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a b s t r a c t

In this report, we have demonstrated that the poly(U)-dependent poly(Phe) synthesis activity of elon-
gator factor Tu (EF-Tu) from the enacyloxin producing strain Frateuria sp. W-315 is inhibited by the
antibiotic similarly to that of Escherichia coli EF-Tu. The inhibitory effect of enacyloxin observed in a
purified system was the same as that obtained with an S30 extract from E. coli or Frateuria sp. W-315,
respectively, suggesting that antibiotic resistance of enacyloxin producing Frateuria sp. W-315 is not due
neither to EF-Tu nor to other components of the translation machinery but to a still unknown mecha-
nism. The EF-Tu gene, as PCR amplified from Frateuria W-315 genomic DNA and sequenced represented
an ORF of 1191 nucleotides corresponding to 396 amino acids. This protein is larger than the product of
tufA from E. coli by only two amino acid residues. Alignment of the amino acid sequence of EF-Tu from
E. coli with those of Frateuria and Ralstonia solanacearum indicates on average 80% identical amino acid
residues and 9.7% conservative replacements between EF-Tu Frateuria and EF-Tu E. coli, on one hand, and
97% identity and 1.7% conservative replacement between EF-Tu Frateuria and EF-Tu Ralstonia sol-
anacearum, on the other hand. These strong primary structure similarities between EF-Tu from different
origins are consistent with the fact that this factor is essential for the translation process in all kingdoms
of life. Comparison of the effects of antibiotics on EF-Tu Frateuria and EF-Tu E. coli revealed that
enacyloxin, kirromycin and pulvomycin exert a stronger stimulation of the GDP dissociation rate on EF-
Tu Frateuria, while the effects of the antibiotics on the GDP association rate were comparable for the two
EF-Tu species. Different mutants of EF-Tu E. coli were constructed with the help of site directed muta-
genesis by changing one or several residues of EF-Tu E. coli by the corresponding residues of EF-Tu
Frateuria. The single A45K substitution did not modify the intrinsic GTPase activity of EF-Tu E. coli. In
contrast, a 2e3 fold stimulation of the intrinsic GTPase activity was observed with the single A42E, F46Y,
Q48E and the double F46Y/Q48E substitution. Finally, up to a 7 fold stimulation was observed with the
quadruple substitution (mutant A42E/A45K/F46Y/Q48E.
1. Introduction

In all kingdoms of life, protein biosynthesis is promoted by two
ribosomal subunits of unequal size (the small size subunit is 30S
and 40S, and the large size subunit is 50S and 60S, in bacteria and in
eukaryotes, respectively) with the help of a number of translation
factors (reviewed in Ref. [1]. Among these factors, several such as
ue.edu (J.-B. Cr�echet).
initiation factor 2 (IF2), elongation factors Tu (EF-Tu) and G (EF-G)
and release factors 3 (RF3 and eRF3) are GTPases. EF-Tu forms a
stable ternary complex with aminoacyl-tRNA (aa-tRNA) and GTP
and this complex interacts with the ribosome and delivers aa-tRNA
to the A-site [2]. Aa-tRNA delivery to the ribosomal A-site com-
prises several steps: (i) initial binding of the ternary complex to the
ribosome is codon-independent; (ii) interaction between the
anticodon of aa-tRNA and the A-site mRNA codon insures the cor-
rect positioning of the aa-tRNA prior to peptide bond formation at
the ribosomal peptidyl transferase center (PTC). In fact, formation
of a correct codon-anticodon duplex induces a dramatic
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conformational change in the decoding site resulting in stabiliza-
tion of the ternary complex on the ribosome. Furthermore, cognate
codon recognition provides an activation signal that reaches the
GTP-binding domain of EF-Tu and facilitates the formation of the
activated GTPase state of the factor and the subsequent hydrolysis
of the g-phosphate of GTP; (iii) following the release of inorganic
phosphate, the conformation of EF-Tu switches from the GTP to the
GDP form which exhibits a low affinity for aa-tRNA. As a conse-
quence, aa-tRNA is released from EF-Tu-GDP and is accommodated
in the ribosomal 50S A-site in order to take part in peptide bond
formation, while EF-Tu-GDP leaves the ribosome [3].

Owing to the essential role of translation in the rapid growth of
pathogens sustaining bacterial infection, both 30S and 50S bacterial
ribosomal subunits, as well as the translation factors are considered
as valuable targets exhibiting several binding pockets for antibi-
otics, as deduced from the high-resolution structures of bacterial
ribosomal subunits and those of their complexes with antibiotics
[4,5]. Therefore, the discovery and development of new antibacte-
rial agents has become a major topic in the post-crystal-structure
era of the ribosome. In this context, an antibiotic consisting of a
mixture of chemically related compounds was found to be pro-
duced by a bacterial Frateuria sp. W-315 strain. Frateuria W-315
strain has characteristics similar to those of Gluconobacter and
produces a family of new polyenic antibiotics named enacyloxins
which are active against Gram-negative and Gram-positive bacte-
ria, only slightly active against fungi and not at all against yeast
[6e8]. One of these compounds is enacyloxin IIa which was shown
to inhibit bacterial protein biosynthesis in vitro [7]. EF-Tu was
shown to be the specific target of enacyloxin [9]. EF-Tu is the target
of three other families of antibiotics of unrelated structures [10,11],
the prototypes of which are kirromycin, pulvomycin, and GE2270A.
Enacyloxin IIa as kirromycin hinders the release of EF-Tu �GDP from
the ribosome after GTP hydrolysis, thus inhibiting its recycling and
peptide bound formation [9] while pulvomycin and GE2270A
hinder the formation of the ternary complex between EF-Tu�GTP
and aa-tRNA [12e14]. EF-Tu folds into three distinct domains,
domain 1 being the nucleotide binding domain. Recent X-ray
studies have revealed the tridimensional structures of EF-Tu-
antibiotics complexes. In one of these studies, kirromycin and
enacyloxin were shown to share the same binding site located at
the interface between domains 1 and 3 [15,16]. Pulvomycin was
shown to contact all three domains, while GEA2270 was bound to
domains 1 and 2 [15].

In the present report, we analyze the primary structure differ-
ences between EF-Tu from E. coli and EF-Tu from Frateuria sp. W
315, after having cloned and sequenced the gene coding for this
factor. The biochemical characterization of EF-Tu Frateuria, fol-
lowed by comparison with EF-Tu Escherichia coli in regard to the
interaction with guanine nucleotides, the GTPase activity, the ef-
fects of antibiotics (specially enacyloxin) and the mutations in the
effector region provide key insights into the structure/activity
relationship of EF-Tu.

