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ABSTRACT The stoichiometry of elongation factor Tu
(EF-Tu) and GTP in the complex with aminoacyl-tRNA and
the consumption of GTP during peptide bond formation on
the ribosome were studied in the Escherichia coli system. The
ribosomes were programmed either with two different hetero-
polymeric mRNAs coding for Met-Phe-Thr-Ile. . . (mMFTI) or
Met-Phe-Phe-Gly. .. (mMFFG) or with poly(U). The com-
position of the complex of EF-Tu, GTP, and Phe-tRNAFP"e
was studied by gel chromatography. With equimolar amounts
of factor and Phe-tRNAP', a pentameric complex, (EF-
TuGTP),-Phe-tRNAF"e, was observed, whereas the classical
ternary complex, EF-Tu-GTP-Phe-tRNAP®, was found only
when Phe-tRNAP" was in excess. Upon binding of the purified
pentameric complex to ribosomes carrying fMet-tRNA™et jn
the peptidyl site and exposing a Phe codon in the aminoacyl
site, only one out of two GTPs of the pentameric complex was
hydrolyzed per Phe-tRNA bound and peptide bond formed,
regardless of the mRNA used. In the presence of EF-G, the
stoichiometry of one GTP hydrolyzed per peptide bond formed
was found on mMFTI when one or two elongation cycles were
completed. In contrast, on mMFFG, which contains two
contiguous Phe codons, UUU-UUC, two GTP molecules of the
pentameric complex were hydrolyzed per Phe incorporated
into dipeptide, whereas the incorporation of the second Phe to
form tripeptide consumed only one GTP. Thus, generally one
GTP is hydrolyzed by EF-Tu per aminoacyl-tRNA bound and
peptide bond formed, and more than one GTP is hydrolyzed
only when a particular mRNA sequence, such as a homopoly-
meric stretch, is translated. The role of the additional GTP
hydrolysis is not known; it may be related to frameshifting of
peptidyl-tRNA during translocation.

In the classical model, elongation factor Tu (EF-Tu) completes
one GTP hydrolysis cycle for every elongation cycle of the
ribosome (1, 2). Early studies performed in partial translation
systems lacking EF-G suggested that the number of GTP
molecules hydrolyzed on EF-Tu per peptide bond was close to
one (1, 3, 4). Also in complete translation systems, one GTP
was reported to be hydrolyzed by EF-Tu per cognate peptide
bond formation (5, 6). In contrast; Ehrenberg et al. (7, 8) and
Bilgin et al. (9) developed a burst technique to separate the
GTP hydrolysis by EF-Tu and by EF-G and showed that two
molecules of GTP were hydrolyzed by EF-Tu per incorporated
phenylalanine on poly(U)-programmed ribosomes. Recently,
the hydrolysis of two nucleoside triphosphates per incorpo-
rated phenylalanine was also found by Weijland and Parmeg-
giani (10), who worked with mutant EF-Tu (D138N) that used
XTP rather than GTP. This is another approach to avoid the
problem inherent to complete protein synthesis systems—i.e.,
the GTPase activity of EF-G, which is strongly stimulated by
ribosomes and not necessarily coupled to peptide bond for-
mation and translocation. On the other hand, the mutation
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which changes the nucleotide specificity may change other
properties of the factor as well.

The molecular basis for the observed 2:1 stoichiometry is
found in the composition of the EF-Tu‘GTP complex with
aminoacyl-tRNA that was reported to be (EF-Tu-GTP),-Phe-
tRNA (“pentameric complex™) (7, 11). However, the issue is
controversial, since the pentameric complex was not observed
by others, albeit under different conditions (12).

As an alternative approach to selectively measure the GTP
consumption by EF-Tu, we have prepared the complex of
EF-Tu, GTP, and aminoacyl-tRNA under conditions where
the pentameric complex is formed and have purified the
complex by gel filtration. In this way the problem of the
GTPase of EF-G is avoided, since radioactively labeled GTP
is present only in the stable EF-Tu complex. Equally important
for obtaining unambiguous stoichiometry data is the fact that
the ribosomes we have used were fully active in all partial
reactions of initiation and elongation and that ribosomal
complexes were prepared by initiation on heteropolymeric
mRNAs.

