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Elongation factor Tu (EF-Tu) - GTP has the primary function of promoting the efficient and correct
interaction of aminoacyl-tRNA with the ribosome. Very little is known about the elements in EF-Tu involved
in this interaction. We describe a mutant form of EF-Tu, isolated in Salmonella typhimurium, that causes a
severe defect in the interaction of the ternary complex with the ribosome. The mutation causes the substitution
of Val for Gly-280 in domain II of EF-Tu. The in vivo growth and translation phenotypes of strains harboring
this mutation are indistinguishable from those of strains in which the same fuf gene is insertionally inactivated.
Viable cells are not obtained when the other fuf gene is inactivated, showing that the mutant EF-Tu alone
cannot support cell growth. We have confirmed, by partial protein sequencing, that the mutant EF-Tu is
present in the cells. In vitro analysis of the natural mixture of wild-type and mutant EF-Tu allows us to identify
the major defect of this mutant. Our data shows that the EF-Tu is homogeneous and competent with respect
to guanine nucleotide binding and exchange, stimulation of nucleotide exchange by EF-T's, and ternary complex
formation with aminoacyl-tRNA. However various measures of translational efficiency show a significant
reduction, which is associated with a defective interaction between the ribosome and the mutant EF-
Tu - GTP - aminoacyl-tRNA complex. In addition, the antibiotic kirromycin, which blocks translation by
binding EF-Tu on the ribosome, fails to do so with this mutant EF-Tu, although it does form a complex with
EF-Tu. Our results suggest that this region of domain II in EF-Tu has an important function and influences the
binding of the ternary complex to the codon-programmed ribosome during protein synthesis. Models involving

either a direct or an indirect effect of the mutation are discussed.

The prokaryotic translation factor elongation factor Tu
(EF-Tu) mediates the productive interaction of aminoacyl-
tRNA (aa-tRNA) with the ribosome. The ternary complex
EF-Tu - GTP - aa-tRNA interacts with the ribosome such
that the anticodon region of aa-tRNA is properly positioned
in the ribosomal A site on the 30S subunit, while the aa
region remains bound to EF-Tu outside the A site (43).
EF-Tu on the ribosome protects bases in the universally
conserved a-sarcin loop of 23S rRNA on the 50S ribosomal
subunit, suggesting that this may form at least part of its
ribosomal binding site (20, 44). This conclusion is supported
by data showing that a base substitution mutation in the
a-sarcin loop can affect the binding of ternary complex to the
ribosome (62). If the tRNA codon and the mRNA anticodon
in the 30S A site match, there is a high probability that the
GTP on EF-Tu will be hydrolyzed. Whether the probability
of GTP hydrolysis depends mainly on the length of time that
the ternary complex spends on the ribosome or on signals
transmitted to EF-Tu after correct codon-anticodon interac-
tion is an open question. However, after GTP hydrolysis,
EF-Tu - GDP leaves the ribosome and is recycled, via
interaction with the nucleotide exchange factor EF-Ts, to
EF-Tu - GTP and is again capable of forming a ternary
complex with aa-tRNA and participating in translation (30,
41). According to the data and model of Moazed and Noller
(43), it is only after EF-Tu - GDP has left the ribosome that
aa-tRNA is able to occupy the A site on the 50S ribosomal
subunit. Moazed and Noller (43) have proposed that this can
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provide a physical basis for how kinetic proofreading occurs
(21, 46) by showing that aa-tRNA selection in the A site is a
multistep process. There is experimental support from in
vitro translation for the kinetic proofreading of aa-tRNA
selection (53, 63). Thus, according to the model of Moazed
and Noller (43), an important function of EF-Tu is to
facilitate the possibility of codon-anticodon interactions
while at the same time preventing peptide bond formation
until after the GTP on EF-Tu has been hydrolyzed and
EF-Tu has left the ribosome.

One of the aims of current studies of EF-Tu is to under-
stand at the molecular level the relationships between its
structure and functions. The crystal structure of Escherichia
coli EF-Tu in complex with GDP reveals three distinct
domains with the guanine nucleotide bound to the N-termi-
nal domain (13, 33, 35, 47). We have studied Salmonella
typhimurium EF-Tu, which is identical in sequence to E. coli
EF-Tu with the exception of a Leu—Ile change at residue
189 (65), a residue which is not conserved (14, 38). Thus,
data on structure-function relationships should apply equally
to EF-Tus from both species. S. typhimurium, besides being
closely related to E. coli, has the advantage that each of its
two genes for EF-Tu is individually dispensable for growth
(23), facilitating mutant analysis. For reasons that are cur-
rently unclear, the E. coli tufA gene cannot be inactivated
(69).

The molecular interactions of EF-Tu with the guanine
nucleotides have been studied in most detail, but some
progress has also been made in defining the elements in-
volved in interactions with the nucleotide exchange factor
EF-Ts and with aa-tRNA. Conserved amino acid loops in the
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TABLE 1. S. typhimurium strains used in this study

Strain Genotype
TH488 .......... trpE91 hisG3720 tufA8
THS06 .......... trpE91 hisG3720 tufA8 tufB414
JTS06 ........... trpE91 hisG3720 tufA8 tufB414 argH1823::Tn10
TH19S .......... trpE91 tufA8
JT620........... trpE91 tufA8 proB1657::Tnl0
JT608 ........... trpE91 tufA8 tufB414
JT627 ........... trpE91 tufA8 tufB414 proB1657::Tnl0
JT640 . ...trpE91 tufB414 argH1823::Tnl0
JT642 . ...trpE91 tufB414
JT631 ........... trpE91 tufB414 proB1657::Tnl0
JT863 ........... trpE91 proBAl tufB441::MudJ(lacZ950::Tnl0)
JT848 ........... trpE91 proBAl tufA8 tufB414::MudJ(lacZ950::Tn10)

immediate neighborhood of the guanine nucleotide (10, 15)
were shown by mutagenesis to be involved in determining
the relative affinity of GDP and GTP for the molecule, its
hydrolysis, and the nature of the nucleotide which is bound
(2, 25, 26). EF-Ts binding is influenced by a mutation close
to the guanine nucleotide in domain I (27), but the primary
binding site for EF-Ts may be on domain III (8, 49, 56). The
binding of tRNA to EF-Tu, studied by cross-linking (16, 40,
68) and chemical protection (5, 28), indicates that residues in
domains I and II of EF-Tu interact with aa-tRNA and that
the aa moiety can be crosslinked to His-66 in domain I. In
EF-1a (the eukaryotic homolog of EF-Tu), which lacks the
equivalent of His-66 in domain I, the amino acid has been
cross-linked to the extreme edge of domain II (31). Evidence
from biochemical (11) and genetic (6, 34, 57) assays indicates
that EF-Tu interacts with the amino acid, the acceptor stem,
and the TYC helix of aa-tRNA.

Once formed, the EF-Tu - GTP - aa-tRNA complex must
interact with the ribosome. That EF-Tu is directly involved
in interacting with the ribosome is suggested by the binding
of EF-Tu - GDP to the ribosome in the presence of kirromy-
cin (70). EF-Tu, bound to the ribosome in the form EF-
Tu - GDP - aa-tRNA . kirromycin, protects bases in the
a-sarcin loop on the large ribosomal subunit against chemi-
cal attack (44); this suggests that this region of the ribosome
may be at least part of its binding site. In addition, there is
genetic evidence that EF-Tu’s interaction with the ribosome
is influenced strongly by protein S12 on the small ribosomal
subunit (7, 60, 62, 64). There is currently very little informa-
tion on the residues in EF-Tu which are important for the
interaction with the ribosome. On the basis of the area of
homology between EF-Tu and EF-G, with which it shares an
overlapping binding site on the ribosome (37, 44), one would
predict that the ribosome interaction should involve domain
I of EF-Tu, and there is evidence supporting this prediction
(48, 50). In this article, we report experiments showing that
an amino acid substitution at residue 280, a conserved
residue in a loop in domain II, disrupts ternary complex
interaction with the ribosome. The effects of the alteration
must be relatively specific to the ternary complex-ribosome
interaction because we do not detect changes in the other
molecular interactions of EF-Tu which we have tested.