Another question that we have addressed in the present report
is the search for key resistance mutations in the amino acid
sequence of EF-Tu from Frateuria sp-315 (as compared with the one
of E. coli EF-Tu) that might be responsible for the resistance to the
antibiotic of this enacyloxin producing Frateuria strain.

2. Materials and methods

2.1. Purification of EF-Tu from Frateuria W-315

25 g of FrateuriaW-315 cells obtained after 24 h at 25 �C from 2 L
culture in LB medium were sonicated 12 times for 10 s at 4 �C in
lysis buffer containing 50 mM Tris-HCl pH 7.5, 0.2 M NaCl, 5 mM
MgCl2, 5 mM b-ME, 20 mM GDP, 0.2 mg ml�1 lysosyme, 20 mg ml�1

DNase, one tablet of complete mini EDTA free protease inhibitor
cocktail (Roche Diagnostics), and centrifuged (30 000 g for 30 min).
The obtained supernatant which constituted S30 extract was
centrifuged again at 100.000 g for 1 h. Supernatant was dialysed
against buffer A (25 mM Tris-HCl pH 7.5, 5 mM MgCl2, 30 mM KCl,
7 mM b-ME, 20 mM GDP), then loaded on Hi-Prep Source 30Q
16 � 10 (€Akta purifier system, GE Healthcare) using a linear
50e500 mM KCl gradient (700 ml) in the same buffer. The active
EF-Tu containing fractions (determined as [3H]GDP binding on
nitrocellulose filters) eluted between 150 and 200 mM KCl were
concentrated by ultrafiltration, dialysed against buffer A and
applied on Mono-Q HR5/5 (€Akta purifier system, GE Healthcare)
with a 40 column volumes 50e300mMKCl linear gradient in buffer
A. The pooled and concentrated EF-Tu containing fractions (13 mg)
were loaded on superdex 75 (16 � 60) GE Healthcare equilibrated
in buffer A containing 0.2 M KCl. The most pure fractions (5 mg) as
revealed on PAGE-SDS were collected, concentrated, dialysed
against buffer A containing 50% glycerol and stored at �25 �C.

2.2. Determination of the amino acid sequence of tryptic peptides
from purified Frateuria W-315 EF-Tu by mass spectrometry

2.2.1. Trypsin digestion
Sample in H2O was reduced by one fifth volume of 10 mM

dithiothretiol (Sigma Aldrich) in 0.1 M NH4HCO3 for 30min at 56 �C
under agitation and alkylated by 55 mM iodoacetamide in 0.1 M
NH4HCO3. The carbamidomethylated protein was digested with
trypsin (Roche) in a 1:35 protein:trypsin ratio overnight at 37 �C
under agitation. Sample was taken directly from the digest and
desalted by C18 ZipTip® (Millipore) before MS analysis in 75:25:0.1
acetonitrile/water/HCOOH (v/v/v). Protein solution was desalted by
C4 ZipTip® (Millipore) and eluted in 10 ml 75:25:3 MeOH/water/
HCOOH (v/v/v) before mass spectrometry experiments.

2.2.2. Mass spectrometric analyses
MS and MS/MS experiments on tryptic peptides were per-

formed on a quadrupole, orthogonal acceleration time-of-flight
tandem mass spectrometer Q-TOF-Premier™ (Waters Corp., Mil-
ford, MA, USA). The proteins were ionized using nanoelectrospray
ionization source heated at 80 �C, in positive mode (ZSpray™).
Samples were introduced in the mass spectrometer via nano-
electrospray glass capillaries (ProXeon) filled with 2e5 mL of the
protein or peptides solution and subsequently opened by breaking
the tapered end of the tip under a microscope. The tension on the
capillary was tuned manually between 2.1 and 2.6 kV depending of
the sample, and cone voltage set to 40 V. MS experiments were
performed in wide pass quadrupole mode, with the TOF data being
collected between 200 and 2000 Th with a low collision energy of
5 eV. Argon was used as the collision gas. Scans were collected for
1 s and accumulated to increase the signal/noise ratio. MS/MS ex-
periments were performed using a variable collision energy
(20e32 eV), whichwas optimised for each precursor ion. Mass Lynx
4.1 was used both for acquisition and data processing. Deconvolu-
tion of multiply charged ions into neutral species was realized using
MaxEnt1 in the mass range [40e50 kDa] with a resolution of 1.0 or
0.1 Da/channel for proteins and MaxEnt3 with an appropriate mass
range for peptides. External calibration was performed in MS with
clusters of phosphoric acid (0.01 M in 50:50 acetonitrile:water)
immediately before each experimental set.

2.3. Cloning and sequencing of EF-Tu Frateuria W-315

On the basis of amino acid sequence identities between EF-Tu
from Frateuria, from E. coli and from Ralstonia solanacearum, as



determined by mass spectrometric analyses, an EF-Tu gene frag-
ment of 445 bp was amplified using Pwo polymerase high fidelity
PCR system (Roche Diagnostics) from Frateuria W-315 genomic
DNA isolated following the instructions of E.Z.N.A bacterial DNA kit
fromOMEGA-Bio-tek and the 50 primer GGTCACGTTCACCACGG and
the 30 primer CGTCGCCCGCGAAGTC.

This DNA fragmentwas sequenced by GenoScreen. The 50 coding
region of EF-Tu Frateuria was PCR amplified fom Frateuria W-315
genomic DNA using a 50 primer sequence CCGCTGTCTGAA
ATGTTCGGATAC of fusA1 gene, the upstream locus of tuf gene in
genome sequence of Ralstonia solanacearum [17] and a 30primer
GATACCACGTGCCTTTTCTTCCGG corresponding to a 50 region of the
identified sequence of the PCR 445 bp fragment of Frateuria EF-Tu.
The 30 coding region of EF-Tu frateuria was PCR amplified fom
Frateuria W-315 genomic DNA using a 50 primer sequence
GTGGACGACGCTGAACTGCTG corresponding to a 30 region of the
identified sequence of the PCR 445 bp fragment of Frateuria. EF-Tu
and a 30 primer GCCTTCAGGCGGATACGGAT corresponding to a
sequence belonging to rpsJ gene downstream of the tuf gene in
Ralstonia solanacearum genome sequence. The amplified fragments
were purified and sequenced. The overlapped sequences allowed
the determination of the complete ORF of the gene encoding EF-Tu
from Frateuria W-315.