MATERIALS AND METHODS

Buffers and Reagents. Buffer A was 50 mM Tris-HCI, pH
7.5/70 mM NH,4C1/30 mM KCl/7 mM MgCl,/1 mM dithio-
erythritol/0.5 mM EDTA. Buffer B was 25 mM Tris-HCI, pH
7.5/90 mM NH4Cl1/30 mM KCl/8 mM MgCl,/3 mM ATP/1
mM dithioerythritol/0.5 mM EDTA. Buffer C was 10 mM
Tris-HCI, pH 7.5/60 mM NH,;Cl/5 mM magnesium acetate/
0.25 mM EDTA/3 mM 2-mercaptoethanol. The experiments
were performed at 20°C, if not stated otherwise.

Biochemicals were from Boehringer Mannheim. 3H-labeled
amino acids, [*H]GTP, and [y-3?P]GTP were from Amersham,
and '“C-labeled amino acids were from NYCOM (Prague,
Czech Republic).

tRNAs, Ribosomes, and Factors. Ac[>*H]Phe-tRNAFhe (2330
dpm/pmol, 1750 pmol/Azep unit) and ['*C]Phe-tRNAF"e (790
dpm/pmol, 1500 pmol/A,¢ unit) were prepared from Esch-
erichia coli tRNAFP (Subriden RNA) and purified as de-
scribed (13). tRNAM™et was a gift from V. Makhno (St. Peters-
burg Nuclear Physics Institute, Russia). f{?H]Met-tRNAMet
(1830 dpm/pmol, 1760 pmol/Azs unit) was prepared as
described (14). tRNAT was partially purified from E. coli
tRNA by FPLC on a phenyl-Superose (Pharmacia) column
with a gradient of 1.7 to 1 M (NH4),SO, in 50 mM potassium
phosphate/pH 7.0). For aminoacylation of tRNA™", an S-200
extract (200,000 X g) purified on Whatman DE-52 was used.
Charging of tRNAT"" was 30%, and specific activity was 984 dpm
of [**C]Thr per pmol or 1120 dpm of [*H]Thr per pmol. Pure
EF-Tu-Thr-tRNA™" complex was obtained by gel filtration (see
below).

Abbreviations: EF, elongation factor; IF, initiation factor; A site,
aminoacyl site.
*To whom reprint requests should be addressed.
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Tight-coupled 70S ribosomes were prepared as follows.
Frozen E. coli MREG600 cells (50 g, wet weight) were opened
by alumina grinding in 100 ml of 20 mM Tris-HCI, pH 7.5/100
mM NH,4Cl/10 mM magnesium acetate/0.5 mM EDTA/3 mM
2-mercaptoethanol containing DNase I (RNase-free; Boehr-
inger Mannheim,) at 3 ug/ml. All operations were at 4°C. The
S-30 fraction was layered in portions of 16 ml on 9 ml of 1.1
M sucrose in 20 mM Tris-HCI, pH 7.5/0.5 M NH,Cl/10 mM
magnesium acetate/0.5 mM EDTA/3 mM 2-mercaptoetha-
nol. After centrifugation for 16 hr at 33,000 rpm in a Beckman
Ti 50.2 rotor, the ribosomes were washed by dissolving the
pellets in 200 ml of the same buffer, incubating for 2 hr, and
sedimenting portions of 20 ml through 1.5 ml of 1.1 M sucrose
in the same buffer (Ti 50.2, 6 hr, 45,000 rpm). The washing step
was repeated twice, and the final centrifugation was made in
a Beckman SW-28 rotor for 20 hr at 28,000 rpm. Pellets were
resuspended in buffer C containing 5% sucrose. The 70S tight
couples were isolated by zonal centrifugation in a Beckman Ti
15 rotor (17 hr, 28,000 rpm) on a convex exponential gradient
from 10% to 37% sucrose (1.4 liters) in buffer C. The 70S peak
was collected, and the ribosomes were pelleted (Ti 50.2, 20 hr,
45,000 rpm), resuspended in buffer A, frozen in small portions in
liquid nitrogen, and stored at —80°C. Ribosome concentrations
were determined from absorption measurements on the basis of
23 pmol/A26 unit. The activities of the ribosomes in all partial
reactions of initiation and elongation were =90% (see Results).

EF-Tu was prepared from E. coli K-12 as described (15) with
modifications (13). The activity of EF-Tu was >95% in binding
[*H]GDP as well as Phe-tRNAFhe, as judged from the absence
of any unbound factor in analytical Superdex 75 (Pharmacia)
chromatography or on nondenaturing gel electrophoresis in
the presence of excess Phe-tRNAFP"e, EF-G was prepared and
assayed as described (15).

The initiation factors (IF1, -2, and -3) from E. coli, a gift
from C. Gualerzi (University of Camerino, Italy) were homog-
eneous according to SDS/PAGE.