MATERIALS AND METHODS

Bacterial and phage strains. The bacterial strains used in
this study are listed in Table 1. All of the strains are
derivatives of the wild-type strain S. typhimurium LT2.
Transductions were made with P22 HT105/1 int-201 (55).
The selection of the mutation studied here, tufB414, has
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been described previously (1). Briefly, beginning with strain
THA488 (which carries a kirromycin-resistant tuf4 allele and
a wild-type kirromycin-sensitive fufB gene and is thus sen-
sitive to the antibiotic), mutants resistant to kirromycin were
selected. Among these mutant strains were a number in
which the zufB gene was no longer able to support cell
growth in the absence of an active fuf4 gene. DNA sequenc-
ing of the zufB regions of these mutants identified a number
of amino acid substitutions, including the change at position
280 studied here.

The tufB414 mutation was introduced into different strains
by cotransduction with the linked marker argH1823::Tnl0,
selecting for tetracycline resistance. This marker could be
subsequently removed by a transduction selecting for argi-
nine prototrophy. The cotransduction of tufB414 into the
tufA8 background was confirmed by the appearance of a
kirromycin-resistant phenotype. The cotransduction of
tufB414 into the tufA™* background was confirmed both by
our ability to select kirromycin-resistant colonies at a high
frequency and by the appearance of a kirromycin-resistant
phenotype after the subsequent introduction of fufA8 by
transduction. We confirmed that the tufB414 mutation is
inviable by our inability to introduce fufA::MudJ alleles (23)
by cotransduction with the linked marker zhb-736::Tnl0.
The marker proB1657::Tnl0 was introduced by selection for
tetracycline resistance and used for the subsequent selection
and maintenance of F’ factors carrying the E. coli lac operon
and proAB region by selection for proline prototrophy.

Media. Media and antibiotic concentrations have been
described previously (64). Kirromycin (mocimycin) was a
gift from Gist-Brocades NV, Delft, The Netherlands.

Determinations of growth rate and suppression. Growth
rates were measured in liquid M9 salts supplemented with
glucose (0.4%, wt/vol) and tryptophan (10 mM) by inoculat-
ing 100 pul of an overnight culture into 20 ml of fresh medium
in a 300-ml flask, aerating the mixture by vigorous shaking,
and measuring the increase in optical density of the culture
as a function of time. Suppression of the #rpE9] and
hisG3720 mutations was measured as the time taken to form
colonies on M9 minimal medium agar (24). Suppression of
nonsense mutations in the lacl part of a lacIZ fusion was
determined by measuring B-galactosidase activity and nor-
malizing it to the activity from a nonmutated fusion in the
same strain (22). The translation elongation rate in vivo was
estimated by measuring the step time for B-galactosidase
synthesis after induction of a wild-type lac operon as de-
scribed by Andersson et al. (4). B-Galactosidase activity was
measured as described by Miller (42).

In vitro translation assays. EF-Tu was purified according
to the method of Leberman et al. (36) with the following
modifications. Fractions containing EF-Tu from the DEAE-
Sepharose and Ultrogel AcA44 (AcA) (Sepracor, France)
columns were not ammonium sulfate precipitated but were
instead pooled and loaded directly onto a small (10-ml)
column of Q Sepharose Fast Flow (Pharmacia) previously
washed with buffer A (DEAE) or phosphate buffer (AcA) as
appropriate. Samples from the DEAE column were washed
from the Q Sepharose by the application of buffer A con-
taining 0.4 M NaCl and loaded directly onto the AcA
column. Samples from the AcA column were washed from
the Q Sepharose by the application of a phosphate gradient
from 50 to 250 mM. The final EF-Tu-containing fractions
from the AcA column (about 20 ml) were concentrated
10-fold with Aquacid and then dialyzed against polymix
buffer containing GDP and stored at —80°C. These additional
steps with Q Sepharose have the effect of rapidly concen-
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trating the EF-Tu samples and simultaneously giving a
significantly improved purification over that achieved by the
traditional method. All other factors, components, and
chemicals for in vitro translation were purified and prepared
by the method of Ehrenberg et al. (18).

Translation assays in vitro were done at 37°C with 100-pl
volumes in polymix buffer (final ion concentrations as fol-
lows: 5 mM magnesium acetate, 0.5 mM CaCl,, 95 mM KCl,
5 mM NH,Cl, 8 mM putrescine, 1 mM spermidine, 5 mM
potassium phosphate [pH 7.3], and 1 mM dithioerythritol).
To assay translation elongation, two separate mixes of
components were prepared on ice: an initiation mix (70S
mix) and a factor mix. Each mix was prepared with appro-
priate volumes of water, 10X polymix buffer, 20X potassium
phosphate, and 50X dithioerythritol to balance the final
polymix buffer. The 70S mix contained (per 50 nl) 10 pmol of
active ribosomes, 20 wg of poly(U), and [*H]NAc (N-acetyl-
Phe-tRNAT™) in a 30% excess over the total number of 70S
ribosomes. The factor mix contains (per 50 pl) 10 pl of A/P
(10 mM ATP and 100 mM phosphoenolpyruvate in water at
pH 7.0), pyruvate kinase (5 pg), myokinase (0.3 pg),
[**C]Phe (30 nmol), Phe synthetase (100 U), tRNAF" (250
pmol), EF-Tu (600 pmol), EF-G (250 pmol), and EF-Ts (150
pmol). All translation experiments were carried out by the
methods and principles detailed by Ehrenberg et al. (18) and
Bohman et al. (9), with the exception of the variations noted
below. After the EF-Tu - GDP concentration was measured
by a nucleotide exchange assay (18, 19), different prepara-
tions were routinely compared by gel electrophoresis and
quantified with an LKB-Pharmacia laser densitometer.
Translation assays as a function of kirromycin concentration
were carried out as described by Hughes (23). The ability of
kirromycin to bind EF-Tu on ribosomes was assayed by
measuring the translation rate at fixed amounts of EF-Tu (30
pmol) and kirromycin (100 pmol) and with a titration of
active ribosomes from 30 down to 1 pmol (from approxi-
mately 3-fold over to 10-fold under the concentration of
kirromycin-sensitive EF-Tu). The translation incubation
times were from 15 to 120 s for EF-TuA8 B* and from 20 to
25 s for EF-TuA8 B414 to obtain precipitable poly(Phe)
chains of 20 to 25 amino acids. Other components were
present in nonlimiting amounts. Measurements of the
k../K,, of the interaction of the ternary complex with the
ribosome were made as described by Tubulekas et al. (64).
Briefly, we measured the rate of translation of poly(U) as a
function of the amount of EF-Tu (titrated from 20 to 600
pmol) in a 100-pl translation cocktail containing 10 pmol of
active ribosomes and an excess of all other components to
achieve a maximal elongation rate. Reaction times were
from 4 to 20 s to obtain precipitable poly(Phe) chains of 15 to
24 amino acids. The assay of translation rate as a function of
aa-tRNAFP® concentration was done as described by Tapio
et al. (59). Briefly, the translation rate as a function of the
amount of Phe-tRNAF™® (titrated from 100 to 2,000 pmol)
was measured at small and rate-limiting amounts of EF-Tu
(15 pmol) and ribosomes (50 pmol, of which about 25% was
active in translation). The reaction times were varied from 10
to 20 s to obtain precipitable poly(Phe) chains of about 20
amino acids. Nucleotide exchange on EF-Tu by EF-Ts was
stimulated as described by Tapio et al. (59).

