformation
of EF-Tu switches from the GTP- to the GDP-form (Abel
et al, 1996; Polekhinat al., 1996) which has a greatly
reduced affinity for aa-tRNA (Delket al, 1990). Sub-
sequently, aa-tRNA is released from EF-Tu-GDP,
accommodates in the A site and takes part in the peptidyl-
transferase reaction, while EF-Tu-GDP leaves the
ribosome.

The rate constants of some elementary steps of A-site
binding were measured first by Thompson and colleagues
(Thompson, 1988, and references therein). Using a
combination of single- and multiple-turnover approaches,
they were able to measure the rate constants of codon—
anticodon dissociatiork(, in Figure 1, 0.002/s; Thompson
and Karim, 1982), of GTP hydrolysiskdrp = 20/s;
Ecclestonet al,, 1985) and of peptide bond formation
(Kpep = 0.8/s, Ecclestoet al., 1985); the rate constant of
EF-Tu-GDP dissociation was deduced from the diafa=(
0.2/s). Most of those experiments were performed at 5°C
in the presence of 5 mM Mggl a few measurements
were made at higher temperatures (up to 25°C; Eccleston
et al, 1985) and in different buffer conditions (Thomas
et al,, 1988).

Later, rate constants of GTP hydrolysis and dipeptide
formation were determined by Ehrenberg and colleagues
(Bilgin et al., 1992). Working in a polyamine-containing,
low-Mg?* buffer (‘polymix’, Jelenc and Kurland, 1979),
they obtained rate constants for GTP hydrolysis of 100/s
and for peptide bond formation of 50/s (37°C). From the
temperature dependence of the data of Thompson and
colleagues (Ecclestaet al., 1985), a rate constant of GTP
hydrolysis at 37°C of 80/s is estimated, in good agreement
with the value of Bilginet al. (1992). On the other hand,
Thompson’s rate constant of peptide bond formation
extrapolated to 37°C, 7/s, is significantly less than that

of the ribosome is catalyzed by elongation factor Tu (EF- measured by Bilginet al (1992). Most probably, the
Tu). EF-Tu, aa-tRNA and GTP form a stable ternary difference is due to differences in buffer conditions,
complex that binds to the ribosome. The process comprisesbecause an ~5-fold increase in the rate of dipeptide
several steps (Figure 1), as has been established byformation was observed upon varying the concentrations
experiments with either ternary complexes containing non- of Mg?* and polyamines (Thomaet al., 1988).
hydrolyzable and slowly hydrolyzable analogs of GTP  In the earlier studies mentioned above, only the rates
(Kaziro, 1978, and references cited therein; Karim and of GTP hydrolysis and peptide bond formation were

Thompson, 1986; Rodninet al, 1994) or ribosomes in
different functional states (Rodninet al, 1994, 1995,
1996). Initial binding of the ternary complex to the
ribosome (Rodninat al, 1996) is followed by codon

measured directly. Therefore, the rate constants of transient
steps of A-site binding, such as A-site accommodation
of aa-tRNA, had to be deduced. Similarly, because no
observable factor was available to determine the rate

recognition. Provided aa-tRNA recognizes a correct codon, constants of initial binding and codon recognition, only
the complex of EF-Tu-GTP-aa-tRNA is greatly stabilized the overall rates of these two reactions were estimated.
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Fig. 1. Mechanism of EF-Tu-dependent binding of aa-tRNA to the ribosomal A site. EF-Tu (light green) is depicted in three conformations: the
GTP-bound form, the transient GTP-activated form on the ribosome (G domain dark green) and the GDP-bound form which dissociates from the
ribosome. See text for details.

The rate of the conformational change of EF-Tu from the following step of peptide bond formation does not change
GTP- to the GDP-form has not been determined. the fluorescence further (Rodnieaal., 1994).

In the present work, we have analyzed the complete To obtain data for the determination of rate constants
kinetic mechanism of EF-Tu-dependent binding of Phe- of individual steps, stopped-flow experiments were per-
tRNAPe to the A site of poly(U)-programed ribosomes formed at different ribosome concentrations (pseudo-first-
from Escherichia coli Several steps of A-site binding order conditions). For an initial analysis and a qualitative
were monitored directly by stopped-flow fluorescence description of the data, apparent rate constaqjs) (were
using proflavin-labeled tRNA, Phe-tRNAPrf16/17) determined by two-exponential fitting of the time curves
(Rodninaet al, 1994) and GTP (mant-dGTP) (Rodnina (Materials and methods). (Note that the smooth curves in
et al, 1995). The rates of GTP hydrolysis and peptide bond Figure 2A do not represent the results of the fits, but are
formation were measured by quench flow. Additionally, calculated from the rate constants obtained by global
k., was measured directly in chase experiments monitoredfitting, as described below.)
by fluorescence. Rate constants of all elementary steps The dependence of the two apparent rate constants,
are reported for 10 and 5 mM Mggat 20°C. Kapp1@NdKyppa UpoN the ribosome concentration is shown

in Figure 2B and C. The apparent rate constant measured
by the fluorescence increadgy,; reaches saturation at

Results ~60/s at 10 mM Mg"; at 5 mM M@P", Kapp1 Saturates
Conformational changes in aa-tRNA during A-site at ~40/s. The step represented ky, is determined
binding predominantly by codon recognition (Rodnigizal., 1994;