Nucleotide-Free EF-Tu. EF-Tu containing 26 uM GDP [de-
termined by nucleotide exchange (15)] was incubated with 1.5
pCi (55.5 kBq) of [PH]GDP for 15 min at 37°C to allow the
equilibration of EF-Tu-bound GDP with 3H-labeled GDP. Then
GDP was converted to GTP by adding 1 mM ATP, 3 mM
phosphoenolpyruvate, and pyruvate kinase (0.1 pg/ml) and
incubating for 15 min at 37°C. To dissociate GTP from EF-Tu, 7.5
mM EDTA was added, and the incubation was continued for 30
min. The nucleotide was separated from EF-Tu by gel chroma-
tography on a NAP10 column (Pharmacia) in buffer A without
magnesium. Individual fractions (0.4 ml) were monitored for
tryptophan fluorescence, and [PH]GTP was measured in each
fraction. The main fraction of EF-Tu contained <1% GTP
relative to protein and was used for further experiments.

mRNAs. Two different mRNAs, mMFTI and mMFFG, each
about 120 nucleotides long with Shine-Dalgarno sequence
(ribosome binding site) and coding sequence AUGUUUAC-
GAUU... (Met-Phe-Thr-Ile. . .) or AUGUUUUUCGGC...
(Met-Phe-Phe-Gly. . .), respectively, were used. The gene cod-
ing for mMFTI was inserted into the polylinker region of
plasmid pTZ18R via EcoRI and HindIlI sites as described
(16); the plasmid (pXR022) was provided by C. Gualerzi. The
plasmid bearing the sequence for nMFFG was prepared from
pXRO001 (16) by replacing the sequence between the Acc I and
Pst T sites of the polylinker with the respective DNA fragment.
The plasmids were linearized with HindIII and the respective
mRNA was obtained by T7 RNA polymerase run-off tran-
scription (16). The transcripts were purified by FPLC on Mono
Q (Pharmacia).

Preparation of (EF-Tu-GTP);:Phe-tRNAP? Complex. EF-Tu
(7 nmol) was preincubated for 10 min at 37°C with 0.2 mM
[v-*2P]GTP (400 dpm/pmol) in 0.08 ml of buffer A. tRNAFPe (3
nmol) was charged in 0.15 ml of buffer B containing 0.1 mM
L-[“C]phenylalanine (800 dpm/pmol) and 0.5 unit of purified
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phenylalanyl-tRNA synthetase. After 30 min at 37°C, the mixture
was added to EF-Tu-[y-3?P]GTP and the incubation was contin-
ued for 5 min. The complex was purified by FPLC on Superdex
75 (Pharmacia; two HR 10/30 columns in tandem) in buffer A
at 20°C. Fractions of 0.4 ml were collected, and 10-ul aliquots
were taken for counting of radioactivity to determine the elution
position of the complex. The complex was completely separated
from unbound Phe-tRNAPre, EF-Tu, tRNAFe, and [y->2P]GTP.
The final concentration of the complex (1.0-1.5 uM) was calcu-
lated on the basis of the radioactivity of [*“C]Phe-tRNAF"e. For
the nonlabeled complexes, the concentration was determined by
measuring tryptophan fluorescence calibrated with a solution of
complex at known concentration.

The complex (EF-Tu-[y-32P]GTP),[**C]Thr-tRNAT was
prepared analogously, except that ['4C]Thr-tRNAT" was used
at a lower concentration; the final concentration of the
complex after purification was 0.3-0.5 uM. Analytical exper-
iments were performed in the same way, except that the
amounts of EF-Tu and Phe-tRNA were smaller, as indicated.

Initiation Complex Formation and Elongation Assays. To
prepare the initiation complex, 10 pmol of 70S ribosomes was
incubated with 15 pmol each of IF1, IF2, IF3, and f[>*H]Met-
tRNAMet 30-50 pmol of mRNA, and 1 mM GTP in 20 ul of
buffer A for 30 min at 20°C. When the formation of the dipeptide
fMet-Phe was to be measured, the preformed initiation complex
was mixed with purified (EF-Tu:[y-*2P]GTP)»[“C]Phe-tRNAPhe
complex as indicated and incubated for 10 sec. This incubation
time was fully sufficient for the completion of aminoacyl (A)-site
binding and peptide bond formation. For the synthesis of the
tripeptide fMet-Phe-Phe, 10 pmol of EF-G was added to the
initiation complex prior to the addition of the EF-Tu complex. To
get the tripeptide fMet-Phe-Thr, the complexes EF-Tu-GTP-Phe-
tRNAPPe and EF-Tu‘GTP-Thr-tRNA™ were added together
with EF-G.