The coding sequence was amplified from Frateuria W-315
genomic DNA using the 50primer CGTGGATCCGCAAAAGA-
GAAGTTCGAACGGACCAAG and the 30 primer GATGAATTCTTAGTC-
GAGGATCTTGGCGACGACGCC respectively containing the BamH1
and EcoR1 sites (underlined) and cloned after digestion and puri-
fication into the BamH1-EcoR1 sites of the vector pGEX-2T. Accu-
racy of the amplification was controlled by sequencing of the
cloned gene.

2.4. Purification of recombinant Frateuria W-315 EF-Tu and E.coli
EF-Tu mutants

The different species of EF-Tuwere overproduced in E. coli strain
DH5a as fusion with glutathione S-transferase [18]. The trans-
formed E. coli strains were grown at 37 �C in 2 L of LB rich medium
containing 50 mg ml�1 ampicillin to 0.5 A600, after which induction
with 0.1 mM isopropyl-ß-D-thiogalacto-pyranoside took place at
23 �C with incubation up to 17 h. Under these conditions, high level
of soluble EF-Tu was obtained.

After harvest, the cells were washed in PBS, sonicated 15 times
for 10 s at 4 �C in 40 ml buffer B (50 mM Tris-HCl pH 7.5, 0.15 M
NaCl, 7 mM b-ME, 5 mM MgCl2 containing 0.5 mg ml�1 lysosyme,
100 mg ml�1 DNase, one tablet of complete mini EDTA free protease
inhibitor cocktail (Roche Diagnostics), and centrifuged (100,000 g
for 30 min). The extract supernatant was mixed for 30 min at 4 �C
with 3 ml glutathione sepharose 4 fast flow (GE healthcare). The
suspension was washed several times with buffer B, then with
buffer C (25mMTris-HCl pH 8.0, 2.5 mMCaCl2,1mMMgCl2, 30mM
KCl, 10 mM GDP) before incubation 3 times at 30 �C for 15 min with
25 U thrombin (Sigma) for removing N-terminal fused glutathione
S-transferase, 1 mM Pefablock-SC (Roche Diagnostics) was then
added. The last step of purification of the different EF-Tu species
was a Mono Q-HR 5/5 chromatography (€Akta purifier system, GE
Healthcare) with a linear gradient 50e300mMKCl gradient (50ml)
in buffer D (25mMTris-HCl pH 7.5,1 mMMgCl2, 7 mM b-ME,10 mM
GDP). After concentration by ultrafiltration, EF-Tu preparations
were dialysed and stored at �25 �C in buffer D containing 50%
glycerol.

2.5. Site-directed mutagenesis

Mutations were introduced with the QuickChange II XL Site-
Directed Mutagenesis Kit and by using the manufacturer (Stra-
tagen) recommended protocol. As a substrate for the mutagenesis
reactions we used pGtAM, a derivative of pGEX-2TtufA [19] which
codes for a thrombin-cleavable glutathione S-transferase-fused
E. coli EF-Tu. The mutagenic oligonucleotides for the amino acid
substitutions were 50-CCTACGGCGGTGAAGCTCGTGCATTCGACCAG-
30 for A42E, 50-GCGGTGCTGCTCGTAAGTTCGACCAGATCG-30 for
A45K, 50-GCTGCTCGTGCATACGACCAGATCGATAACG-30 for F47Y, 50-
CGTGCATTCGACGAGATCGATAACGCGCCG-30 for Q48E, 50-GCTAAA
ACCTACGGCGGTGAAGCTCGTAAGTTCGACCAGATCGATAACGC-30 for
A42E/A45K; 50-GGTGCTGCTCGTGCATACGACGAGATCGATAACGCG
CCG-30 for F47Y/Q49E, 50-GCTAAAACCTACGGCGGTGAAGCTCGTAA
GTACGACGAGATCGATAACGC-30 for A42E/A45K/F46Y/Q48E (modi-
fied bases underlined) and their respective complementary muta-
genic primers. Following transformation of competent XL10-Gold
cells, minipreps on selected transformants were analyzed by
sequencing to verify the presence of desired mutations and to
check the absence of secondary mutations.

2.6. Biological materials

Poly(U) and tRNAPhe from E. coliwere from Sigma-Aldrich and L-
[14C(U)]Phenylalanine (18 GBq.mmol�1)) from Perkin Elmer. Kir-
romycin was obtained from Gist-Brocades (Delft, The Netherlands),
GE2270A from Drs E.Selva & M. Denaro, (Lepetit Research Centre),
and Enacyloxin IIa and IVa from Dr T. Watanabe, while Pulvomycin
was isolated according to Smith et al. [20], tRNAPhe was amino-
acylated using [14C(U)]Phenylalanine with an excess amount of
partially purified phenylalanyl-tRNA synthetase from E. coli as in
Ref. [21]. E. coli 70S Ribosomes were prepared as reported in
Ref. [21]. EF-Ts was purified as recombinant protein [22].

Fus gene encoding EF-G was amplified from total cellular DNA
from E. Coli strain MRE600 using the 50 primer CACCATGGCTCG-
TACAACACCCATC and the 30 primer TTTACCACGGGCTTCAAT-
TACGGC. The amplified fragment was cloned into pET101/D-TOPO
vector using Champion pET directional TOPO expression kit from
invitrogen. 6His-tagged EF-G was expressed in BL21 Star (DE3) E
coli strain. The culture induced at a cell density of 0,5 A600 with
0.2 mM isopropyl-ß-D-thiogalacto-pyranoside was collected after
6 h of growth at 28 �C in LB medium containing ampicillin. After
harvest, cells were sonicated 12 times for 10 s at 4 �C in buffer A
(20 mM sodium phosphate pH 7.5, 0.5 M NaCl, 20 mM imidazole,
5 mM b-ME) containing 0.5 mg ml�1 lysosyme, 100 mg ml�1 DNase,
one tablet of complete mini EDTA free protease inhibitor cocktail
(Roche Diagnostics), and centrifuged (100,000 g for 30 min). Su-
pernatant was applied on 1 ml His GraviTrap affinity column (GE
Healthcare) equilibrated with buffer A, the column was washed
with the same buffer before elution of the protein in buffer A
containing 0.5 M imidazole. The eluted fraction containing EF-G
was dialysed against buffer B (25 mM Tris-HCl pH 7.5, 1 mM
MgCl2, 60 mM KCl, 7 mM b-ME) and loaded on MonoQ HR 5/5
column (€Akta purifier system, GE Healthcare) using a linear
60e500mMKCl gradient (50ml) in buffer B. After concentration by
ultrafiltration, EF-G factor preparation was stored at �20 �C in
buffer B containing 50% glycerol. Pulvomycin, Kirromycin and
enacyloxin were used as stable 20 mg/ml stock solution dissolved
in methanol and kept at �25 �C.