EF-Tu - GTP - aa-tRNA™™* complex formation. The ability
of EF-Tu preparations to form a ternary complex with
aa-tRNA was assayed by a nondenaturing polyacrylamide
gel electrophoresis (PAGE) system. The details of this
method were developed by N. Bilgin, T. Gluick, and M.
Ehrenberg, Department of Molecular Biology, Uppsala Uni-
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versity (7a). The electrophoresis buffer consisted of 50 mM
Tris-HCI (pH 6.5), 10 mM Mg acetate, 65 mM NH, acetate,
1 mM disodium EDTA, 10 @M GTP, and 1 mM dithioeryth-
ritol. The vertical slab gels (5 mm thick by 20 cm long) were
made with electrophoresis buffer containing 5% acrylamide-
bisacrylamide (19:1), 1 mg of ammonium persulfate per ml,
and 8.3 mM TEMED (N,N,N’',N'-tetramethylethylenedi-
amine). The gels were prerun for 90 min at 40 mA and 100 V
and after sample loading were run for a further 3 h at 60 mA
and 150 V (with fresh buffer and a further buffer change
during the run). Electrophoresis was performed in a cold
room (4°C) with fan cooling and buffer circulation. Each
sample was prepared as a 50-pl translation factor mix (18)
containing 200 pmol of EF-Tu, from 0 to 300 pmol of
tRNAP" and no EF-Ts or EF-G. This mix was incubated at
37°C for 10 min (during which the tRNA was fully charged
and the ternary complex formed) and cooled on ice, and then
20 pl was immediately applied to the gel after the addition of
0.1 volume of 50% glycerol in water with a dash of bromo-
phenol blue as a marker. The remainder of each sample was
used to measure tRNA charging levels. The gels were fixed
and stained for 20 min in 40% methanol-10% acetic acid-
0.1% Coomassie brilliant blue. The gels were destained in
12% 2-propanol-5% acetic acid and air dried in a frame
between two cellophane sheets. For relative quantification,
the gels were scanned with an LKB-Pharmacia laser densi-
tometer.

Protein sequencing. Cyanogen bromide (CNBr) fragments
of EF-Tu (3,000 pmol) were electrophoresed and transferred
by blotting onto a polyvinylidine difluoride membrane as
described by Matsudaira (39). The fragment containing po-
sition 280 (29) was extracted from the membrane and directly
loaded into the sequencing machine. Automated amino acid
sequencing was performed on an Applied Biosystems 477A
Protein Sequencing System equipped with an on-line 120A
phenylthiohydantoin analyzer.

RESULTS

We have isolated and sequenced a series of spontaneous
mutations in S. typhimurium tufB which cause single amino
acid substitutions individually lethal to some essential func-
tion of EF-Tu (1). A mutation was defined as lethal if no
viable cells with an insertionally inactivated tuf4 in the
presence of the fufB mutation could be isolated. Neither aufA4
nor tufB is individually essential for viability in S. typhimu-
rium, and either one can be inactivated by Mud insertions
(23). In this study, we investigated the functional basis of the
lethality of one of these mutations, Gly-280—Val, which is a
mutation at a conserved position in a loop in domain II of
EF-Tu (Fig. 1).

Phenotypes of tufB414 in vive. The mutation tufB414 was
initially isolated on the basis that it conferred a kirromycin-
resistant phenotype on TH488 (a strain which already har-
bored a kirromycin-resistant and error-prone allele of fuf4
and a wild-type copy of mufB and is thus sensitive to the
antibiotic). It was noted that tuf48-mediated suppression of
both a nonsense mutation (hisG3720) and a frameshift mu-
tation (¢rpE91) present in the strain was reduced, as judged
by colony growth in the absence of the appropriate amino
acid. An obvious possibility was that suppression was re-
duced because of an increased efficiency of termination by
release factors competing against a reduced amount of active
EF-Tu. To quantify these effects and extend our analysis, we
constructed strains carrying lac operon constructs which
facilitate the measurement of nonsense read-through and
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FIG. 1. Ribbon diagram of the X-ray crystallographic structure
of a mildly trypsinized form of EF-Tu - GTP lacking amino acids 45
to 58, based on the model of Clark et al. (13). The domains of EF-Tu
referred to in the text are labelled I, II, and III. The approximate
positions of the amino acid substitution mutations referred to in the
text (Gly-280—Val and Gly-222—Asp [Bo]), the site of cross-linking
of the amino acid on aa-tRNA (His-66), and the site of the guanine
nucleotide (GDP) are indicated.

translation elongation rate (see Materials and Methods). In
addition, we measured the growth rates of these strains. As
a useful comparison, we measured each of these parameters
for strains carrying a MudJ-inactivated fufB gene. The
results of these measurements were that all three parameters
(growth rate, step time for B-galactosidase synthesis [elon-
gation rate], and nonsense read-through) were reduced sig-
nificantly and to equivalent degrees by the fufB mutation in
each set of strains (Table 2). Thus, the zufB414 mutation, in
both the mfA* and tufA8 backgrounds, has an in vivo
phenotype which is similar to that of an insertionally inacti-
vated fufB gene.

The mutant species EF-TuB Val-280 is present. We con-
firmed that the mutant EF-Tu was present in vivo by
purifying EF-Tu from a tuf4* tufB414 strain and sequencing
the relevant part of the protein. EF-Tu was cleaved with
cyanogen bromide and blotted onto polyvinylidine difluo-
ride, and the relevant fragment was excised and sequenced
as described in Materials and Methods. The amino acid
sequence was as expected for this part of the protein (29) and

TABLE 2. Growth rate, translation elongation rate, and nonsense
read-through phenotypes of rufB414

Suppression

(10% at UGA  Elongation

. . A Growth rate

Strain Genotype codon®: §2ln;l;;:) (doublings/h)
189 220

JT619 tufd* tufB* 18.9 66.0 13.1 1.31
JT620 tuf48 tufB* 76.7 139.8 13.1 1.18
JT631 tufd* tufB414 73 326 10.7 1.08
JT627 tufA8 tufB414 353 581 9.3 0.83
JT863 tufA* tufB::MudJ 6.4 30.0 10.5 1.20
JT848 tufA8 tufB::MudJ 40.0 80.0 10.2 0.88

2 Nonsense read-through at position 189 or 220 in the lacl part of a lacIZ
fusion on an F’ factor. Suppression is measured in arbitrary units, as defined
by Miller (42).
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showed the presence of both Gly and Val at position 280
(Fig. 2). This confirms that both EF-Tu species were present
in the cells and in the preparations we used for in vitro
translation analysis. The ratio of Gly to Val at position 280 in
our protein preparations, as estimated from protein sequenc-
ing, was approximately 10:6. This estimate is derived from
the increase in the area of each of the amino acid peaks
compared with the area of the same peak in the previous
sequencing cycle (thus, the peak sizes in Fig. 2 are not
representations of the amount of each amino acid at that
position in the protein). We performed control experiments
to show that our sequencing result is from a pure fragment
and is not contaminated by other peptides from EF-Tu. The
sequencing reaction gives results which are more qualitative
than quantitative, and our primary purpose in this experi-
ment was to confirm the existence of both types in our
preparation. However, our estimate that approximately one-
third of the EF-Tu is the mutant EF-TuB species is in
agreement with a variety of data showing that the amount of
tufB product in E. coli and S. typhimurium is normally close
to one-third of the total EF-Tu (3, 23, 51, 67).

In vitro characterization of the fufB414-encoded EF-TuB
Val-280. The rufB414 mutation cannot support cell growth in
the absence of an active tuf4 gene, so we did all of our
assays with the natural mixture of A and B EF-Tu species.
This has the disadvantage that in each assay we measured a
change in the magnitude of a signal against a background of
active EF-TuA. Conversely, however, using the natural
mixture of A* and B414 has the advantage of providing an
internal control for the activities of our EF-Tu preparations.