For peptide analysis, the reaction was stopped in aliquots by
the addition of 1 M KOH, and the aliquots were incubated for
30 min at 37°C and neutralized with acetic acid. The peptides
fMet-Phe, fMet-Phe-Thr, fMet-Phe-Phe, and AcPhe-Phe were
separated by HPLC on RP8 (Merck) with an acetonitrile
gradient in 0.1% trifluoroacetic acid. *H and *C radioactivity
was measured in a Packard 2500 scintillation counter using a
double label program. To measure the amount of f>H]Met-,
or [*C]aminoacyl-, or peptidyl-tRNA bound to the ribosome,
the samples were rapidly filtrated through nitrocellulose filters
(Sartorius) without prior dilution, and the filters were washed
extensively with 30 ml of buffer A. Before scintillation count-
ing, the filters were dissolved in QS361 (Zinsser, Frankfurt).

To measure [y-32P]GTP hydrolysis, the reaction was stopped
in parallel aliquots by adding an equal volume of 1 M HClIO,4/3
mM potassium phosphate; 32P; was extracted (17) and 32P
radioactivity was measured by scintillation counting.

RESULTS

Stoichiometry of EF-Tu-GTP Binding to Aminoacyl-tRNA.
Complexes were formed at fixed concentrations of EF-Tu and
[v-**P]GTP and various concentrations of [1*C]Phe-tRNAFPhe
and studied. In the presence of EF-Tu in 2-fold excess the
stoichiometry of EF-Tu-[y->2P]GTP to [“C]Phe-tRNAPte was
2:1 (Fig. 14). This indicates the presence of the pentameric
complex (EF-Tu-[y->*P]GTP),:[*C]Phe-tRNAFPte, since any
unbound EF-Tu-[y-32P]GTP would be separated from the
complex (Fig. 1D). Also at a 1:1 ratio of EF-Tu to aminoacyl-
tRNA in the incubation mixture, a pentameric complex was
formed (Fig. 1B), and only at a 2.5-fold excess of ['*C]Phe-
tRNAPhe was formation of the ternary complex EF-Tu[y-
32P)GTP-[“C]Phe-tRNAF" observed (Fig. 1C). These data
clearly show that either pentameric or ternary complexes can
be formed, depending on the ratio of EF-Tu to aminoacyl-
tRNA in the incubation mixture.
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Fic. 1. Composition of the EF-Tu-GTP complex with Phe-tRNAFPhe
as determined by gel filtration on Superdex 75. Nucleotide-free EF-Tu (5
M) was incubated with [y-32P]JGTP (50 uM) in buffer A for 20 min at
20°C. Then the complex was incubated for 5 min at 20°C with [*C]Phe-
tRNAPhe at 2.5 uM (EF-Tu/tRNA ratio of 1:0.5) (4), 5 uM (1:1) (B), or
;22.5 uM (1:2.5) (C) or in the absence of aminoacyl-tRNA (D). @, 1*C; O,

P.

It is apparent from Fig. 1 that Superdex 75 chromatography
allows the isolation of complexes of defined composition which
are sufficiently stable to be used to measure the stoichiometry
of GTP hydrolysis by EF-Tu on the ribosome. The exchange
of labeled GTP from the complex was found to be slower than
1073 sec™! under the conditions used for the following experi-
ments (data not shown).

One GTP Is Hydrolyzed upon A-Site Binding of Pentameric
Complex. To determine how many molecules of GTP were
hydrolyzed for one aminoacyl-tRNA bound to the A site, we
used the purified pentameric complex (EF-Tu-GTP),-Phe-
tRNAPPe (Fig. 24). Ribosomes were programmed with the
heteropolymeric mRNAs mMFTI (Fig. 2B) or mMFFG (Fig.
2C) in the presence of IFs and f[*H]Met-tRNA™et, The
incubation time was kept at 10 sec to minimize the contribution
of GTP exchange from the complex and of the intrinsic
GTPase of EF-Tu; blank values of GTP hydrolyzed in the
absence of ribosomes (2-6% of added EF-Tu complex) were
subtracted. In the absence of either initiation factors or
mRNA, essentially no tRNA binding was found (<0.1 pmol
per pmol of ribosomes). It is apparent from Fig. 2 B and C that
the ribosomes used were fully active with respect to binding of
f*H]Met-tRNAM™Met binding of aminoacyl-tRNA from the
EF-Tu complex, and peptide bond formation, as monitored by
nitrocellulose filtration and analysis of fMet-Phe dipeptides.
Clearly, the reaction resulted in the hydrolysis of one GTP
molecule (out of two available in the pentameric complex), on
both mMFTI and MFFG mRNAs. Subsequent translocation
induced by the addition of EF-G did not change the GTP
stoichiometry (Fig. 2B Inset).