2.7. Enzymatic assays

Poly(Phe) synthesis was determined as incorporation of L-
[14C(U)]Phenylalanine into hot trichloroacetic acid-insoluble ma-
terial as described in Ref. [23]. The reaction mixture contained
40 mM Tris-HCl pH 7.5, 7 mM MgCl2, 80 mM NH4Cl, 1 mM
dithiothreitol, 1 mM ATP, 1 mM phosphoenolpyruvate, 0.5 mM GTP,



Fig. 1. Poly(U)-directed poly(phe) synthesis as function of increasing concentrations of
enacyloxin determined (A) in the presence of enacyloxin IIa and purified components
of the translational machinery including purified EF-Tu from E. coli ( ) or purified EF-
Tu from FrateuriaW315 ( ); (B) in the presence of enacyloxin IIa and S30 extracts from
E. coli ( ) or from Frateuria W315 ( ), (C) in the presence of enacyloxin IVa and S30
extracts from E. coli ( ) or from Frateuria W315 ( ). The final reaction mixture (70 ml)
described in the Methods contained the indicated concentrations of the two forms of
Enacyloxin and in A: 100 nM EF-G, 220 nM 70S ribosomes, 250 nM EF-Tu from E. coli or
from Frateuria W315, 250 nM EF-Ts. In B and C: 80 mg S30 extracts from E. Coli MRE600
or from Frateuria W315. The reaction was started by the addition of [14C]PhetRNAPhe

and stopped after 6 min incubation at 30 �C under conditions of linear Phe incorpo-
ration. The results are expressed as a percentage of the activity obtained in the absence
of the antibiotic and are the average of three independent experiments.
50 mg ml�1 pyruvate Kinase, 5 mM tRNAPhe (first charged during a
30 min incubation at 30 �C with a 2 fold excess of L-[14C(U)]
Phenylalanine (5 GBq.mmol�1) and a saturating amount of partially
purified phenylalanyl-tRNA synthetase), 3.5 mg poly(U) and anti-
biotic, 70S ribosomes, elongation factors or S30 extract as described
in legends to figures. After incubation aliquots were withdrawn
spotted on glass fiber filters and hot trichoroacetic acid insoluble
radioactivity was determined in a Wallac 1410 (Perkin Elmer life
sciences) scintillation spectrometer.

Association rates of EF-Tu proteins with GDP or GTP and disso-
ciation rates of EF-Tu�GDP and EF-Tu�GTP complexes were deter-
mined at 0 �C in standard buffer 50 mM Tris HCl pH 7.5, 5 mM
MgCl2, 60 mM NH4Cl, 0.05 mg.mL�1BSA, 1 mM dithiothreitol in
absence or presence of 50 mM antibiotic, using the nitrocellulose
filtration procedure [24].

For the determination of association rates, nucleotide free EF-Tu
proteins were prepared after incubation of pure EF-Tu�GDP pro-
teins (100e150 pmol in 30 ml) for 20 min at 30 �C in 25 mM Tris-
HCl, pH 7.5, 100 mM (NH4)2SO4, 10 mM NaEDTA, 1 mM dithio-
threitol. The solution was passed through a Sephadex G25 medium
column (18 � 0.4 cm) at 4 �C equilibrated with in 25 mM Tris-HCl,
pH 7.5, 500 mM (NH4)2SO4, 0.5 mM NaEDTA, 7 mM b-mercaptoe-
thanol. 0.25mgmL�1 BSA. A final concentration of 6mMMgCl2 was
added to the GDP-free EF-Tu containing fraction.

Prior to each GTP-containing assay, 5 mM [3H]GTP (specific ac-
tivity, 160 Bq pmol�1, Perkin Elmer life sciences) was preincubated
in standard buffer for 10 min at 30 �C with 10 mg pyruvate kinase
and 0.4 mM phosphoenolpyruvate.

Association rates of EF-Tu with GTP or GDP were measured in
standard buffer containing 2e30 nM nucleotide-free EF-Tu and
5e100 nM [3H]GTPor 4e10 nM [3H]GDP (specific activity, 200 Bq
pmol�1, Perkin Elmer life sciences). The reaction was started with
labeled nucleotide. Aliquots of the reaction mixture were with-
drawn every 10 s for 2-min period and filtered on nitrocellulose
discs that werewashed twicewith 3ml ice-cold 25mM Tris-HCl pH
7.5, 10 mM MgCl2, 60 mM NH4Cl; 7 mM b-mercaptoethanol. The
nitrocellulose membranes were then counted for radioactivity. The
apparent second order rate constants for association of EF-Tu
products and guanine nucleotides were calculated according to
the equation 1/(b�a)ln[a(b�x)/b(a-x)] ¼ k0þ1t were a is the initial
concentration of [3H]GTP or [3H]GDP, b is the initial concentration
of nucleotide-free EF-Tu proteins and x is the concentration of EF-
Tu�[3H]GTP or EF-Tu�[3H]GDP complexes formed at the different
time, t. The initial concentration b was determined from the
radioactivity bound to each GDP-free EF-Tu products in the pres-
ence of a saturating amount of [3H]GTP or [3H]GDP after 10 min
incubation in standard buffer at 30 �C.

Fordeterminationof dissociation rate constants (k�1), preformed
labeled EF-Tu�[3H]GTP or EF-Tu�[3H]GDP complexeswere prepared
by incubating for 15min at 30 �C 5 mMEF-Tu�GDP in 25mMTris-HCl
pH 7.5, 5mMEDTA,1mMdithiothreitol and 0.05mgmL�1 BSAwith
10 mM [3H]GTP or 15 mM [3H]GDP (400 Bq pmol�1), then stabilized
by adding 10 mM MgCl2 in standard buffer. The dissociation rates
was started with 250 nM preformed EF-Tu�[3H]GTP or EF-Tu�[3H]
GDP complex in 95 ml reactionmixture containing a 1000 fold excess
of the corresponding nonlabeled nucleotide. At time intervals ali-
quots (10 ml) were filtered on nitrocelluloses discs that were then
washed and counted as described above.