EF-Tu concentration determination by nucleotide exchange.
The concentration of EF-Tu - GDP preparations was mea-
sured by a nucleotide exchange assay (19) in which [?’H]GDP
released from EF-Tu in the absence of EF-Ts is enzymati-
cally converted into [*H]GTP. The ratios of the nucleotides
as a function of time are then measured after thin-layer
chromatography and scintillation counting. The experiment
is run in two halves, with and without a known amount of
extra cold GDP. The EF-Tu concentration is determined as
described in detail by Ehrenberg et al. (19). Concentrations
determined by this method (for various preparations of
wild-type and mutant EF-Tu) were tested for their protein
content by sodium dodecyl sulfate (SDS)-PAGE and
Coomassie blue staining followed by quantification by laser
densitometry (see Materials and Methods). We used as a
standard an EF-Tu preparation whose concentration was
also independently measured by amino acid analysis. For
each of the preparations of EF-Tu tested, there was a very
good correlation between the two methods. Figure 3 shows
the results of a typical experiment, in which the concentra-
tions estimated from nucleotide exchange assays (Fig. 3A
and B) were used to apply equal amounts of EF-Tu for
SDS-PAGE (Fig. 3C), which was followed by densitometric
quantification, which revealed no significant difference.
These EF-Tu preparations are fully active in GDP binding.
The slope of the lines in Fig. 3A and B is the spontaneous
exchange-and-dissociation rate of GDP on EF-Tu (K,). The
K, values of each of these EF-Tu preparations are identical
and are very close to the published wild-type value of 0.011
s™! (52). Furthermore, the slopes for each EF-Tu prepara-
tion are monophasic, showing that there is no heterogeneity
with respect to the exchange rate of GDP. We conclude that
EF-Tu Val-280 is fully competent in GDP binding and has a
normal spontaneous dissociation rate.

Stimulation of nucleotide exchange on EF-Tu by EF-Ts. The
stimulation of the spontaneous nucleotide exchange rate on
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FIG. 2. Amino acid sequence analysis of a cyanogen bromide-generated fragment showing that at the expected position (20 min) both the
wild-type Gly and the mutant Val are present. The two large peaks are internal standards.

EF-Tu by EF-Ts was measured in a nucleotide exchange
assay as described by Tapio et al. (59). The concentration of
EF-Ts was 1.2 pmol per 100-pl assay mixture, and the
amount of EF-Tu was varied from 0 to 1,000 pmol. No
significant differences between the stimulation of nucleotide
exchange on wild-type EF-Tu and that on the wild-type/
mutant (fufd* tufB414) species of EF-Tu were observed
(Fig. 4). We conclude that EF-Ts can stimulate the exchange
of guanine nucleotide on both mutant EF-Tu and wild-type
EF-Tu.

EF-TuB Val-280 binds kirromycin. We used the method of
Anborgh et al. (3) to test whether EF-TuB414 can bind
kirromycin. Briefly, the natural mixture of EF-TuAS8 (kirro-
mycin resistant) and EF-TuB414 was incubated with kirro-

mycin and chromatographed as described previously (3), and
the fractions from the column were tested for the presence of
EF-Tu and kirromycin. Under the experimental conditions
used, EF-Tu - GDP in complex with kirromycin is retarded
on the column and elutes as a separate peak from the
kirromycin-resistant EF-Tu - GDP (3). From our EF-Tu
mixture, we obtained two separate peaks which clearly
indicated that EF-TuB414 binds kirromycin and that it elutes
at the same position as wild-type kirromycin-sensitive
EF-Tu (Fig. 5). In control experiments, wild-type EF-Tu
elutes as a single peak at either of two positions, depending
on the presence or absence of kirromycin. In contrast, pure
EF-TuAS8 elutes as a single peak at one position irrespective
of whether kirromycin is present. From the peak areas, we

EF-TuA/EF-TuB414 C a. b.

g -extra GDP
® +extra GDP

A wild type EF-Tu B
0
[-8
-
g 17
+
-8
o
T}
a -2
[=]
G
[
L
’3 M T v T v T v T v ¥ v 1 v '4
0 20 40 60 80 100 120 140 0

Time (sec)

T v T v T v
50 100 150 200
Time (sec)

FIG. 3. Determination of EF-Tu concentration by nucleotide exchange assay for EF-Tu isolated from mutant (fuf4* tufB*) (A) and
wild-type (fufd* tufB414) (B) strains. (C) Two hundred fifty picomoles of each of these EF-Tu preparations, as determined by the nucleotide
exchange assay (18, 19), was electrophoresed. Lanes: a, wild-type strain (fuf4* rufB*); by, mutant strain (fufd* tufB414). Quantification of
the EF-Tu bands by laser densitometry revealed no difference in amount.
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FIG. 4. Stimulation of the nucleotide exchange rate on EF-Tu by
EF-Ts. The dissociation rate constants for the release of GDP from
EF-Tu in the absence (K,) and in the presence (K) of EF-Ts were
measured and calculatedp as described by Ruusala et al. (52) and
Tapio et al. (59). The [Ts}/(K — K,) ratio is plotted as a function of
[Tu].

were able to measure the relative amounts of each of the
EF-Tu species. Measurements of several different prepara-
tions of EF-TuA8 B414 and EF-TuA8 B* indicated that
about 30% of each preparation is EF-TuB, in agreement with
the protein sequencing data.

Kirromycin does not immobilize EF-TuB Val-280 on ribo-
somes. EF-Tu purified from JT642 (tufA™ tufB414) and the
kirromycin-resistant strain JT608 (tuf48 rufB414) was used
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FIG. 5. Chromatography on DEAE-Q Sepharose Fast Flow of
EF-TuA8 B414 in the presence ([J) and absence (@) of kirromycin
by the method of Anborgh et al. (3). The Ay of the protein in
column fractions was measured spectrophotometrically by the Brad-
ford (12) assay. The A5 of kirromycin was measured. In the
absence of kirromycin, EF-Tu elutes as a single peak. In the
presence of kirromycin, EF-Tu separates into two peaks and kirro-
mycin coelutes with the second (smaller) peak, which can thus be
identified as EF-TuB414.

Poly-Phe synthesis.
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FIG. 6. Poly(Phe) synthesis as a function of the amount of
kirromycin. (a) Symbols: &, EF-TuA* B*; ¢, EF-TuA* B414. (b)
Symbols: [, EF-TuA8 B*; ¢, EF-TuA8 B414. In panels a and b, the
results are normalized to a 0 pM kirromycin concentration for the
EF-TuB* preparation set at 100%. (c) Translation at fixed EF-Tu
and kirromycin concentrations with a titration of active ribosomes
(Rib.) from 10-fold under to approximately 3-fold over the concen-
tration of kirromycin-sensitive EF-Tu. Symbols: [, EF-TuA8 B*;
@, EF-TuA8 B414.

to support translation in vitro in the presence of different
amounts of kirromycin. Translation was carried out with an
excess of active ribosomes over EF-Tu so that EF-Tu
blocked on ribosomes by kirromycin (70) would not prevent
other EF-Tu molecules from participating in translation (23).
As controls, pure wild-type and pure kirromycin-resistant
EF-Tu preparations were also used in these experiments.
The results (Fig. 6a and b) show that the EF-TuA* B414
preparation responds to kirromycin as a pure sensitive
population, whereas the EF-TuA8 B414 preparation re-
sponds as a pure resistant population. Thus EF-TuB414 has
no phenotype in this experiment except to reduce the overall
amount of protein synthesis. Given that we know, on the
basis of protein sequencing and column chromatography,
that the EF-TuB414 species is present, we conclude that it
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FIG. 7. In vitro translation as a function of the concentrations of
wild-type EF-TuA* B* () and the natural mixture of wild-type and
mutant EF-TuA* B414 (@). Experimental details are described in
Materials and Methods and in a previous report by Tubulekas et al.
(64).

)
1.4 1,6

does not detectably participate in translation in vitro, al-
though it does bind kirromycin.

We tested whether EF-TuB414 is bound on ribosomes by
kirromycin, using translation assays as described above but
with a ribosome titration at fixed EF-Tu and kirromycin
concentrations (see Materials and Methods). Under these
conditions, wild-type kirromycin-sensitive EF-Tu is bound
on ribosomes and does not significantly contribute to protein
synthesis. As the ribosome concentration is lowered below
the concentration of EF-Tu, this sensitive EF-Tu population
competes with the active kirromycin-resistant EF-Tu for
ribosomes and progressively prevents it from participating in
protein synthesis. We compared the effects on translation of
mixtures containing the kirromycin-resistant EF-TuA8 and
either wild-type EF-TuB or the mutant EF-TuB414. The
results (Fig. 6c) clearly show that EF-TuB414 does not
inhibit translation under conditions of ribosome limitation,
indicating that it is not bound on the ribosome by the
antibiotic. The small difference in the translation rates sup-
ported by each preparation is due to a small difference in the
amount of EF-Tu used.