The titration of a fixed amount of the EF-Tu complex with
various amounts of the ribosome complex also revealed that
the EF-Tu complex was fully active, in that all aminoacyl-
tRNA present in the complex was bound to the A site and
yielded dipeptide and that the stoichiometry of GTP hydrolysis
relative to aminoacyl-tRNA binding or peptide formation did
not exceed 1:1 (data not shown).

Since the results obtained with the heteropolymeric mRNAs
were in obvious discrepancy with the results of both Ehrenberg
et al. (7-9) and Weijland and Parmeggiani (10), who worked
with poly(U)-programmed ribosomes, we also performed
binding experiments with poly(U). For experiments with the
full initiation system, we took advantage of the possibility that
an initiation complex can be formed on poly(U) using AcPhe-
tRNAPPe and initiation factors (18). The ribosomal complexes
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FiG. 2. Stoichiometry of GTP hydrolysis upon A-site binding of
pentameric complex. (4) Isolation of the (EF-Tu-{y-32P]GTP):[14C]Phe-
tRNAPhe complex by FPLC on Superdex 75. @, 1C; O, 32P. (B) A-site
binding on mMFTI mRNA. Ribosomes were programmed with mRNA
in the presence of IFs and f[*H]Met-tRNAMet, The final incubation
mixtures (60 ul) contained 10 pmol of initiation complex and various
amounts of (EF-Tu-{y-32P]GTP),[!*C]Phe-tRNAPh complex. After 10
sec at 20°C, the incubation mixtures were filtrated through nitrocellulose
filters or the reaction was stopped by addition of HCIO4 or KOH. (Inset)
Effect of EF-G on the stoichiometry of GTP hydrolysis. The incubation
mixtures (80 ul, buffer A) contained 10 pmol of initiation complex pro-
grammed with mMFTI, 20 pmol of (EF-Tu{y-32P]GTP),{!4C]Phe-
tRNAPhe and various amounts of EF-G. (C) A-site binding on mMFFG
mRNA. The experiments were performed as described under B. The
amounts of [y->?P]JGTP hydrolyzed (m), f’H]Met-[“C]Phe formed (®),
and of f[*H]Met-tRNAMet (A) or [“CJPhe in f[*H]Met-[1*C]Phe-
tRNAPhe (O) bound per ribosome were determined as described in
Materials and Methods.

were formed with poly(U) instead of heteropolymeric nRNA,
and the incubation mixture either contained the initiation
system (Fig. 34), or was prepared without IFs and GTP (Fig.
3B). In the latter case, Ac[*H]Phe-tRNAFhe was preincubated
with ribosomes and poly(U) at 15 mM MgCl,, and subse-
quently the Mg?* concentration was adjusted to 7 mM imme-
diately before the addition of the EF-Tu complex. Only one
molecule of GTP was hydrolyzed per Phe-tRNAP" bound or
dipeptide formed, independent of the presence or absence of
external GTP or the components of the initiation system (Fig.
3).

Tripeptide Formation Does Not Increase GTP Consump-
tion per Peptide Bond. The experiments on A-site binding and
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FiG. 3. Stoichiometry of GTP hydrolysis upon A-site binding of
pentameric complex on poly(U)-programmed ribosomes with (4) or
without (B) IFs. Ribosomes were programmed with poly(U) in the
presence of IFs, GTP and Ac[*H]Phe-tRNAPh¢ in buffer A (4), or
ribosomes were preincubated with poly(U) and Ac[>H]Phe-tRNAFhe at
15 mM MgCl; for 15 min at 20°C, and then the incubation mixture was
diluted to 7 mM MgCl, with buffer A without MgCl, (B). In both ex-
periments, the final mixtures (60 pl) contained 10 pmol of ribosome
complex and various amounts of purified (EF-Tu-[y-?P}JGTP),[1*C]Phe-
tRNAPhe, Incubation was for 10 sec at 20°C. [y->2P]GTP hydrolysis (m),
and Ac[*H]Phe-[*C]Phe (®), Ac[?’H]Phe-tRNAFhe (a), and [#C]Phe in
peptidyl-tRNA (O) bound per ribosome were measured.