For GTPase activity EF-Tu[g-32P]�GTP complexes were pre-
formed by incubating around 2 mM EF-Tu�GDP at 30 �C for 10 min
with 100 mM [g-32P]�GTP (20 Bq. pmol�1) in 25 mMTris-HCl ph 7.5,
5 mM EDTA, 1 mM dithiothreitol and 0.05 mg mL�1 BSA and then
stabilized by the addition of 10 mM MgCl2.

GTPase activity was determined in 82 ml reaction mixture con-
taining 40 mM Tris-HCl pH 7.5, 7 mM MgCl2, 80 mM NH4Cl, 1 mM
dithiothreitol, 200e300 nM preformed EF-Tu[g-32P]�GTP complex
with or without 50 mMantibiotic. The hydrolysis of [g-32P]�GTPwas
measured at 30 �C by following the liberation of g-32Pi in time using
the charcoal method: 10 ml aliquots were withdrawn and the re-
action was stopped with 300 ml of a 4% suspension of activated
charcoal in 20 mM H3PO4.

After centrifugation the radioactivity in 200 ml supernatant was



counted. The amount of GTP hydrolysis obtained in the absence of
EF-Tu was subtracted.
3. Results

3.1. Effect of enacyloxin on protein biosynthesis in vitro sustained
by EF-Tu from Frateuria W-315

Elongation factor Tu was previously shown to be the specific
target of enacyloxin [9]. The antibiotic hinders the release of EF-
Tu�GDP from the ribosome after GTP hydrolysis, thus inhibiting its
recycling and peptide bound formation [9].

After having purified to homogeneity EF-Tu from Frateuria W-
315 following the procedure described in Methods, we have
determined the effect of enacyloxin by using an in vitro poly(Phe)
synthesis assay catalysed by purified translational components
from E. coli.

We expected that the EF-Tu-dependent poly(Phe) synthesis
activity of Frateuria sp. W-315 would be insensitive to increasing
concentrations of enacyloxin IIa, insofar as this antibiotic is pro-
duced by the strain itself. Unexpectedly, poly(U)-dependent
poly(Phe) synthesis assay with EF-Tu from Frateuria sp. W-315
was inhibited by the antibiotic similarly to the onewith E. coli EF-Tu
at a concentration of about 0.2 mM (IC50) (Fig 1A).

The effect of enacyloxin IIa was then measured on poly(Phe)
synthesis sustained by S30 extract from E. coli and FrateuriaW-315,
respectively. As shown in (Fig 1B), the inhibitory effect of enacy-
loxin IIa was almost the same as that obtained in the purified
system.

In the early phase of production of enacyloxins by Frateuria W-
315, enacyloxin IVa was first secreted, followed by its conversion to
enacyloxin IIa [25] by an extracellular quinoprotein oxidase. The
possibility that Frateuria EF-Tu would be more resistant to the in-
termediate Enacyloxin IVa than to the end product Enacyloxin IIa
was checked by measuring the effect of Enacyloxin IVa on the
Fig. 2. Mass spectrometric analyses of trypti
poly(U)-dependent poly(Phe) synthesis assay sustained by S30
extract from Frateuria sp.W-315. As shown in Fig. 1C, the sensitivity
was the same that with the final product. These results strongly
suggest that antibiotic resistance of enacyloxins producing Fra-
teuria W-315 is not due neither to EF-Tu nor to other components
from the translation apparatus like the ribosomes, but rather to
other independent factors.
3.2. Sequencing, cloning and purification of cloned EF-Tu from
Frateuria W-315

Purified EF-Tu from Frateuria W-315 was subjected to trypsin
digestion and mass spectrometric analyses (Fig. 2).

First, primary structure similarities between EF-Tu Frateuria W-
315 and EF-Tu Ralstonia solanacearum, an aerobic non sporing gram
negative plant pathogenic bacterium [17] were identified with the
FASTA program. Thereafter, EF-Tu gene was PCR amplified from
Frateuria W-315 genomic DNA following the procedure described
in Methods, and sequenced. The DNA sequence (Fig. 3) shows an
ORF of 1191 nucleotides corresponding to 396 amino acids. This
protein is larger than the product of tufA from E. coli by only two
residues.

Alignment of the amino acid sequence of EF-Tu from E. coliwith
those of Frateuria and Ralstonia solanacearum indicates on average
80% identical amino acid residues and 9.7% conservative re-
placements between EF-Tu Frateuria and EF-Tu E. coli, on one hand,
and 97% identity and 1.7% conservative replacement between EF-Tu
Frateuria and EF-Tu Ralstonia solanacearum, on the other hand
(Fig. 4). These strong primary structure similarities between EF-Tu
from different origins are consistent with the fact that this factor is
essential for the translation process in all kingdoms of life. The
major difference in the primary structure between the three
aligned factors resides in fragment 36e48 located in the so called
“effector region”.

The coding sequence amplified from Frateuria genomic DNAwas
c peptides from EF-Tu Frateuria W 315.



Fig. 3. Nucleotide sequence of the gene encoding EF-Tu from Frateuria W 315 and the amino acid sequence deduced.
cloned in pGEX-2T, overproduced as fusion with glutathione S-
transferase in E. coli strain DH5a and purified free of fused GSTafter
thrombin treatment.

3.3. Comparison of the dynamics of interaction between GDP or
GTP and EF-Tu Frateuria or EF-Tu E.coli and the effects of antibiotics

Table 1 shows the apparent association and dissociation rates
constants and the derived dissociation constant (K0

D¼ k0�1/k0þ1) of
EF-Tu�GDP Frateuria and EF-Tu�GDP E. coli complexes and the
respective effect of the antibiotics enacyloxin, kirromycin, pulvo-
mycin and GE2270A. These antibiotics are well known to act spe-
cifically on EF-Tu [9,12,13,21,24,26]. Due to a decrease of the
dissociation rate and a modest increase of the association rate, the
affinity of EF-Tu Frateuria for GDP was found to be 3 times higher
than that of EF-Tu E. coli (Table 1).

Comparison of the effects of antibiotics on EF-Tu Frateuria and
EF-Tu E. coli revealed that enacyloxin, kirromycin and pulvomycin
exert a stronger stimulation of the GDP dissociation rate on EF-Tu
Frateuria, while the effects of the antibiotics on the GDP associa-
tion rate were comparable for the two EF-Tu species. No effect on
the dissociation rate was observed with GE2270Awhile it inhibited
almost 4 fold the association rate for EF-Tu Frateuria. As for the
interaction with GTP (Table 2), due to an increase of the association
rate, the affinity of EF-Tu Frateuriawas found to be 2.5 times higher
than that for EF-Tu E. coli. All the used antibiotics were shown to
increase the affinity of the two EF-Tu species for GTP. While each
antibiotic was shown to reduce the GTP dissociation rates to
approximately the same extent for the two EF-Tu species, their
effects on the stimulation of the GTP association ratewere lower for
EF-Tu Frateuria than for EF-Tu E. coli. In particular, enacyloxin was
shown to exert a stimulation more than 8 times lower.