The interaction of the ternary complex, EF-Tu-GTP-Phe- Vorstenbosctet al, 1996). The rate of the fluorescence
tRNAP'YPIf16/17), with the ribosome leads to a character- decreasekiy,) saturates at ~8 (10)/s at 10 (5) mM Fg
istic biphasic fluorescence change (Figure 2A) that is due Following codon recognition, Phe-tRNIis bound stably

to conformational changes in the D loop of the tRNA to th(nT rlbosom_e, and, after GTP.hydrolyS|s, is accomm.od—
where the proflavin label is bound (Rodnieal., 1995, aped in th_e A site and takes partin pept_lde bond formatl_on.
1996). According to our previous analysis, the formation Since neither GTP hydrolysis nor peptide bond formation
of the initial binding complex (Figure 1) is accompanied affect the fluorescence of Phe-tRRIKPrf16/17) (Rodnina
by a 10% fluorescence increase, independently of the€t al, 1994), the step represented ki, is assigned to
Mg?* concentration (Rodninet al, 1996). Upon codon the accommodation in the A site.

recognition, the fluorescence rises further (Rodminal.,

1994) and reaches an ~40% increase in the activatedConformational transitions of EF-Tu

GTPase conformation (Rodniret al, 1996). At 5 mM Conformational changes of EF-Tu taking place upon
Mg?", the fluorescence increase is somewhat smaller binding of the ternary complex to the A site were monitored
(30%). The fluorescence does not change when GTP isby the fluorescence of a GTP derivative, mant-dGTP,
hydrolyzed and when EF-Tu changes conformation from which behaves biochemically as GTP (Rodnietaal.,

the GTP- to the GDP-bound form. The subsequent decay1995). The interaction of EF-Tu-mant-dGTP-Phe-tRIA

of the high fluorescence intermediate is related to the with the ribosome results in a biphasic fluorescence change
accommodation of the tRNA in the A site, while the (Figure 3A). The increase in mant-dGTP fluorescence
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Fig. 2. Conformational changes of aa-tRNA during A-site binding.
(A) Time courses of binding of EF-Tu-GTP-Phe-tRN#&Prf16/17) to
the A site at 10 and 5 mM Mg, monitored by proflavin fluorescence.
Concentrations after mixing were OuM ternary complex and M
ribosomes. Smooth lines show the time curves as calculated from
using the rate constants of elementary steps (Table I). Parameters
of two-exponential fitskapy1 = 63/s, A = 52%, Kqpp2 = 81,

Ay = —22% at 10 mM Mg*; kapp1 = 40/s, A = 44%, kappp = 11/s,
A, = —27% at 5 mM Mg*. (B) Concentration dependence lofp: at
10 mM (@) and 5 mM ©) Mg?". (C) Concentration dependence of
Kappzat 10 mM @) and 5 mM Q) Mg?*.

reports a conformational rearrangement within the G

domain of EF-Tu which precedes the hydrolysis step, i.e.
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Fig. 3. Conformational changes of EF-Tu during A-site binding.
(A) Time course of binding of EF-Tu-mant-dGTP-Phe-tRk&o the
A site at 10 and 5 mM Mg", monitored by mant fluorescence.
Concentrations after mixing were OuM ternary complex and M
ribosomes. Smooth lines show the time curves as calculated from the
rate constants of elementary steps (Table I). Parameters of two-
exponential fitskapy; = 61/s, A = 49%, Kyppo = 3.8/s, A = —45%
at 10 MM M@; Kapps =28/s, Ay = 76%, kapp2 = 5.5/S, A = —69%
at 5 mM Mg" (B) Concentration dependence lofpiat 10 mM @)
and 5 mM (O) Mg?*. Dotted lines show data from Figure 2B, for
comparison. €) Concentration dependence lof,,>at 10 mM @) and
5 mM (O) Mg®".

exponential fittingk,pp1 Saturates at ~55/s (10 mM Mg

the transition to the activated GTPase state, while the or 25/s (5 mM Md") (Figure 3B). At 10 mM Md", the

fluorescence decrease is due to the dissociation of EF-rate of the mant-dGTP fluorescence increase is very similar
Tu-mant-dGDP from the ribosome (Rodnigtaal., 1995). to that seen with proflavin fluorescence (shown as a dashed
Apparent rate constant&g,p: (fluorescence increase) line in Figure 3B). At 5 mM Mg*, the rate of the
and kyppo (fluorescence decrease), and their dependencefluorescence increase of mant-dGTP is slower than that
upon the ribosome concentration were determined by two- observed with proflavin, indicating a delay between codon

7492



Kinetic mechanism of A-site binding

=
s 010 ) - 3 010
= =]
< 6 /o S
N L4 S
5 005 £ 005
= 3
=W =
= o
O o9 =3
0.00 gl | ! a o0 ! !
0.01 0.1 1 0 0.5 1.0
Time, s Time, s

Fig. 5. Peptide bond formation at 10 mM@®) and 5 mM ©) Mg?*.
Smooth lines show the time curves as calculated from the rate
constants of elementary steps (Table ).