translocation clearly showed the consumption of only one GTP
(of two available in the pentameric complex) per dipeptide
formed. To verify whether this was also the case for one more
round of elongation, we determined the GTP consumption
during the synthesis of the tripeptide fMet-Phe-Thr on mMFTI
mRNA. First, the complexes (EF-Tu-[y-32P]GTP),-[1*C]Phe-
tRNAPP¢ and (EF-Tu:GTP),[?°H]Thr-tRNA™" were prepared,
and the hydrolysis of GTP from the first EF-Tu complex was
studied upon addition of increasing amounts of the second. For
these experiments, nonlabeled fMet-tRNAMet was used to
form the initiation complex. No additional GTP hydrolysis in
(EF- -Tu+[y-32P]GTP), Phe-tRNAF® was observed upon bind-
ing of [PH]Thr-tRNA™" and formation of the tnpeptlde fMet-
[*C)Phe-[*H]Thr (Fig. 44).
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FiG. 4. Stoichiometry of GTP hydrolysis during synthesis of the
tripeptide fMet-Phe-Thr. (4) The incubation mixture (125 ul) con-
tained 10 pmol of initiation complex programmed with mMFTI in the
presence of nonlabeled fMet-tRNA™Met 10 pmol of EF-G, 22.6 pmol
of (EF-Tu-[y-2P]GTP)>[“C]Phe-tRNAFhe and various amounts of
(EF-Tu{y-*?P]GTP)2[*H]Thr-tRNATH. The reaction was initiated by
the addition of the premixed EF-Tu complexes to the mixture of ribo-
somes and EF-G. Incubation was for 10 sec at 20°C. [y->2P]GTP
hydrolysis (M) and fMet['“C]-Phe (@), fMet[1“C]Phe-[*H]Thr (a), and
[14C]Phe (O) or [*H]Thr () in peptidyl-tRNA bound per ribosome
were measured. (B) The incubation mixture (125 pl) contained 10
pmol of initiation complex programmed with mMFTT and f[*H]Met-
tRNAM™Met 10 pmol of EF-G, 23.5 pmol of (EF-Tu-GTP)yPhe-
tRNAPhe and various amounts of (EF-Tu:[y-32P]GTP)y['“C]Thr-
tRNAThr, The reaction was initiated by the addition of the two EF-Tu
complexes. Incubation was for 10 sec.at 20°C. [y-32P]GTP hydrolysis
(m) and f[*H]Met-Phe (®), f[*H]Met-Phe-[“C]Thr (a), and f[*H]Met-
tRNAMet (O) bound per ribosome were measured.
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FiG. 5. Stoichiometry of GTP hydrolysis during synthesis of the
dipeptide fMet-Phe and the tripeptide fMet-Phe-Phe in the presence
of EF-G. The reaction mixture (60 ul) contained 10 pmol of initiation
complex programmed with mMFFG and f[>’H]Met-tRNA™Met, 10 pmol
of EF-G, and various amounts of (EF-Tu'[y-32P]JGTP)[!*C]Phe-
tRNAPhe complex. Incubation was for 10 sec at 20°C. [y->2P]GTP
hydrolysis (m) at f[*H]Met-[1“C]Phe (@), f[°H]Met-['“C]Phe-['“C]Phe
(a), fPH]Met-tRNAMet (a),"and [C]Phe in peptldyl-tRNA ©)
bound per ribosome were measured.

In further experiments, we studied the hydrolysis of
[y-**P]GTP upon binding of (EF-Tu:[y-*>P]GTP)[**C]Thr-
tRNATH" to ribosomes programmed with mMPTI and carrymg
f[*H]Met-Phe-tRNAP"e in the peptidyl (P) site from a previous
round of A-site binding, peptide bond formation, and trans-
location (Fig. 4B). Again, one GTP was hydrolyzed for every
molecule of Thr-tRNA™ bound or fMet-Phe-Thr formed.
Thus, neither translocation nor a second round of elongation
changed the 1:1 stoichiometry of GTP hydrolysis on EF-Tu.

Two GTPs per Peptide Bond Are Hydrolyzed When a
Stretch of Uridines Is Translated. The consumption of GTP
was further tested in the translation of mMFFG, which carries
two contiguous Phe codons, UUU-UUC, following the initi-
ation codon. As shown above (Fig. 2C), without EF-G one
molecule of Phe-tRNAFPe was bound to the ribosome, the
dipeptide fMet-Phe was formed, and one molecule of GTP was
hydrolyzed. In the presence of EF-G, the hydrolysis of
[3?P]GTP on EF-Tu exceeded the 1:1 stoichiometry during
synthesis of the dipeptide (Fig. 5). A 2:1 stoichiometry was
clearly seen at the beginning of the titration when ribosomes
were in excess over EF-Tu complex and mostly the dipeptide
fMet-Phe was formed, whereas only a small amount of the
tripeptide fMet-Phe-Phe was formed. Hence, on mMFFG the
addition of EF-G—i.e., the translocation of the dipeptidyl-
tRNA-—introduced the hydrolysis of the second GTP from the
pentameric complex.