Fig. 4. Multiple sequence alignment of EF-Tu Frateuria W 315, EF-Tu Ralstonia solanacearum and EF-Tu E. coli.
3.4. Stimulation of poly(Phe) synthesis by EF-Tu E. coli or EF-Tu
Frateuria: effects of mutations in the « effector region »

The main difference in amino acid sequence between EF-Tu
E. coli and EF-Tu Frateuria is located in the region 36e48 which is
part of the so-called « effector region ».

We have constructed different mutants of EF-Tu E. coli with the
help of site directed mutagenesis by changing one or several
Table 1
Comparison of the Apparent Dissociation and Association Rate Constants and derived Equi
the absence or presence of antibiotics.

Dissociation rate
constant (k0�1) 10�4 s�1

EF-Tu�GDP (E.coli) 4.9 ± 0.04
EF-Tu�GDP (Frateuria W-315) 2.0 ± 0.03
EF-Tu�GDP (E.coli) þ enacyloxin 7.2 ± 0.2
EF-Tu�GDP Frateuria W-315) þ enacyloxin 19.6 ± 1.2
EF-Tu�GDP (E.coli) þ kirromycin 7.7 ± 0.3
EF-Tu�GDP (Frateuria W-315) þ kirromycin 16.6 ± 0.9
EF-Tu�GDP (E.coli) þ pulvomycin 14 ± 0.4
EF-Tu�GDP (Frateuria W-315) þ pulvomycin 32.6 ± 2.1
EF-Tu�GDP (E.coli) þ GE2270A 5.2 ± 0.12
EF-Tu�GDP (Frateuria W-315) þ GE2270A 1.9 ± 0.03
residues of EF-Tu E. coli by the corresponding residues of EF-Tu
Frateuria.

Poly(Phe) synthesis determined as a function of increasing
concentrations of EF-Tu E. coli or EF-Tu Frateuria shows that the
former is 6 times more efficient in the stimulation of Poly(U)
directed poly(Phe) synthesis (Fig. 5).

Taking the extent of activation as a measure of productive
interaction between EF-Tu and the programmed-ribosome we
librium Constant (K0
D¼ k0�1/k0þ1) of GDP complex of EF-Tu Coli and EF-Tu Frateuria in

Dissociation
half-lives (min)

Association rate
constant (k0þ1) 105 M�1 s�1

Dissociation
constant (K0

D) (nM)

22 2.5 ± 0.02 2
57 3.0 ± 0.03 0.7
16 4.0 ± 0.12 1.8
6 4.3 ± 0.16 4.5

14 5.5 ± 0.3 1.4
6.7 4.7 ± 0.15 3.6
6.5 6.1 ± 0.2 2.3
3.5 11 ± 0.9 3

21 1.8 ± 0.05 2.9
58 0.8 ± 0.02 2.4



Table 2
Comparison of the Apparent Dissociation and Association Rate Constants and derived Equilibrium Constant (K0

D¼ k0�1/k0þ1) of GTP complex of EF-Tu Coli and EF-Tu Frateuria in
the absence or presence of antibiotics.

Dissociation rate
constant (k0�1) 10�4 s�1

Dissociation
half-lives (min)

Association rate
constant (k0þ1) 104 M�1 s�1

Dissociation
constant (K0

D) (nM)

EF-Tu�GTP (E.coli) 18 ± 0.9 6.3 0.76 ± 0.01 237
EF-Tu�GTP (Frateuria W-315) 21 ± 1.7 5.3 2.2 ± 0.03 95
EF-Tu�GTP (E.coli) þ enacyloxin 5.5 ± 0.09 20.5 2.3 ± 1.6 2.5
EF-Tu�GTP (Frateuria W-315)þ enacyloxin 6.3 ± 0.18 17.5 7.8 ± 0.2 8
EF-Tu�GTP (E.coli) þ kirromycin 1.3 ± 0.02 89 15.2 ± 0.9 0.86
EF-Tu�GTP (Frateuria W-315) þ kirromycin 1.0 ± 0.02 109 21 ± 1.4 0.48
EF-Tu�GTP (E.coli) þ pulvomycin 1.7 ± 0.03 68.5 47 ± 2.6 0.36
EF-Tu�GTP (Frateuria W-315) þ pulvomycin 1.7 ± 0.04 67 75.5 ± 5.4 0.22
EF-Tu�GTP (E.coli) þ GE2270A 1.0 ± 0.01 107 5.2 ± 0.4 1.9
EF-Tu�GTP (Frateuria W-315) þ GE2270A 0.93 ± 0.02 124 4.9 ± 0.3 2
determined by double reciprocal plots the concentration inducing
half maximum activation (Ka) and the corresponding Vmax.

The concentration inducing half maximal activation were
calculated to be 12 nM for EF-Tu E. coli and 71 nM for EF-Tu Fra-
teuria. The maximal efficiency (Vmax) was the same for both EF-Tu
species. (Fig. 5 and Table 3).

We analyzed the effect of various amino acid changes in EF-Tu
E. coli, by replacing one or several amino acid residues in the
42e46 fragment by those of EF-Tu Frateuria.

As shown in Table 3 and Fig. 5, none of these substitutions affect
the maximal level of activation. The single substitutions F46Y or
Q48E do not modify the Ka value while the individual mutations
A42E and A45K reduced slightly the affinity for the programmed
ribosome. The effect of the double substitutions A42E/A45K
andF46Y/Q48E is more pronounced in increasing the Ka value.

Introduction of the four mutations A42E/A45K/F46Y/Q48E
increased the Ka to a value comparable with that of EF-Tu Frateuria.