Fig. 4. GTP hydrolysis by the EF-Tu-GTP-Phe-tRRl&complex
during A-site binding at 10 mM@®) and 5 mM ©) Mg%". Smooth
lines show the time curves as calculated from the rate constants of
elementary steps (Table I). Parameters of single-exponential fits:
Kapp = 55/s at 10 mM M§"; andkspp = 23/s at 5 mM Mg*. situation, GTP hydrolysis apparently takes place instant-
aneously after GTPase activation. Therefore, for global
. o fitting, as described below, the two steps were grouped,
recognition and GTPase activation at thatigoncentra- 504 he rate constant determined from either mant-dGTP

tion. kypppdoes not depend on the ribosome concentration fl -
. X uorescence or GTP hydrolysis is referred to as the
and is 3 and 5/s at 10 and 5 mM Kig respectively GTPase rate constant ydroly

(Figure 3C).
Peptide bond formation

GTP hydrolysis _ The time course of AcPhePhe dipeptide formation after
The rate of GTP hydrolysis was measured by quench flow pinding of EF-Tu-GTP3H]Phe-tRNA® to the A site,
at increasing concentrations of ribosomes. Figure 4 showsyjjth AcPhe-tRNAMe in the P site, was measured by
the time courses of GTP hydrolysis at near-saturating quench flow at near-saturating concentration of ribosomes
ribosome concentration (@M). Apparent rate constants (2 yM). As shown in Figure 5, the time course is sigmoidal,
of GTP hydrolysis of 55 and 25/s at 10 and 5 mMMg 4t both 10 and 5 mM Mg . The length of the lag phase
respectively, were obtained by single-exponential fitting. is determined by the time required for all steps that take
The extent of GTP hydrolysis in both cases was close place before the dipeptide is formed. The rates of peptide
to 100%. bond formation were estimated to be 7 and 8/s at 10 and

The concentration dependence of the apparent rates mm Mg2*, respectively, the same as the rates of
constant of GTP hydrolysis at 10 mM Mg (not shown)  aa-tRNA accommodation in the A site determined by
was similar to that observed for codon recognition and flyorescence. This suggests that the rate of peptide bond
GTPase activation, and reached the same saturation levetormation is limited by the preceding accommodation step
(~60/s). This indicates that, at saturation, the rates of both and that, therefore, the rate constant determined from the
GTPase activation and GTP hydrolysis are limited by the time course of dipeptide formation reflects the accom-
rate of codon recognition. The time delay between codon modation of aa-tRNA in the A site, rather than the
recognition and GTPase activation is only ~2 ms, sug- chemistry step which appears to follow instantaneously.
gesting that the latter reaction is very fast. The length of the lag phase in Figure 5 (35 and 60 ms

At a lower Mg* concentration, the apparent rate at10 and 5 mM Mg', respectively) is significantly longer
constants of GTPase activation and GTP hydrolysis were than the time delay due to all reactions up to and including
smalle(,_25/s, while the apparent rate constant of codon GTP hydrolysis (1/55 s= 18 ms and 1/25 s= 40 ms,
recognition was ~40/s. This suggests that, at lowefMg  respectively). This suggests the existence of an additional
concentration, GTPase activation, rather than codon recog-kinetic step between GTP hydrolysis and accommodation.
nition, is rate limiting. The time delay between codon From the delay difference, the rate constant of this step
recognition and GTPase activation is 15-20 ms, hence thejs estimated to be ~60/s, independently of ¥k = 1/
rate constant of the latter reaction _is ~_60/s. _ (35-18 ms) antt = 1/(60—40 ms), respectively], the same

While the rates of GTPase activation (monitored by value as determined by global analysis (see below). The
mant-dGTP fluorescence) and GTP hydrolysis (measuredstep which is known to follow GTP hydrolysis and precede
by quench flow) coincide under the present experimental the accommodation of aa-tRNA in the A site and peptide
conditions, they were found to be significantly different phond formation is the conformational rearrangement of
(44 and 32/s, respectively, atyM ribosomes) when EF-  EF.Ty from the GTP- to the GDP-form, which leads to
Tu carrying a mutation, G222D, was studied (Vorstenbosch the release of aa-tRNA (Kaziro, 1978). Thus, we attribute
et al, 1996). Moreover, as the mant fluorescence is the the step with rate constant 60/s to that conformational
same in the GTP- and GDP-form of EF-Tu, GTP hydrolysis rearrangement of EF-Tu.
does not affect the fluorescence (Rodnetaal,, 1995).
Thus, the step observed by mant fluorescence is physicallyDetermination of dissociation constants k_; and k_,
different from and precedes GTP hydrolysis, and is there- A unique solution of the reaction mechanism of Figure 1
fore assigned to GTPase activation. In the wild-type cannot be achieved unless independent information is
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| Table |. Elemental rate constants of EF-Tu-dependent aa-tRNA
1.2 o !
binding to the A site.
Q
Q
S Step Rate constant (/s)
:m)’ Mg?* concentration
= 1.1
3 10 mM 5 mM
e
) Initial binding kg, 110+10* 60=* 17
= 10 k, 255 305"
: 5 mM MgCl, Codon recognition k, 100+ 15 80+ 10
| k, 02*x01° 2=x05
0 10 20 GTPase activation and GTP ks 500+ 100 55% 15
hydrolysig
Time, s G'II'EIT:(_BI_EP conformation change of k4 60 = 20 60+ 20
Fig. 6. Determination of the dissociation rate constant of the codon— Aa—tRI;l(? agcogw{noda:ix and ks 7x2 8x1
anticodon complex. Parameters of the single exponential fits: Dissc?cliaﬁonogf E"):r_rf]rj' 3.1 41
k., = 0.2/s at 10 mM M@" and 2/s at 5 mM M§". ks - —
YuM/s.

available in addition to the time curves presented. There- :gete'm.'”e" previously (Rodniret al, 1996).
. . . etermined independently (Figure 6).

fore, we have determmed the values of two dissociation dGrouped for the analysis, because the former reaction is rate-limiting
rate constants independently. and the latter follows instantaneously.