After translocation, the formatlon of trlpeptlde by incorpo-
ration of the second phenylalanine gave rise to the hydrolysis
of only one GTP, following from the finding that at saturation
2.9 mol of GTP were hydrolyzed per 1.9 mol of phenylalanine
found in ribosome-bound di- and tripeptidyl-tRNA; i.e., on the
average the ratio was 1.5 (Fig. 5). Compared with the filtration
data, on HPLC somewhat less [1*C]Phe was found in dipeptide
plus tripeptide, probably due to an incomplete recovery of the
tripeptide fMet-Phe-Phe. Thus, the determination of the GTP
stoichiometry for tripeptide formation in the experiment of
Fig. 5 is based on the data from the binding assay. -

~ DISCUSSION

Both Pentameric and Ternary EF-Tu-Aminoacyl-tRNA
Complexes Can Be Formed, Depending on the Conditions. The
finding of a 2:1 complex of EF-Tu-GTP and Phe-tRNA (7),
which challenged the classic, seemingly well-established con-
cept of the ternary complex (19), was not generally accepted.
According to our present results, obtained by gel filtration, the
pentameric complex, (EF-Tu-GTP),-Phe-tRNAPte, at least at
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20°C, was formed predominantly at ratios of factor to tRNA
down to 1:1. The ternary complex, EF-Tu-GTP-Phe-tRNAFhe,
was observed only when Phe-tRNAFP® was in two-fold excess
over EF-Tu.

Although the ternary complex is functional in ribosome
binding of Phe-tRNAFPhe followed by peptide bond formation
(data not shown), EF-Tu titrations of Phe-tRNAF! binding to
the ribosome are significantly sigmoidal (7), also under our
conditions (data not shown). These results and; the results of
the titrations on the gel filtration column suggest that the
pentameric complex is formed by binding of EF-Tu-GTP to the
preexisting ‘ternary complex and that it is functional on the
ribosome. This is also suggested by the observation that, under
certain conditions, both GTP molecules of the complex are
hydrolyzed on the ribosome.

Binding of the Pentameric Complex to the A Site Is Accom-
panied by the Hydrolysis of One GTP. Although it is the
pentameric complex, (EF-Tu-GTP),Phe-tRNAFte that is
binding to the ribosome, in no case have we observed the
hydrolysis:of more than one GTP per molecule of Phe-tRNA
bound to the A site and forming a dipeptide. Regardless of the
mRNA used—mMFTI, mMFFG, or poly(U)—A-site binding
and peptide bond formation was accompanied by the hydro-
lysis of strictly one GTP. This result is at variance with the
results of Bilgin et al. (9) and of Weijland and Parmeggiani
(10). At present, there is no entirely consistent explanation for
the discrepancy. Since the ribosome system we are using is fully
active in all partial reactions, we are confident that the 1:1
stoichiometry we observe is the correct one.

The Presence of EF-G Does Not Generally Increase GTP
Hydrolysis on EF-Tu, Except on a Stretch of Uridines. The
completion of the elongation cycle by EF-G-dependent trans-
location does not increase the GTP consumption by EF-Tu, as
long as heteropolymeric mRNA sequences are translated. We
conclude that generally only one out of the two GTPs in the
pentameric complex is hydrolyzed during one full elongation
cycle. However, both GTPs of the pentameric complex are
hydrolyzed upon incorporation of the first Phe when adjacent
Phe codons, UUU-UUC, are translated in the presence of
EF-G. This result is in keeping with the 2:1 stoichiometry
obtained when poly(U) is translated (7, 10). It is likely that the
hydrolysis of the additional GTP is due to the translation of the
stretch of uridines.

The present results show that (i) the hydrolysis of two
molecules of GTP per amino acid incorporated is the excep-
tion rather than the rule and (ii) the hydrolysis, when it occurs
on a homopolymeric stretch of the mRNA, requires the action
of EF-G; i.e.; it is related to the translocation that follows
A-site binding and peptide bond formation. Thus, the hydro-
lysis of the second GTP is not likely to be involved in the
mechanism of A-site binding or in controlling the accuracy of
aminoacyl-tRNA selection, as proposed previously (20).