3.5. Intrinsic GTPase activity: effect of Kirromycin, Enacyloxin,
aminoacyl-tRNA and ribosome

GTPase activity was determined with preformed EF-Tu[g-32P]�
Fig. 5. Comparison of Poly(U)-directed poly(phe) activation dependent of increasing
concentrations of EF-Tu�GTP E. Coli ( )EF-Tu�GTP Frateuria W315 ( ) and EF-Tu�GTP
Coli A42E/A45K/F46Y/Q48E ( ). The final reaction mixture (30 ml) described in the
Methods contained the indicated concentrations of the different species of EF-Tu in
their GTP complex form, 0.25 mM EF-G, 0.2 mM EF-Ts, 0.3 mM 70S ribosome. EF-Tu�GTP
complexes were preformed by incubating 2 mM EF-Tu�GDP at 30 �C for 10 min with
0.5 mM GTP, 1 mM 1 mM Phosphoenolpyruvate, 50 mg ml�1 pyruvate Kinase in 40 mM
Tris-HCl pH7.5, 7 mM MgCl2, 80 mM NH4Cl, 1 mM dithiothreitol. The reaction was
started by the addition of [14C]PhetRNAPhe and stopped after 10 min incubation at
30 �C under conditions of linear phe incorporation.
GTP complex and a large excess of [g-32P]�GTP.
GTPase activities of EF-Tu E. coli and EF-Tu Frateuria were

compared in the presence or in the absence of physiological part-
ners like aa-tRNA or ribosomes, as well as in the presence of the
antibiotics Kirromycin and Enacyloxin.

As shown in Table 4 and Fig. 6, intrinsic GTPase activity of EF-Tu
Frateuria is almost 7 times higher than that of EF-Tu E. coli.

In our conditions, kirromycin enhances 10 times the kcat value of
the intrinsic GTPase activity of EF-Tu E. coli,while it enhances only 5
times the one of EF-Tu Frateuria. In contrast the antibiotic enacy-
loxin modestly enhances the GTPase activity of EF-Tu E. coli by a
factor 2 and that of EF-Tu Frateuria by a factor of 3.5.

In the presence of phenylalanyl-tRNAPhe, the intrinsic GTPase
activities of EF-Tu E. coli and EF-Tu Frateuria were reduced by 50%
and 30%, respectively, in agreement with previously reported data
[27,28].

In the presence of kirromycin, the ribosomes stimulate the
GTPase activity of the two EF-Tu species by a factor 8 (Table 4).
However, in the presence of enacyloxin, the GTPase activities of EF-
Tu E. coli and EF-Tu Frateuria were stimulated by the ribosomes by
factors 40 and 13, respectively.

Among the naturally occurring amino acid changes between EF-
Tu E. coli and EF-Tu Frateuria in the “effector region”, we have
focused on the following: Ala-42, Ala-45, Phe-46 and Gln-48 in EF-
Tu E. coli correspond respectively to Glu-42, Lys-45, Tyr-46 and Glu-
48 in EF-Tu Frateuria. At each of these four positions, we have
replaced the amino acid residue present in the E. coli factor by the
one present in the Frateuria factor, andwe have analyzed the effects
of the mutations on the intrinsic GTPase activity of these mutant
E. coli EF-Tu species.

The single A45K substitution did notmodify the intrinsic GTPase
activity of EF-Tu E. coli. In contrast, a 2e3 fold stimulation was
Table 3
Determination of the concentration of EF-Tu inducing half maximum activation (Ka)
in Poly(U)-directed poly(phe) synthesis and corresponding Vmax. Comparison be-
tween EF-Tu Coli, EF-Tu Frateuria, and the various mutants of EF-Tu Coli in the «
effector region ». The assays were performed as described in legend to Fig. 5. Values
were calculated from double-reciprocal plots.

EF-Tu�GTP species Ka (nM) Vmax (pmol�1 min�1)

EF-Tu E.coli 12 ± 0.8 8 ± 0.6
EF-Tu Frateuria W-315 71 ± 4.2 8.4 ± 0.5
EF-Tu E42 48 ± 3.2 8.3 ± 0.5
EF-Tu K45 37 ± 2.6 8.2 ± 0.6
EF-Tu E42/K45 54 ± 4.8 8.4 ± 0.7
EF-Tu Y46 13.5 ± 1.6 8.0 ± 0.9
EF-Tu E48 18 ± 2.1 8.2 ± 0.9
EF-Tu Y46/E48 63 ± 4.8 8.2 ± 0.6
EF-Tu E42/K45/Y46/E48 67 ± 5.1 8.6 ± 0.7



Table 4
Comparison of the Kcat of EF-Tu�GTP E.coli, EF-Tu�GTP Frateuria and EF-Tu�GTP E. coli mutants. In the E. coli mutants used, the amino acid residues naturally present in EF-Tu
E. coli at given positions are replaced by the amino acid residues found at the same positions in EF-Tu Frateuria. GTPase activity was carried out as described in the Methods and
in the legend to Fig. 6 in the absence or presence of 50 mMkirromycin, 50 mMenacyloxin IIa, 1 mMPhe-tRNAPhe and 1.5 mM70S ribosomes. Error of measurements lies between 8
and 15%.

Intrinsic
kcat � 102(min�1)

plus kirromycin
kcat � 102(min�1)

plus enacyloxin
kcat � 102(min�1)

plus PhetRNAPhe
kcat � 102(min�1)

plus ribosome plus
kirromycin kcat � 102(min�1)

plus ribosome plus
enacyloxin kcat � 102(min�1)

EF-Tu E. coli 1.4 13.5 2.5 0.71 118 103
EF-Tu Frateuria W-315 9.4 44.5 32 6.6 346 420
EF-Tu E. coli A42E 3.0 50 21.2
EF-Tu E. coli A45K 1.6 20 4
EF-Tu E. coli A42E/A45K 1.6 27 8
EF-Tu E. coli F46Y 4.3 63 11
EF-Tu E. coli Q48E 3.0 40 13.6
EF-Tu E. coli F46Y/Q48E 4.9 96 26.4
EF-Tu E. coli A42E/

A45K/F46Y/Q48E
9.5 160 62
observed with the single A42E, F46Y, Q48E and the double F46Y/
Q48E substitutions. Finally, up to a 7 fold stimulation was observed
with the quadruple substitution (mutant A42E/A45K/F46Y/Q48E).

Stimulation of the intrinsic GTPase activity of EF-Tu E. coli in the
presence of kirromycin was increased 3.7, 3 and 5 fold respectively,
by the single A42E, Q48E and F46Y substitutions, while the stim-
ulation was increased 7 and 12 fold respectively, by the double
(F46Y/Q48E) and the quadruple (A42E/A45K/F46Y/Q48E)
substitutions.

While enacyloxin increased modestly the GTPase activity of the
wild type E. coli EF-Tu (less than 2 fold), introduction of single or
multiple substitutions enhanced the catalytic activity, especially
with the double (F46Y/Q48E) and the quadruple (A42E/A45K/F46Y/
Q48E) substitutions where a 10 fold and a 25 fold stimulations were
observed, respectively. These results suggest that amino acid sub-
stitutions in the “effector region” affect the catalytic GTPase activity
of the E. coli factor.