Kinetics of the interaction between the ternary complex and
the ribosome. We have determined the k,/K,, ratio of the
interaction between wild-type ribosomes and EF-Tu species
isolated from mufA* tufB* or tufA* tufB414 strains. The
translation rate in this type of experiment is strictly limited
by the concentration of EF-Tu and the efficiency of its
interaction in the ternary complex with ribosomes (all other
components, including aa-tRNA, are present in a vast ex-
cess). The results presented in Fig. 7 show that the mixed
EF-Tu population (A* B414) has a k_,/K,, ratio about 30%
lower (average of five experiments) than that of the pure
wild-type EF-Tu. The degree of k., /K, reduction, taken in
the context of the relative amounts of mutant and wild-type
EF-Tu in the preparation, indicates complete (or nearly
complete) inactivity in translation associated with EF-TuB
Val-280. A reduced k_, /K, ratio for the ternary complex-
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FIG. 8. In vitro translation as a function of the concentrations of
Phe-tRNAP"® with wild-type EF-TuA* B* (@) and the natural
mixture of wild-type and mutant EF-TuA* B414 (@). Experimental
details are described in Materials and Methods and in a previous
report by Tapio et al. (59).

ribosome interaction is compatible with the reduced growth
and elongation rates seen in vivo. Our interpretation of this
experiment is that the mutant ternary complex is defective in
its interaction with the ribosome. However, an alternative
possibility is that the formation of the ternary complex is
defective because of a poor interaction between EF-Tu and
aa-tRNA (this would give the same result as that shown in
Fig. 7). To test for this possibility, we performed the
experiments on the EF-Tu interaction with aa-tRNA detailed
in the next two sections.

Interaction between EF-Tu and aa-tRNAP"® during in vitro
translation. We asked whether the mutant EF-Tu was inac-
tive in translation because of a defect in its interaction with
aa-tRNA. To test this, we performed a translation assay with
10 pmol of active ribosomes, rate limited by the amount of
EF-Tu (15 pmol), and with varying amounts of aa-tRNA"®
in the range of 100 to 2,000 pmol. If the mutant EF-Tu is
defective in forming the ternary complex, its activity should
be enhanced at higher aa-tRNA concentrations. Thus, our
expectation was that the lines would converge at high
aa-tRNA concentrations if the defect was compensated by
excess aa-tRNA. On the basis of the slopes of the lines in
Fig. 8, we conclude that there is no significant difference
between the different EF-Tu species in their interactions
with aa-tRNA. Both the k. /K, ratio and the k., for
translation are lower with the mutant EF-Tu mixture, as in
the previous experiment. In a control experiment (data not
shown) using only 50% of the normal amount of wild-type
EF-Tu, we plotted a line parallel to and slightly below that
seen with the natural mutant/wild-type mixture. This again is
consistent with the mutant EF-Tu making up only 30% of the
EF-Tu mixture. We conclude that excess aa-tRNA cannot
compensate for the mutant EF-Tu defect in translation and
thus that this defect is unlikely to be due to low efficiency in
forming a complex between aa-tRNA and EF-Tu. However,
this conclusion would not be valid if the defect in ternary
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complex formation were so severe as to almost completely
prevent the interaction. In other words, if it had been
necessary to titrate aa-tRNA to much higher concentrations
than we had titrated it to before the defect was overcome, we
might have obtained the result shown in Fig. 8. To test this
possibility, we performed a physical assay of the ability of
the mutant EF-Tu to form the ternary complex with GTP and
aa-tRNA as detailed in the next section.

Interaction between EF-Tu and aa-tRNA™™ by native
PAGE. We performed a physical assay of the ability of the
mutant EF-Tu to form a ternary complex with aa-tRNA
(using a method developed by N. Bilgin, T. Gluick, and M.
Ehrenberg [7a] [see Materials and Methods]). Complexes
were formed in solution with a constant amount of EF-Tu
and a titration of aa-tRNA applied to gels and electrophore-
sed under nondenaturing conditions, and we analyzed the
results by densitometry. The gels shown in Fig. 9A and B are
typical, and the densitometric data from these gels plotted in
Fig. 9C reveal no significant difference in the abilities of the
wild-type EF-Tu and the mutant/wild-type EF-Tu mixture to
form ternary complexes. Both curves plateau at the same
level, corresponding to 200 pmol of EF-Tu, indicating that all
of the input EF-Tu is in a complexed form. Control experi-
ments show that complex formation is absolutely dependent
on aa-tRNA and on GTP. Thus, the translation defect
associated with EF-TuB Val-280 in vitro is not due to an
inability to form a complex with aa-tRNA. Furthermore,
complex formation in this assay proceeds with the same
kinetics for wild-type and wild-type/mutant EF-Tu species.
We conclude from this experiment that our EF-Tu prepara-
tions are fully active in binding aa-tRNA. These results,
showing no obvious defect in the EF-Tu-aa-tRNA interac-
tion, allow us to make a clear interpretation of the k,,/K,,
reduction in Fig. 7 as being due to a reduced efficiency of
interaction between the mutant ternary complex and the
ribosome.

EF-TuB Val-280 does not influence translational errors in
vitro. We have measured missense error in vitro (data not
shown) for the natural mixtures of wild-type EF-TuA* and
EF-TuB Val-280 and of error-prone EF-TuA8 and EF-TuB
Val-280 in parallel with pure wild-type and pure error-prone
EF-Tu. Translational accuracy in this assay is very sensitive
to perturbations, yet we measured in each natural mixture
only the error level typical of the wild-type or error-prone
EF-TuA species alone (23). Thus, EF-TuB Val-280 does not
influence the error level of the other EF-Tu.

GTP hydrolysis during ternary complex-ribosome interac-
tion. The data presented in the previous sections show that
the mutant EF-TuB Val-280 is competent and apparently
normal with respect to its interactions with the guanine
nucleotides, EF-Ts, and aa-tRNA. By elimination, and as
shown by the assays of the ternary complex-ribosome inter-
action (reduced k,/K,, ratio and failure to block translation
when complexed with kirromycin), this suggests that the
defect of EF-TuB Val-280 in translation is related to its
inability to interact productively with ribosomes. We per-
formed another assay of the interaction of the mutant EF-Tu
species with the ribosome by measuring the hydrolysis of
GTP on EF-Tu associated with this interaction. We used the
method developed by Ehrenberg et al. (18, 19) to measure
the amount of GTP hydrolyzed on EF-Tu per peptide bond
formed. This assay uses a translation elongation system that
is complete except for the absence of EF-Ts. Thus, upon
mixing, preformed ternary complexes take part in an initial
rapid burst of translation and GTP hydrolysis followed by a
very slow translation phase rate limited by the spontaneous
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FIG. 9. Formation of a complex between EF-Tu and Phe-
tRNAPP® visualized by nondenaturing PAGE. (A) Wild-type EF-
TuA* B*; (B) natural wild-type/mutant mixture of EF-TuA* B414.
The amount of EF-Tu in each lane was 200 pmol, and Phe-tRNAF"®
was titrated from 0 to 300 pmols (amounts shown below lanes). (C)
Plot of densitometric data for formation of ternary complex derived
by scanning gels A and B.

nucleotide exchange rate on EF-Tu in the absence of EF-Ts.
The intrinsic GTPase level of EF-Tu (which is enhanced in
some EF-Tu mutants although not detectably in EF-TuB
Val-280) is taken into account and subtracted as a back-
ground level. In the first few seconds of this assay, there is
an initial burst of protein synthesis during which virtually all
the GTP bound to the EF-Tu - aa-tRNA complex during
preincubation is hydrolyzed. Our results with wild-type
EF-Tu indicate that almost all of the GTP on EF-Tu (approx-
imately 500 pmol) is hydrolyzed in this burst, with the
concomitant synthesis of 300 pmol of poly(Phe). In contrast,
an equivalent amount of the natural mixture of mutant and
wild-type EF-Tu hydrolyzed approximately 400 pmol of
GTP, and 250 pmol of poly(Phe) was synthesized. Thus, the
levels of both GTP hydrolysis and poly(Phe) synthesis
associated with the ternary complex-ribosome interaction
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are approximately 20% lower for the wild-type/mutant mix-
ture than for the wild type. This difference, although small,
is reproducible. The maximum difference we expect if the
mutant EF-TuB Val-280 is completely inactive in interacting
with ribosomes is 30% on the basis of the amount of EF-TuB
and the magnitude of the R-factor reduction for the ternary
complex-ribosome interaction. We conclude that under the
conditions of this assay, the ternary complex with the
mutant EF-TuB Val-280 fails in most cases to interact with
ribosomes, resulting in GTP hydrolysis. This result, showing
reduced GTP hydrolysis, the k_,/K,, reduction, and the
failure of kirromycin-bound mutant EF-Tu to inhibit trans-
lation, is consistent with the translation defect caused by
EF-TuB Val-280 being in the interaction of the ternary
complex with ribosomes.