k_s;, the dissociation rate constant of the initial binding
complex, has been estimated previously to be 25 and
30/s at 10 and 5 mM Mg (Rodninaet al, 1996).k_, data sets were globally fitted by numerical integration,
the dissociation rate constant of the codon recognition using the model of Figure 1.
complex, was determined by chase experiments using a The rate constants obtained are shown in Table |. The
non-hydrolyzable GTP analog, GDPNP, as follows. It is rate constants of initial binding determined here are similar
known that, in the presence of GDPNP, A-site binding is to the values determined in the poly(A) system (60 and
blocked at the codon recognition step (Kaziro, 1978), and 10uM/s; at 10 and 5 mM Mg"; Vorstenboschet al.,
we have shown that the rates of codon recognition are 1996). The forward rate constant of codon recognition,
unaffected when GTP is replaced with GDPNP (Rodnina k,, is not significantly influenced by Mg, whereas the
et al, 1994). Thus, to determin&., the pre-formed dissociation rate constantg,, determined at 10 and
complex of EF-Tu-GDPNP-Phe-tRN®Prf16/17) with 5 mM Mg?* differ by a factor of 10. A 10-fold difference
poly(U)-programed ribosomes was mixed rapidly with a is also observed for the GTPase rate constdgigjeter-
10-fold excess of unlabeled EF-Tu-GDPNP-Phe-tRMA  mined at the two M§" concentrationsk; represents the
in the stopped-flow apparatus, and proflavin fluorescencerate of GTPase activation which limits GTP hydrolysis;
was monitored (Figure 6). The time courses could be thus, the rate of GTP hydrolysis itself could not be
fitted with single-exponential functions. Since rebinding measured. The reaction is probably very faggrh
of the fluorescent ternary complex is inhibited by the >1000/s). The rate constant of the conformational change
presence of an excess of the unlabeled one, the resultingof EF-Tu from the GTP-bound to the GDP-bound form
time constants represent the rate constants of ternary(k,) as well as the rate constant of accommodation in
complex dissociation from the codon recognition complex, the A site ks) are practically independent of Mg.

k, = 0.2 and 2/s at 10 and 5 mM Mg, respectively. Accommodation is followed instantaneously by peptide
Ribosome binding and dissociation of EF-Tu-GDPNP- bond formation, and only the lower limit for the
Phe-tRNAewas also followed by nitrocellulose filtration.  rate constant of the latter reaction can be estimated
Upon mixing the ternary complex containing’C]Phe- (Kpep >100/s). The dissociation of EF-Tu-GDP from the

tRNAPPe with ribosomes,>85% of radioactivity was  ribosome, with a rate constark;( of 3—4/s, is the slowest

bound to the ribosome. Addition of excess non-labeled reaction of the sequence.

EF-Tu-GDPNP-Phe-tRNA®led to a fast chase of radio- With the rate constants of Table I, time curves were

actively labeled ternary complex (not shown). The dissoci- calculated for given concentrations of ribosomes. As

ation was complete within 10 s, indicating a dissociation shown in Figures 2A, 3A, 4 and 5, the calculated curves

rate constant-0.1/s (10 mM Mg"), consistent with the  describe the experimentally obtained time curves quite

kinetically determined value. well, thus supporting the model and the rate constants
derived from it.

Determination of elemental rate constants by

global fitting

To calculate rate constants of all elemental steps of A-site

binding, the kinetic data were combined into data sets Initial binding

which contained time courses of proflavin and mant- The first step in the sequence of interactions between the

dGTP fluorescence changes, GTP hydrolysis and dipeptideribosome and the ternary complex of EF-Tu, GTP and aa-

formation at four different ribosome concentrations. Addi- tRNA is the codon-independent formation of an initial

tionally, independently determined values lof and k_, complex (Rodninat al., 1996). At this stage, the ternary

(see above) were used as fixed parameters. The combinedomplex is bound to the ribosome in a labile fashion

Discussion
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independently of the codon in the A site. The association A site. Footprinting data suggest that the stabilization
rate constantkg) is 110uM/s at 10 mM Mg™, and involves interactions of the anticodon arm of the tRNA
somewhat lower, 6QM/s, at 5 mM Mg*. These values  with the decoding center of 16S rRNA (Moazed and
are unexpected. The association rate constant for a bi-Noller, 1990; Purohit and Stern, 1992). It is possible that
molecular reaction is given by the product of the encounter the formation of the codon—anticodon complex induces or
frequency,Z, a steric factorp, and an activation energy  stabilizes a particular conformation of the decoding region
term [exp(-E/RT). For the encounter frequency, a value which is crucial for the further steps of A-site binding,
of 10%uM/s is expected, assuming radii of the ribosome especially for the GTPase activation and accommodation
and EF-Tu-GTP-aa-tRNA complex of 110 and 35 A, of the aa-tRNA. Direct evidence suggesting conform-
respectively. The activation energds, of the reaction has  ational mobility of the decoding region has been obtained
been determined to be 10 kJ/mol (Rodngtaal, 1996). by NMR (Fourmyet al., 1998).