Potential Role of EF-Tu in Controlling the Reading Frame.
The molecular mechanism that controls the reading frame
during translation is not known (21). There is evidence sug-
gesting that EF-Tu has a role in frameshift suppression (22)
and, furthermore, that mutations in both EF-Tu genes of E.
coli, tufA and tufB, result in enhanced translational frame-
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shifts, indicating that a cooperation of two EF-Tu molecules
may be involved in reading-frame control (23). A consistent—
though at present speculative—explanation of our results
would be that mRNA sequences prone to +1 frameshifts favor
aberrant translocation and that the second EF-Tu-GTP re-
stores the correct frame in an as yet unknown way.

We thank N. Bilgin and M. Ehrenberg for introducing us to the use
of the Superdex column, C. Gualerzi for IFs and plasmids, V. Makhno
for tRNAMet, and P. Striebeck for expert technical assistance. The
work was supported by the Deutsche Forschungsgemeinschaft (Wi
626/4-2).

1. Miller, D. L. & Weissbach, H. (1977) in Molecular Mechanisms of
Protein Biosynthesis, eds. Weissbach, H. & Pestka, S. (Academic,
New York), pp. 323-373.

Kaziro, Y. (1978) Biochim. Biophys. Acta 505, 95-127.

Gordon, J. (1969) J. Biol. Chem. 244, 5680-5686.

Thompson, R. C. & Stone, P. J. (1977) Proc. Natl. Acad. Sci. USA

74, 198-202.

5. Ruusala, T., Ehrenberg, M. & Kurland, C. G. (1982) EMBOJ. 1,
741-745.

6. Kakhniashvili, D. G., Smailov, S. K. & Gavrilova, L. P. (1986)
FEBS Lett. 196, 103-107.

7. Ehrenberg, M., Rojas, A.-M., Weiser, J. & Kurland, C. G. (1990)
J. Mol. Biol. 211, 739-749.

8. Ehrenberg, M., Rojas, A.-M., Diagz, 1., Bilgin, N., Weiser, J.,
Claesens, F. & Kurland, C. G. (1990) in The Ribosome: Structure,
Function and Evolution, eds. Hill, W. E., Dahlberg, A., Garrett,
R. A., Moore, P. B, Schlessinger, D. & Warner, J. R. (Am. Soc.
Microbiol., Washington, DC), pp. 373-380.

9. Bilgin, N., Claesens, F., Pahverk, H. & Ehrenberg, M. (1992) J.
Mol. Biol. 224, 1011-1027.

10. Weijland, A. & Parmeggiani, A. (1993) Science 259, 1311-1314.

11. Ehrenberg, M., Bilgin, N. & Scoble, J. (1993) in The Translational
Apparatus, eds. Nierhaus, K. H., Franceschi, F., Subramanian,
A.R., Erdmann, V. A. & Wittmann-Liebold, B. (Plenum, New
York), pp. 305-316.

12. Bensch, K., Pieper, U., Ott, G., Schirmer, N., Sprinzl, M. &
Pingoud, A. (1991) Biochimie 73, 1045-1050.

13. Rodnina, M. V., Fricke, R. & Wintermeyer, W. (1994) Biochem-
istry 33, 12267-12275.

14. Rodnina, M. V., Semenkov, Y. P. & Wintermeyer, W. (1994)
Anal. Biochem. 219, 380-381.

15. Ehrenberg, M., Bilgin, N. & Kurland, C. G. (1990) in Ribosomes
and Protein Synthesis: A Practical Approach, ed. Spedding, G.
(IRL, Oxford), pp. 101-130.

16. Calogero, R. A., Pon, C. L., Canonaco, M. A. & Gualerzi, C. O.

. (1988) Proc. Natl. Acad. Sci. USA 85, 6427-6431.

17. Parmeggiani, A. & Sander, G. (1981) Mol. Cell. Biochem. 35,
129-158.

18. Wintermeyer, W. & Gualerzi, C. (1983) Biochemistry 22, 690—
694.

19. Parmeggiani, A. & Swart, G. W. M. (1985) Annu. Rev. Microbiol.
39, 557-577.

20. Weijland, A. & Parmeggiani, A. (1994) Trends Biochem. Sci. 19,
188-193.

21. Atkins, J. F., Weiss, R. B.,, Thompson, S. & Gesteland, R. F.
(1991) Annu. Rev. Genet. 25, 210-228.

22. Hughes, D., Atkins, J. F. & Thompson, S. (1987) EMBO J. 6,
4235-4239.

23. Vijgenboom, E. & Bosch, L. (1989) J. Biol. Chem. 264, 13012—
13017.

Ealiadi N