DISCUSSION

In this article, we have presented data showing that a
single amino acid substitution in domain II of EF-Tu, Gly-
280—Val, abolishes or severely reduces the activity of
EF-Tu in translation. The severe effect of this mutation,
tufB414, in vivo is similar to that of insertional inactivation
of the same gene. Because of the inviability of strains with
tufB414 as the only active tuf gene, we have done all of our
in vitro experiments with EF-Tu purified from strains which
also carry an active tuf4 gene. Doing in vitro experiments
with the natural mixture of EF-TuA and EF-TuB414 (our
measurements show that about 30% of the mixture is EF-
TuB414) means that we can identify the gross defects caused
by this mutant but cannot exclude the possibility that there
are additional defects of smaller magnitude in other interac-
tions. We have shown that the disruptive effect of the
mutation is associated with the ternary complex-ribosome
interaction in vitro. However, mutant EF-TuB Val-280 is
active and indistinguishable from wild-type EF-Tu in binding
and exchanging guanine nucleotides, in stimulation of nucle-
otide exchange by EF-Ts, and in forming complexes with
aa-tRNA. Results of three different in vitro assays are
consistent with the mutant EF-Tu having a defect which
severely reduces or abolishes productive ternary complex-
ribosome interactions. The assay of the ternary complex-
ribosome interaction, under conditions where the amount of
EF-Tu strictly limits the rate of translation, shows little or no
translation activity associated with the mutant. The assay of
translation in the presence of kirromycin shows that the
mutant EF-Tu is not bound on the ribosome by kirromycin,
although it does bind the antibiotic. Finally, most of the GTP
on the mutant EF-Tu remains unhydrolyzed during an assay
of peptide bond formation.

Other data suggest the involvement of domain II of EF-Tu
in the ternary complex-ribosome interaction. A mutation
isolated in the E. coli tufB gene, tufB0 (Gly-222—Asp) (17,
66) probably has a major effect on the correct interaction of
the ternary complex with ribosomes (58). In vitro translation
experiments suggest that this mutant also is inactive in
translation (61) except at high, nonphysiological magnesium
concentrations, at which a defect in binding to ribosomes is
overcome (58). Together, the data on the Gly-222 and
Gly-280 mutants support the suggestion that domain II of
EF-Tu has a role in the ternary complex-ribosome interac-
tion.

It is worth pointing out that the normal interaction is one
of the ternary complex (rather than EF-Tu) with ribosomes
and that when EF-Tu dissociates from aa-tRNA it also
leaves the ribosome. There is no a priori reason to assume a
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direct EF-Tu-ribosome interaction. In principle, the inter-
actions might all be dictated by the bound aa-tRNA mole-
cule. An indication that in the ternary complex EF-Tu itself
is directly involved in interacting with ribosomes is that it
has a region of homology (in domain I) with EF-G, a factor
which interacts directly with ribosomes. The GTPase activ-
ity of the isolated domain I of E. coli EF-Tu is activated by
70S ribosomes (48), while tryptic cleavage or enzymatic
modifications to this region of either factor (EF-Tu/EF-1a or
EF-G/EF-2) can interfere with the ribosome interaction in
each case (32, 45, 50, 54), and each factor, when stabilized
on ribosomes by an antibiotic, provides an overlapping
pattern of protection of 23S rRNA against chemical and
enzymatic attack (44). In summary, these data, although
often based on gross alterations to the protein, support the
expectation, based on homology, that domain I of EF-Tu
contains a region involved in interacting with ribosomes.

Our data and those of Swart et al. (58) suggest that, in
addition to a domain I-ribosome interaction, domain II is
involved, either directly or indirectly, in the ternary com-
plex-ribosome interaction. We shall present here alternative
models which could describe in general terms this interac-
tion and how it might be disrupted by the domain II
mutations in EF-Tu.

Direct interactions. EF-Tu may have temporally and spa-
tially different interactions with ribosomes. For example, an
initial interaction (possibly involving domain II) leading to
codon-anticodon interaction might be followed by a second
interaction (involving domain I and the a-sarcin region of the
50S subunit) leading to GTPase and the subsequent dissoci-
ation of EF-Tu - GDP from the ribosome. Arguing against
multiple sites on ribosomes at which EF-Tu-ribosome inter-
actions occur are rRNA protection experiments (43, 44)
which do not detect any EF-Tu-mediated protection outside
of the a-sarcin region. However, these experiments depend
on freezing EF-Tu on ribosomes by using kirromycin and
hence binding the GDP form of EF-Tu, and thus they do not
provide information on the initial interaction of the ternary
complex with ribosomes. Furthermore, these experiments
would not necessarily have detected protein-protein interac-
tions. An alternative model for a direct interaction is that
EF-Tu in the ternary complex may have a conformation
which brings regions of domains I and II close together so
that they form, in essence, one hybrid EF-Tu site for
interaction with the ribosome. Suggestive of this possibility
is the cross-linking of the aa moiety of aa-tRNA to domain I
in EF-Tu (16) and to domain II in EF-1a (31). A reasonable
prediction from each of the direct-interaction models is that
it should be possible to select compensating mutations with
alterations in the ribosome.

Indirect effects. The domain II mutation may exert an
indirect effect by altering the tertiary structure of EF-Tu
such that the interaction of domain I with the ribosome is
severely affected. Given the position of the mutation in a
loop at the edge of domain II (like the Gly-222 mutation) this
seems unlikely, but it cannot be ruled out with the present
data. A more likely alternative for indirect effects is sug-
gested by the recent results of Kinzy et al. (31) who made
extensive cross-links between EF-la and several aa-tRNAs
and used the data to model the interaction between the EF
and the aa-tRNA. According to their model, the domain II
mutations are each very close to the 5’ and 3’ ends of the
tRNA molecule. If this model is correct, it seems reasonable
that local changes in domain II might have a direct influence
either on the conformation of the bound aa-tRNA, affecting
its ability to interact with the codon-programmed ribosome,
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or on the stability of the EF-Tu - aa-tRNA complex on the
ribosome, affecting the probability that aa-tRNA will disso-
ciate from the ribosome. A prediction of this model is that
the perturbations in the ternary complex might cause mea-
surable differences in the constants of binding of aa-tRNA
with EF-Tu - GTP. Clearly, more data on the structure of
the ternary complex and experiments using only the mutant
EF-Tu would be useful in evaluating these models.

ACKNOWLEDGMENTS

This work was supported by grants from the Swedish Natural
Science Research Council to D. Hughes and to C. G. Kurland and
from the Swedish Cancer Society to C. G. Kurland.

We thank Nese Bilgin, Tom Gluick, and Mins Ehrenberg for
allowing us to use their nondenaturing PAGE method prior to
publication. We also thank Ake Engstrom for running the amino
acid sequencing reactions, Méns Ehrenberg for frequent useful
advice on in vitro translation assays, Nese Bilgin for suggesting
helpful modifications to the EF-Tu purification protocol, and Barbro
Wiklund for excellent technical assistance in purifying EF-Tu.
Tarmo Ruusala, Méns Ehrenberg, and C. G. Kurland are thanked
for their helpful and critical reading of the manuscript.

REFERENCES

1. Abdulkarim, F., T. M. F. Tuohy, R. H. Buckingham, and D.
Hughes. 1991. Missense substitutions lethal to essential func-
tions of EF-Tu. Biochimie 73:1457-1464.