This allows us to estimate the value for the steric factor

(0<p<1l), which gives an estimate of the fraction of L. .

molecules that are in the correct orientation for binding. GTPase activation and GTP hydrolysis

The calculation givep = 0.1-0.6 (20°C), depending on  Triggering of fast GTP hydrolysis in the EF-Tu-GTP-aa-
the Mg?* concentration. tRNA complex on the ribosome requires correct codon—

Compared with other systems, this value fopris anticodon interaction, because in the presence of a non-
unusually high. It indicates that the encounter of the cognate codon (no base pair possible) the rate of GTP
ternary complex with the ribosome is non-random. One hydrolysis remains very low (18-10-%s) (Rodninaet al.,
possible explanation is pre-orientation, for instance by 1996). In the presence of a fully complementary cognate
electrostatic forces, of the ternary complex upon codon, the GTPase rate constaky) (ncreases to 500/s,
approaching the ribosome, such as to hit the A-site regioni.e. ~1¢ times. Decreasing the Mg concentration to
more frequently than other regions of the ribosome. 5 mM decreases the GTPase rate constant to 55/s. The
Another possible explanation is suggested by the observ-latter value is in the range of previous values determined
ation that EF-Tu early in the sequence of A-site binding by other groups, i.e. 25/s under comparable conditions

interacts with proteins L7/L12 (Stamt al., 1997) which

are present in four copies on the 50S ribosomal subunit.

A possible scenario is that the formation of the initial
binding complex starts with binding of EF-Tu to one of
the four copies of L7/L12, most likely to the highly mobile

C-terminal domain (Trauét al., 1995), thus introducing

a favorable statistical factor. According to this model, the
role of EF-Tu in the ternary complex is to promote the
binding to the ribosome and to position aa-tRNA such
that the anticodon is pre-oriented for codon recognition.

Codon recognition

The rate constant of codon recognitiog)(is measured
here for the first time, since in earlier publications only
the overall rate of binding and codon recognition were
determined (Thompson and Karim, 1982; Karim and
Thompson, 1986). Whil&, is largely independent of the
Mg?2* concentration, the stability of the codon—anticodon

complex, as indicated by the dissociation rate constant

k., decreases significantly with decreasing 2igcon-
centration. Whilek_, is 0.2/s at 10 mM M§", it is ~2/s

at 5 mM Mg*". Nevertheless, the affinities of the codon—
anticodon complexes, witky values of 4<101° M and
1x108 M at 10 and 5 mM M§", respectively, are

remarkably high. Previous values for the dissociation rate oY
constant were 0.002/s (5°C) and 0.2/s (25°C), both at constantks. Itis likely,

(Thompson and Dix, 1982; Ecclestat al, 1985) and
100/s in polyamine-containing buffer (‘polymix’) at 37°C
(Bilgin et al., 1992).

The data show that the rate constant of fast GTPase of
EF-Tu on the ribosome strongly depends on the?Mg
concentration. Many GTP-binding proteins have an abso-
lute requirement for a divalent ion, usually Rfg as a
cofactor in the enzymatic reaction. Klgions are essential
for either the binding of the nucleotide, GTP hydrolysis
or the structural integrity of the protein. With pg29 the
affinity for GDP is decreased 300-fold in the absence of
Mg?" (Johnet al., 1993). Mutations of the three residues
of p213sthat participate in M§" coordination (Paét al.,
1990) result in reduced affinity for both GTP and GDP,
as well as decreased intrinsic and GAP-stimulated GTPase
activity of p21as (Johnet al, 1993). With EF-Tu, only
the affinity for GTP is affected when Mg is removed
by adding EDTA or when the mutation D80N is introduced;

'the affinity for GDP is not changed (Harmagkal., 1992).

Interestingly, M@* ions are not required for the intrinsic

or kirromycin-stimulated GTPase activity of EF-Tu (lvell

et al,, 1981). The rate of GTP hydrolysis on the ribosome
is limited by the preceding step of the GTPase activation,
represented by the present value of the GTPase rate
therefore, that the effect of Mg

5 mM Mg?* (Karim and Thompson, 1986); the difference N ks reflects the requirement for divalent ions in the

the use of different experimental approaches and the usefibosome which leads to the formation of the GTPase

of different non-hydrolyzable GTP analogs.

activated state, rather than in the GTP cleavage reaction.

The present values for the dissociation rate constants The molecular mechanism of triggering the GTPase of

of the codon recognition complex are of the order of 10
times lower than those of the complexes formed from
tRNAs with complementary anticodons (3-14/s at 20°C;
Grosjeanet al, 1976; 0.1-4.7/s at 9°C; Grosjea al,

1978). This suggests that binding interactions with the
ribosome contribute up to a factor of 10 (5—6 kJ/mol) to
the stabilization of the codon—anticodon complex in the

EF-Tu by codon recognition on the ribosome has not been
resolved yet. It is unclear how the codon recognition
signal is transmitted to EF-Tu to induce the transition to
the GTPase state and subsequent GTP hydrolysis. Most
probably, conformational changes of 16S rRNA and tRNA
are involved, and the strong effect of Rfgon this step

is in line with this idea.
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Conformational change of EF-Tu to the GDP-bound tRNA, were purified by gel filtration on Superdex 75 in buffer A
form and release of EF-Tu-GDP (50 mM Tris—HCI pH 7.5, 50 mM NKCI, 10 mM MgCh, 1 mM

. . dithioerythritol) as described (Rodnire al., 1994). To fill the P site,
Subsequent to GTP hydrolysls, aa'tRNA is released _from ribosomes were incubated in buffer A for 15 min at 37°C with a 1.3-
EF-Tu, due to the conformational transition of EF-Tu into  fold excess of AcPhe-tRN&®and 1 mg/ml of poly(U).
the GDP-bound form (DeHat al., 1990; Abelet al., 1996; Other experimental procedures were as in Vorstenbeseh (1996),
Polekhinaet al, 1996). The rate constant of this extensive excent for e fallowing. To prepare ihe gEEE?DZNPMPQSQﬁSA

. - - complex, -Tu was incubated wi -Ts,4m

conformational change of EF-Tkj is determined here ., i's \i 113c)phetRNATPIT16/17) in buffer A for 30 min at 37°C,
for the first time. At ~60/s (20°C), the rearrangement iS and the ternary complex was purified by gel filtration. Before the
not rate-limiting for the further steps of A-site binding, and stopped-flow experiment, 0.6M ribosomal complex was mixed with
the rate constant is independent of the2Mgoncentration. 0.2 uM ternary complex to form the codon recognition complex. The
Also the dissociation of EF-Tu-GDP from the ribosome chase was initiated in the stopped-flow apparatus by the addition of an
. . . . equal volume of 2uM non-fluorescent ternary complex containing
is practically independent of the My concentration  Sppnp.
(ks = 3—4/s). Previously, the rate constant of EF-Tu-GDP
dissociation from the ribosome was estimated to be Kinetic experiments
~0.3/s (4°C) (Thompson and Dix, 1982; Thompsﬂral., Fluorescence stopped-flow measurements were performed as described

: ; : : : previously (Rodninaet al, 1994). The fluorescence of proflavin was
1986)' Takmg into account the difference in the reaction excited at 436 nm and measured with two photomultipliers after passing

temperature, these values are probably comparable. KV 500 filters (Schott). The fluorescence of mant-dGTP was excited at

i . ) 363 nm and measured after passing KV 408 filters (Schott). With the
A-site accommodation of aa-tRNA and peptide apparatus used, time constants up to 500/s could be measured. The
bond formation experiments were performed by rapidly mixing equal volumes |60

Following the release from EF-Tu, thé &nd of aa-tRNA each)_ of the ternary complex (0iM), purified by gel fiItratio_n, and
moves into the 50S A site (accommodation); the rate ngn;éegtsuorg‘a,a?g‘ggx (0.6-4.0M). Unless stated otherwise, the
constant of accommodatioks] is 7-8/s. The accommod- Quench-flow experiments were performed using a KinTek quench-
ation of aa-tRNA is probably independent of EF-Tu, as flow apparatus under conditions identical to those employed in the
in the electron microscopic reconstruction of the complex fluorescence stopped-flow experiments. To measure the rates of GTP
there is a free space underneath the tRNA. and EE-Tu ishydroly5|s, equal volumgs (34 each) of ribosome complex and pur_|f|ed

- . ! ternary complex containing/{22P]GTP (1000 d.p.m./pmol) were mixed
located on the OUtS_'de,Of the r'bos_ome_tRNA complex rapidly, and after the desired incubation time the reaction was terminated
(Starket al., 1997), i.e. it does not hinder the movement by quenching with 0.6 M HCIQ1.8 mM potassium phosphate. To
of the aminoacyl end of the tRNA into the peptidyl measure rates of dipeptide formation, ternary complexes containing
transferase center. [3H]Phe-tRNATe (8000 d.p.m./pmol) were used; reactions were stopped

. : : - with 0.6 M KOH, incubated for 30 min at 37°C, neutralized, and
When aa-tRNA is accommodated in the A site, peptide analyzed by HPLC (Vorstenbose al, 1996),

bond formation takes place instantaneousdy.(>100), To obtain the values for apparent rate constants, the data were
completing the sequence of A-site binding. The rate evaluated by fitting an expression which contained the sum of two

constants of peptide bond formation were determined exponential terms (characterized by variable time constdgfs, and

previously to be 0.3-1.1/s for cognate Phe-tERAat amplitudes, A) and another variable for the final signal using TableCurve
° ’ : . software (Jandel Scientific).

4°C (Thompson and Dix, 1982; Ecclestet al., 1985)

and 50/s in pOlymIX buffer at 37°C (Bllglﬂt al., 1992) Calculation of elemental rate constants

Our results show that the rate of dipeptide formation is The rate constants were calculated from the combined sets of time courses

limited by the accommodation in the A site. Since the for proflavin and mant-dGTP fluorescence changes, GTP hydrolysis and

; ‘ot ; : 1 dipeptide formation at several different ribosome concentrations. The
accommodation step was not dlStIﬂgUlShed from peptlde data were fitted by numerical integration using Scientist for Windows

bond formation in the earlier experiments, the preVi(_)US software (MicroMath Scientific Software). For this purpose, the kinetic
values probably also reflect the rate of accommodation. scheme of Figure 1 was modified as follows.

Here again, the differences between the previous and
: kg ko ks Ka ks Koep
present rate constants may be attributed, atleastpartly,to o yg - ¢ - D - E - F - G = H
k.

the differences in incubation temperature (4, 20 and 37°C, K1 2 ke | ke ! ke !
respectively) and ionic conditions. | kf g

The rate of protein elongation iB.coli is of the order + + +
of 10/s, with variations depending on codon sequence and L L L
,Com,eXt (Sorensen and, Pgdersen, 1991)' POIy(U) tranSI"’mOnEF-Tu and ribosome complexes are designated as A and B, respectively.
in vitro proceeds at similar rates (Wagnet al, 1982). The formation of the initial binding complex C is followed by codon

The rate constants of the individual steps of A-site binding recognition (D). The following steps of GTPase activation and GTP
which are reported here for poly(U)-programed ribosomes hydrolysis are not distinguished kinetically, and were therefore grouped,

° ; leading to formation of a transient complex E. The conformational
at 20°C and 5 and 10 mM M@ are also in that range. change of EF-Tu from the GTP- to the GDP-bound form results in an