2. Anborgh, P. H., R. H. Cool, F. Giimiisel, K. Harmark, E.
Jaquet, A. Weijland, M. Y. Mistou, and A. Parmeggiani. 1991.
Structure-function relationships of elongation factor Tu as stud-
ied by mutagenesis. Biochimie 73:1051-1059.

3. Anborgh, P. H., G. W. M. Swart, and A. Parmeggiani. 1991.
Kirromycin-induced modifications facilitate the separation of
EF-Tu species and reveal intermolecular interactions. FEBS
Lett. 292:232-236.

4. Andersson, D. 1., K. Bohman, L. A. Isaksson, and C. G.
Kurland. 1982. Translation rates and misreading characteristics
of rpsD mutants in Escherichia coli. Mol. Gen. Genet. 187:467—
472.

5. Antonsson, B., and R. Leberman. 1984. Modification of amino
groups in EF-Tu - GTP and the ternary complex EF-Tu -
GTP . valyl-tRNA. Eur. J. Biochem. 141:483-487.

6. Baron, C., and A. Biock. 1991. The length of the aminoacyl-
acceptor stem of the selenocysteine-specific tRNAS®® of Esch-
erichia coli is the determinant for binding to elongation factors
SELB or Tu. J. Biol. Chem. 266:20375-20379.

7. Bilgin, N., F. Claesens, H. Pahverk, and M. Ehrenberg. 1992.
Kinetic properties of E. coli ribosomes with altered forms of
S12. J. Mol. Biol. 224:1011-1027.

7a.Bilgin, N., T. Gluick, and M. Ehrenberg. Unpublished data.

8. Blumenthal, T., J. Douglass, and D. Smith. 1977. Conforma-
tional alteration of protein synthesis elongation factor EF-Tu by
EF-Ts and by kirromycin. Proc. Natl. Acad. Sci. USA 74:3264—
3267.

9. Bohman, K., T. Ruusala, P. C. Jelenc, and C. G. Kurland. 1984.
Kinetic impairment of restrictive streptomycin-resistant ribo-
somes. Mol. Gen. Genet. 198:90-99.

10. Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The
GTPase superfamily: conserved structure and molecular mech-
anism. Nature (London) 349:117-127.

11. Boutorin, A. S., B. F. C. Clark, J. P. Ebel, T. A. Kruse, H. U.
Petersen, P. Remy, and S. Vassilenko. 1981. A study of the
interaction of Escherichia coli elongation factor-Tu with ami-
noacyl-tRNAs by partial digestion with cobra venom ribonucle-
ase. J. Mol. Biol. 152:593-608.

12. Bradford, M. M. 1976. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of dye-binding. Anal. Biochem. 72:248-254.

13. Clark, B. F. C., M. Kjeldgaard, T. F. M. la Cour, S. Thirup, and
J. Nyborg. 1990. Structural determination of the functional sites

MUTANT EF-Tu DISRUPTS INTERACTION WITH RIBOSOMES

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

249

of E. coli elongation factor Tu. Biochim. Biophys. Acta 1050:
203-208.

Creti, R., F. Citarella, O. Tiboni, A. Sanangelantoni, P. Palm,
and P. Cammarano. 1991. Nucleotide sequence of a DNA region
comprising the gene for elongation factor 1a (EF-1a) from the
ultrathermophilic archeote Pyrococcus woesi: phylogenetic im-
plications. J. Mol. Evol. 33:332-342.

Dever, T. E., M. J. Glynias, and W. C. Merrick. 1987. GTP-
binding domain: three consensus sequence elements with dis-
tinct spacing. Proc. Natl. Acad. Sci. USA 84:1814-1818.
Duffy, L. K., L. Gerber, A. E. Johnson, and D. L. Miller. 1981.
Identification of a histidine residue near the aminoacyl transfer
ribonucleic acid binding site of elongation factor Tu. Biochem-
istry 20:4663-4666.

Duisterwinkel, F. J., B. Kraal, J. M. de Graaf, A. Talens, L.
Bosch, G. Swart, A. Parmeggiani, T. F. M. la Cour, J. Nyborg,
and B. F. C. Clark. 1984. Specific alterations of the EF-Tu
polypeptide chain considered in the light of its three-dimen-
sional structure. EMBO J. 3:113-120.

Ehrenberg, M., N. Bilgin, and C. G. Kurland. 1990. Design and
use of a fast and accurate in vitro translation system, p. 101-129.
In G. Spedding (ed.), Ribosomes and protein synthesis: a
practical approach. Oxford University Press, New York.
Ehrenberg, M., A.-M. Rojas, J. Weiser, and C. G. Kurland.
1990. How many EF-Tu molecules participate in aminoacyl-
tRNA binding and peptide bond formation in Escherichia coli
translation? J. Mol. Biol. 211:739-749.

Hausner, T. P., J. Atmadja, and K. N. Nierhaus. 1987. Evidence
that the G2661 region of 23S rRNA is located at the ribosome
binding sites of both elongation factors. Biochimie 69:911-923.
Hopfield, J. J. 1974. Kinetic proofreading: a new mechanism for
reducing errors in biosynthetic processes requiring high speci-
ficity. Proc. Natl. Acad. Sci. USA 71:4135-4139.

Hughes, D. 1987. Mutant forms of zuf4 and wufB independently
suppress nonsense mutations. J. Mol. Biol. 197:611-615.
Hughes, D. 1990. Both genes for EF-Tu in Salmonella typhimu-
rium are individually dispensable for growth. J. Mol. Biol.
215:41-51.

Hughes, D., J. F. Atkins, and S. Thompson. 1987. Mutants of
elongation factor Tu promote ribosomal frameshifting and non-
sense readthrough. EMBO J. 6:4235-4239.

. Hwang, Y.-W., P. G. McCabe, M. A. Innis, and D. L. Miller.

1989. Site directed mutagenesis of the GDP binding domain of
bacterial elongation factor Tu. Arch. Biochem. Biophys. 274:
394-403.

Hwang, Y.-W., and D. L. Miller. 1987. A mutation that alters the
nucleotide specificity of elongation factor Tu, a GTP regulatory
protein. J. Biol. Chem. 262:13081-13085.

Hwang, Y.-W., A. Sanchez, and D. L. Miller. 1989. Mutagenesis
of bacterial elongation factor Tu at lysine 136, a conserved
amino acid in GTP regulatory proteins. J. Biol. Chem. 264:8304—
8309.

Jonak, J., T. E. Petersen, B. Meloun, and I. Rychlik. 1984.
Histidine residues in elongation factor EF-Tu from Escherichia
coli protected by aminoacyl-tRNA against photo-oxidation.
Eur. J. Biochem. 144:295-303.

Jones, M. D., T. E. Petersen, K. M. Nielsen, S. Magnousson, L.
Sottrup-Jensen, K. Gausing, and B. F. C. Clark. 1980. The
complete amino-acid sequence of elongation factor Tu from
Escherichia coli. Eur. J. Biochem. 108:507-526.

Kaziro, Y. 1978. The role of guanosine-5'-triphosphate in
polypeptide chain elongation. Biochim. Biophys. Acta 505:95-
127.

Kinzy, T. G., J. P. Freeman, A. E. Johnson, and W. C. Merrick.
1992. A model for the aminoacyl-tRNA binding site of eukary-
otic elongation factor la. J. Biol. Chem. 267:1623-1632.
Kinzy, T. G., and W. C. Merrick. 1991. Characterization of a
limited trypsin digestion form of eukaryotic elongation factor
la. J. Biol. Chem. 266:4099-4105.

Kjeldgaard, M., and J. Nyborg. 1992. Refined structure of
elongation factor EF-Tu from Escherichia coli. J. Mol. Biol.
223:721-742.

Knowlton, R. G., and M. Yarus. 1980. Discrimination between



250

35.

36.

37.
38.

39.

41.

42.

43.

4.

45.

46.
47.

48.

49.

50.

51.