The slowest step is the OdiSSOCia.tion of EF-Tu-GDP; the iyiermediate F. aatRNA is accommodated in the A site (G) and can
rate constant is 4/s at 20°C, and it may be extrapolated tOtake part in peptide bond formation (H). The timing of EF-Tu-GDP
~15/s at 37°C. Thus, the present set of rate constantsdissociation from the ribosome is not known. Therefore, we assumed

appears to be consistent with overall rates of translation that it can dissociate at any time point after the formation of the GDP-
bothin vitro andin vivo bound form of EF-Tu, i.e. from intermediates F, G and H, resulting in

’ complexes I, J and K, as well as free EF-Tu-GDP (L). With respect to
the state of aa-tRNA on the ribosome, states F and I, G and J, as well

Materials and methods as H and K are equivalent and represent the complexes after release
from EF-Tu (F and ), accommodation (G and J) and peptide bond

Biochemical assays formation (H and K).

Ribosomes fronE.coli, EF-Tu and tRNAs were prepared according to The overall fluorescence is determined by the concentration of the

Rodnina and Wintermeyer (1995). Ternary complexes, EF-Tu-GTP-Phe- fluorescent species, and their respective relative fluorescence. For the
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calculations, the fluorescence of proflavin in the free ternary complex  Mg?*-binding site of the guanine nucleotide-binding protein'H2E
(Pa) was set to 10 for UM concentration, so that the fluorescence of a J. Biol. Chem.268 923-929.

0.1 uM ternary complex (standard concentration) is 1. The formation of Karim,A.M. and Thompson,R.C. (1986) Guanosinés(3-thiotri-
the initial binding complex C leads to an increase of fluorescence to  phosphate) as an analog of GTP in protein biosynthekisBiol.

Pc = 11 independently of Mg (Rodninaet al., 1996). The fluorescence Chem, 261, 3238-3243.
changes further in the codon—anticodon complex D g0=P14.0 and Kaziro,Y. (1978) The role of guanosiné-Biphosphate in polypeptide
12.7 at 10 and 5 mM MY, respectively (Rodnin&t al, 1994). The chain elongationBiochim. Biophys. Acteb05 95-127.

GTPase reaction and the conformational rearrangement of EF-Tu or Moazed,D. and Noller,H. (1990) Binding of tRNA to the ribosomal A

dissociation of EF-Tu-GDP do not change the proflavin fluorescence; and P sites protects two distinct sets of nucleotides in 16S rRNA.

therefore, the same relative fluorescencge &an be used for the J. Mol. Biol, 211, 135-145.

intermediates E, F and I. The accommodation of aa-tRNA leads to a Pai,E.F., Krengel.,,U., Petsko,G.A.,, Goody,R.S., Kabsch,W. and

decrease in fluorescence which is not changed further upon peptide bond Wittinghofer,A. (1990) Refined crystal structure of the triphosphate

formation. The fluorescence of aa-tRNA in the accommodated sgate P conformation of H-ras p21 at 1.35 A resolution: implications for the

is 12.3 and 11.5 at 10 and 5 mM Kfgand is the same for intermediates mechanism of GTP hydrolysi€EMBO J, 8, 2351-2359.

G, H, J and K. Thus, the overall proflavin fluorescencegg £ Py-A + Polekhina,G., Thirup,S., Kjeldgaard,M., Nissen,P., Lippmann,C. and

PcC+ Pp(D+E+F+1) +Pg(G+ H + J+ K). Nyborg,J. (1996) Helix unwinding in the effector region of elongation
The fluorescence of the mant-group is set to 10 for the free ternary  factor EF-Tu-GDPStructure 4, 1141-1151.

complex (My at 1uM). It increases upon GTPase activation (intermediate  Purohit,P. and Stern,S. (1994) Interactions of a small RNA with antibiotic

E, relative fluorescence M= 13.4, and decreases to about the starting and RNA ligands of the 30S subuniature 370, 659-662.

level upon dissociation of EF-Tu-GDP from the ribosome (complex L, Rodnina,M.V. and Wintermeyer,W. (1995) GTP consumption of

relative fluorescence M (Rodninaet al, 1995). The overall mant elongation factor Tu during translation of heteropolymeric mRNAs.

fluorescence is yant = Ma(A + C + D) + Mg(E+ F + G + Proc. Natl Acad. Sci. USM2, 1945-1949.

H) + M_-L. Rodnina,M.V., Fricke,R. and Wintermeyer,W. (1994) Transient
For the calculations, the values &f; P, and R (determined conformational states of aminoacyl-tRNA during ribosome binding

previously; Rodninat al., 1996), as well a&_, (determined independ- catalyzed by elongation factor TBiochemistry33, 12267-12275.

ently in this study) were fixed. The fitting yields a unique solution for Rodnina,M.V., Fricke,R., Kuhn,L. and Wintermeyer,W. (1995) Codon-

the rate constantg—kg, as well as for the remaining fluorescence factors. dependent conformational change of elongation factor Tu preceding

GTP hydrolysis on the ribosom&MBO J, 14, 2613-2619.
Rodnina,M.V., Pape,T., Fricke,R., Kuhn,L. and Wintermeyer,W. (1996)
Acknowledgements Initial binding of the elongation factor Tu-GTP-aminoacyl-tRNA
complex preceding codon recognition on the ribosodn&iol. Chem,
271, 646-652.
Sorensen,M.A. and Pedersen,S. (1991) Absalutévo translation rates
of individual codons inEscherichia coli The two glutamic acid
codons GAA and GAG are translated with a threefold difference in
rate.J. Mol. Biol,, 222, 265-280.
Stark,H., Rodnina,M.V., Rinke-Appel,J., Brimacombe,R., Wintermeyer,W.
and van Heel,M. (1997) Visualization of elongation factor Tu on the

We thank Roger Goody for generous gifts of mant nucleotides, Yuri
Semenkov and Vladimir Katunin for purified tRNIR& Dmitri Rodnine

for computer programing, and Petra Striebeck for expert technical
assistance. This work was supported by the Deutsche Forschungsgemein-
schaft (Wi 626/11-1), the Alfried Krupp von Bohlen und Halbach-
Stiftung and the Fonds der Chemischen Industrie.