TUBULEKAS AND HUGHES

aminoacyl groups on su*7 tRNA by elongation factor Tu. J.
Mol. Biol. 139:721-732.

la Cour, T. M. F., J. Nyborg, S. Thirup, and B. F. C. Clark.
1985. Structural details of the binding of guanosine diphosphate
to elongation factor Tu from E. coli as studied by X-ray
crystallography. EMBO J. 4:2385-2388.

Leberman, R., B. Antonsson, R. Giovanelli, R. Schumann, and
A. Wittinghofer. 1980. A simplified procedure for the isolation of
bacterial polypeptide elongation factor EF-Tu. Anal. Biochem.
104:29-36.

Liljas, A. 1982. Structural studies of ribosomes. Prog. Biophys.
Mol. Biol. 40:161-228.

Ludwig, W., M. Weizenegger, D. Betzl, E. Leidel, T. Lenz, A.
Ludvigsen, D. Méllenhoff, P. Wenzig, and K. H. Schleifer. 1990.
Complete nucleotide sequences of seven eubacterial genes
coding for the elongation factor Tu: functional, structural and
phylogenetic evaluations. Arch. Microbiol. 153:241-247.
Matsudaira, P. 1987. Sequence from picomole quantities of
proteins electroblotted onto polyvinylidene difluoride mem-
branes. J. Biol. Chem. 262:10035-10038.

. Metz-Boutigue, M. H., J. Reinbolt, J. P. Ebel, C. Ehresmann,

and B. Ehresmann. 1989. Crosslinking of elongation factor Tu to
tRNAP" by trans-diamminedichloroplatinum (II). Characteriza-
tion of two crosslinking sites on EF-Tu. FEBS Lett. 245:194—
200.

Miller, D. L., and H. Weissbach. 1977. Factors involved in the
transfer of aminoacyl-tRNA to the ribosome, p. 323-373. In H.
Weissbach and S. Pestka (ed.), Molecular mechanisms of pro-
tein biosynthesis. Academic Press, Inc., New York.

Miller, J. H. 1972. Experiments in molecular genetics, p.
352-355. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y.

Moazed, D., and H. F. Noller. 1989. Intermediate states in the
movement of tRNA in the ribosome. Nature (London) 342:142—
148.

Moazed, D., J. M. Robertson, and H. F. Noller. 1988. Interaction
of elongation factors EF-G and EF-Tu with a conserved loop in
23S rRNA. Nature (London) 334:362-364.

Nilsson, L., and O. Nygérd. 1988. Structural and functional
studies of the interaction of the eukaryotic elongation factor
EF-2 with GTP and ribosomes. Eur. J. Biochem. 171:293-299.
Ninio, J. 1975. Kinetic amplification of enzyme discrimination.
Biochimie 57:587-595.

Nyborg, J., and T. la Cour. 1989. New structural data on
elongation factor-Tu:GDP based on X-ray crystallography, p.
3-14. In L. Bosch, B. Kraal, and A. Parmeggiani (ed.), The
guanine-nucleotide binding proteins: common structural and
functional properties. Plenum Publishing Corp., New York.
Parmeggiani, A., G. W. M. Swart, K. K. Mortensen, M. Jensen,
B. F. C. Clark, L. Dente, and R. Cortese. 1987. Properties of a
genetically engineered G domain of elongation factor Tu. Proc.
Natl. Acad. Sci. USA 84:3141-3145.

Peter, M. E., C. O. A. Reiser, N. K. Schirmer, T. Kiefhaber, G.
Ott, N. W. Grillenbeck, and M. Sprinzl. 1990. Interaction of the
isolated domain II/III of Thermus thermophilus elongation fac-
tor Tu with the nucleotide exchange factor EF-Ts. Nucleic
Acids Res. 18:6889-6893.

Peter, M. E., N. K. Schirmer, C. O. A. Reiser, and M. Sprinzl.
1990. Mapping the effector region in Thermus thermophilus
elongation factor Tu. Biochemistry 29:2876-2884.

Reeh, S., and S. Pedersen. 1977. Regulation of Escherichia coli
elongation factor synthesis in vivo, p. 89-98. In B. F. C. Clark,
(ed.), Gene expression. Peragmon Press, Oxford.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

J. BACTERIOL.

Ruusala, T., M. Ehrenberg, and C. G. Kurland. 1982. Catalytic
effects of elongation factor Ts on polypeptide synthesis. EMBO
J. 1:75-78.

Ruusala, T., M. Ehrenberg, and C. G. Kurland. 1982. Is there
proofreading during polypeptide synthesis? EMBO J. 1:741-
745.

Ryazanov, A. G., E. A. Shestakova, and P. G. Natapov. 1988.
Phosphorylation of elongation factor 2 by EF-2 kinase affects
rate of translation. Nature (London) 334:170-173.

Sanderson, K. E., and J. R. Roth. 1983. Linkage map of
Salmonella typhimurium, edition VI. Microbiol. Rev. 47:410-
453.

Schirmer, N. K., C. O. A. Reiser, and M. Sprinzl. 1991. Effect of
the Thermus thermophilus elongation factor Ts on the confor-
mation of elongation factor Tu. Eur. J. Biochem. 200:295-300.
Seong, B. L., C.-P. Lee, and U. L. RajBhandary. 1989. Suppres-
sion of amber codons in vivo as evidence that mutants derived
from Escherichia coli initiator tRNA can act at the step of
elongation in protein synthesis. J. Biol. Chem. 246:6504—6508.
Swart, G. W. M., A. Parmeggiani, B. Kraal, and L. Bosch. 1987.
Effects of the mutation Gly-222—Asp on the functions of
elongation factor Tu. Biochemistry 26:2047-2054.

Tapio, S., N. Bilgin, and M. Ehrenberg. 1990. Impaired in vitro
kinetics of EF-Tu mutant Aa. Eur. J. Biochem. 188:347-354.
Tapio, S., and L. A. Isaksson. 1988. Antagonistic effects of
mutant elongation factor Tu and ribosomal protein S12 on
control of translational accuracy, suppression and cellular
growth. Biochimie 70:273-281.

Tapio, S., and C. G. Kurland. 1986. Mutant EF-Tu increases
missense error in vitro. Mol. Gen. Genet. 205:186-188.
Tapprich, W. E., and A. E. Dahlberg. 1990. A single base
substitution at position 2661 in E. coli 23S ribosomal RNA
affects the binding of ternary complex to the ribosome. EMBO
J. 9:2649-2655.

Thompson, R. C., and P. J. Stone. 1977. Proofreading of the
codon-anticodon interaction on ribosomes. Proc. Natl. Acad.
Sci. USA 74:198-201.

Tubulekas, 1., R. H. Buckingham, and D. Hughes. 1991. Mutant
ribosomes can generate dominant kirromycin resistance. J.
Bacteriol. 173:3635-3643.

Tuohy, T. M. F., S. Thompson, R. F. Gesteland, D. Hughes, and
J. F. Atkins. 1990. The role of EF-Tu and other translation
components in determining translocation step size. Biochim.
Biophys. Acta 1050:274-278.

van de Klundert, J. A. M., E. den Turk, A. H. Borman, P. H. van
der Meide, and L. Bosch. 1977. Isolation and characterization of
a mocimycin resistant mutant of Escherichia coli with an altered
elongation factor EF-Tu. FEBS Lett. 81:303-307.

van der Meide, P. H., E. Vijgenboom, A. Talens, and L. Bosch.
1983. The role of EF-Tu in the expression of tuf4 and tufB
genes. Eur. J. Biochem. 130:397-407.

van Noort, J. M., B. Kraal, L. Bosch, T. F. M. la Cour, J.
Nyborg, and B. F. C. Clark. 1984. Crosslinking of tRNA at two
different sites of the elongation factor Tu. Proc. Natl. Acad. Sci.
USA 81:3969-3972.

Vijgenboom, E., and L. Bosch. 1987. Transfer of plasmid-borne
tuf mutations to the chromosome as a genetic tool for studying
the functioning of EF-TuA and EF-TuB in the E. coli cell.
Biochimie 69:1021-1030.

Wolf, H., G. Chinali, and A. Parmeggiani. 1977. Mechanism of
the inhibition of protein synthesis by kirromycin. Eur. J. Bio-
chem. 75:67-75.