References Escherichia coliribosome.Nature 389, 403-406.
Thomas,L.K., Dix,D.B. and Thompson,R.C. (1988) Codon choice and
Abel,K., Yoder,M.D., Hilgenfeld,R. and Jurnak,F. (1996) Anto gene expression: synonymous codons differ in their ability to direct
conformational switch in EF-TuStructure 4, 1153-1159. aminoacylated-transfer RNA binding to ribosoniesitro. Proc. Natl

Bilgin,N., Claesens,F., Pahverk,H. and Ehrenberg,M. (1992) Kinetic = Acad. Sci. USA85, 4242—-4246.
properties ofEscherichia coliribosomes with altered forms of S12.  Thompson,R.C. (1988) EF-Tu provides an internal kinetic standard for
J. Mol. Biol, 224, 1011-1027. translational accuracyirends Biochem. S¢il3, 91-93.

Dell,V.A., Miller,D.L. and Johnson,A.E. (1990) Effects of nucleotide- Thompson,R.C. and Dix,D.B. (1982) Accuracy of protein biosynthesis.
and aurodox-induced changes in elongation factor Tu conformation A kinetic study of the reaction of poly(U)-programmed ribosomes
upon its interactions with aminoacyl transfer RNA. A fluorescence with a leucyl-tRNA—elongation factor Tu—-GTP complex. Biol.
study. Biochemistry 29, 1757-1763. Chem, 257, 6677-6682.

Eccleston,J.F., Dix,D. and Thompson,R.C. (1985) The rate of cleavage Thompson,R.C. and Karim,A.M. (1982) The accuracy of protein
of GTP on the binding of Phe-tRNA-elongation factor Tu-GTP to biosynthesis is limited by its speed: high fidelity selection by ribosomes

poly(U)-programmed ribosomes @&scherichia coli J. Biol. Chem, of aminoacyl-tRNA ternary complexes containing G Hoc. Natl
260, 16237-16241. Acad. Sci. USA79, 4922-4926.

Fourmy,D., Yoshizawa,S. and Puglisi,J.D. (1998) Paromomycin binding Thompson,R.C., Dix,D.B. and Karim,A.M. (1986) The reactions of
induces a local conformational change in the A-site of 16S rRNA. ribosomes with elongation factor Tu-GTP complexes. Aminoacyl-
J. Mol. Biol, 277, 333-345. tRNA-independent reactions in the elongation cycle determine the

Grosjean,H., S§D.G. and Crothers,D.M. (1976) Studies of the complex accuracy of protein synthesid. Biol. Chem. 261, 4868-4874.
between transfer RNAs with complementary codons. |. Origins of Traut,R.R., Dey,D., Bochkariov,D.E., Oleinikov,A.V., Jokhadze,G.G.,

enhanced affinity between complementary triplétsMol. Biol., 103 Hamman,B. and Jameson,D. (1995) Location and domain structure of

499-519. Escherichia colribosomal protein L7/L12: site specific cysteine cross-
Grosjean,H.J., de Henau,S. and Crothers,D.M. (1978) On the physical linking and attachment of fluorescent probBgchem. Cell Biol.73,

basis for ambiguity in genetic coding interactiofgoc. Natl Acad. 949-958.

Sci. USA 75, 610-614. Vorstenbosch,E., Pape,T., Rodnina,M.V., Kraal,B. and Wintermeyer,W.

Harmark,K., Anborgh,P.H., Merola,M., Clark,B.F. and Parmeggiani,A. (1996) The G222D mutation in elongation factor Tu inhibits the
(1992) Substitution of aspartic acid-80, a residue involved in codon-induced conformational changes leading to GTPase activation
coordination of magnesium, weakens the GTP binding and strongly  on the ribosomeEMBO J, 15, 6766—6774.
enhances the GTPase of the G domain of elongation factor Tu. Wagner,E.G., Jelenc,P.C., Ehrenberg,M. and Kurland,C.G. (1982) Rate
Biochemistry31, 7367-7372. of elongation of polyphenylalanine vitro. Eur. J. Biochem.122,

IvellR., Sander,G. and Parmeggiani,A. (1981) Modulation by 193-197.
monovalent and divalent cations of the guanosifriphosphate
activity dependent on elongation factor TBiochemistry 20, 6852— Received August 24, 1998; revised October 19, 1998;

6859. accepted October 20, 1998

Jelenc,P.C. and Kurland,C.G. (1979) Nucleoside triphosphate
regeneration decreases the frequency of translation eRas. Natl
Acad. Sci. USA76, 3174-3178.

John,J., Rensland,H., Schlichting,l., Vetter,l., Borasio,G.D., Goody,R.S.
and Wittinghofer,A. (1993) Kinetic and structural analysis of the

7497