4. Discussion

Frateuria sp. W-315 is a Gammaproteobacterium of the family
Xanthomonadaceae. It is an intermediate strain among the genera
Gluconobacter, Pseudomonas and Acetobacter [29]. It produces a
family of polyenic antibiotics named enacyloxin active against
Gram positive and Gramenegative microorganisms [6]. Among
them enacyloxin IIa has been shown to inhibit bacterial protein
biosynthesis in vitro [8]. Enacyloxin has a mechanism of action
similar to that of the antibiotic kirromycin because it inhibits pro-
tein synthesis by acting on a specific target, the translation factor
EF-Tu. Enacyloxin induces a constitutive activation of EF-Tu�GDP,
making this complex so firmly attached to the mRNA-programmed
ribosomes after aa-tRNA binding and GTP hydrolysis, that recycling
of EF-Tu�GDP and peptide bond formation are inhibited [9]. It is
generally accepted that an organism that produces an antibiotic
would not be sensitive to this molecule. Therefore, it is not sur-
prising that the enacyloxin producing Frateuria W-315 strain is
resistant to this antibiotic. However, the molecular mechanism of
this resistance is not yet elucidated. In this context, taking into
account the general increase in resistance toward antibiotics, and
considering that the resistance of the enacyloxin producing Fra-
teuriaW-315 strain might stem from structural elements specific to
EF-Tu, we have purified the factor from FrateuriaW-315 and shown
that it was as sensitive to enacyloxin as E. coli EF-Tu in in vitro
poly(Phe) synthesis with a IC50 of 0.2 mM. The same results were
obtained in the presence of enacyloxin IIa or in the presence of its
intermediate biosynthesized form enacyloxin IVa, with S30 extracts
of Frateuria W-315 suggesting that resistance to the antibiotic of
enacyloxin producing FrateuriaW-315 is not linked to its target EF-
Tu or to other component of the translational machinery. Therefore,
it is most probable that the resistance to enacyloxin is due to an
active secretion factor that removes quickly the antibiotic from the
cytosol.

We can mention that none of the residues (K124, D316, T375)
identified on E. coli EF-Tu responsible for enacyloxin resistance [16]
are present in the amino acid sequence of Frateuria EF-Tu.

EF-Tu E. coli folds in three domains: the nucleotide-binding
domain 1 (residues 1e199) contains an a/b Rossman fold with
four a-helices A, B, C and D, as well as the “effector region” (residues
41e65), whereas domains 2 and 3 (residues 209e299 and
300e393, respectively) are b-barrels. The binding site of Enacyloxin
IIa located at the interface of domains 1 and 3 overlaps that of
kirromycin [30]. On the basis of strong primary structure similar-
ities between EF-Tu Frateuria and EF-Tu Ralstonia solanacearum, as
revealed by mass spectrometric analyses, we have cloned and
sequenced the gene coding for EF-Tu Frateuria. The amino acid
sequence of the latter shows 80% identity with EF-Tu E. coli and 97%
with EF-Tu Ralstonia. Only few differences occurred in fragment
36e48 belonging to the “effector region” and in fragment 182e186
located in domain 1 of the factor.

Inspite of these strong primary structure similarities, EF-Tu
E. coli was shown to be more efficient than EF-Tu Frateuria in
stimulating protein synthesis in vitro, suggesting that some key
amino acid residues involved in catalysis might be different in the
two factors. For example, when the Phe residue at position 46 or the
Gln residue at position 48 in EF-Tu E. coliwere changed toTyr or Glu
(the amino acid residues naturally present at these positions in EF-
Tu Frateuria), respectively, the concentration inducing half maximal
activation in poly(Phe) synthesis was not affected, suggesting that
these substitutions operated in the “effector region” are not critical
for the function of the factor. By contrast, changing Ala to Glu at
position 42 and Ala to Lys at position 45 were shown to decrease
the efficiency of EF-Tu E. coli. Taking into account the fact that Glu
and Lys are charged residues and that their side chains are much
larger than that of Ala, these results would be the reflect of struc-
tural requirements in the “effector region” of EF-Tu. The afore-
mentioned effects were evenmore pronounced with the quadruple
(A42E/A45K/F46Y/Q48E) substitutions, with a ka value of EF-Tu
E. coli becoming almost equal to that of EF-Tu Frateuria. Alto-
gether, these results suggest that the residues Glu-42, Lys-45, Tyr-
46 and Glu-48 participate to the binding pocket for the effector in
the 3-D structure of EF-Tu Frateuria.

EF-Tu is the target of four families of antibiotics of unrelated
structures inhibiting protein synthesis. Their prototypes are kirro-
mycin, enacyloxin IIa, pulvomycin and GE2270A [10]. All these



Fig. 6. Intrinsic GTPase activity of EF-Tu E. Coli (,), EF-Tu Frateuria W315 ( ) and EF-
Tu Coli A43E/A46K/F47Y/Q49E ( ) in the absence (A) or in the presence of 50 mM
kirromycin (B) or 50 mM enacyloxin IIa (C). The hydrolysis of [g-32P]�GTP was deter-
mined as described in the methods. The concentration of preformed EF-Tu�[g-32P]�
GTP complex was determined by nitrocellulose binding assay from the radioactivity
bound to EF-Tu products in the presence of a saturating amount of [g-32P]�GTP
(500 mM�20 Bq pmol�1) in 40 mM Tris-HCl pH 7.5, 7 mM MgCl2, 80 mM NH4Cl, 2 mM
Phosphoenolpyruvate, 100 mg ml�1 pyruvate Kinase, 1 mM dithiothreitol,
0.05 mg mL�1 BSA after 10 min at 30 �C.
antibiotics strongly increase the affinity of EF-Tu�GTP by affecting
the apparent association and dissociation rates in opposite ways,
the association rate being strongly stimulated, while the dissocia-
tion rate is inhibited. The effect of these different antibiotics on the
stimulation of the apparent GTP association rate is lowerwith EF-Tu
Frateuria thanwith EF-Tu E. coli, while the effect on the dissociation
rate is of the same order of magnitude. In the case of the antibiotic
enacyloxin, the effect on the stimulation of the association rate was
8 times less important with EF-Tu Frateuria than with EF-Tu E. coli.
With the exception of the antibiotic GE2270A, all the antibiotics
exert a stronger effect on the stimulation of the apparent GDP
dissociation rate of EF-Tu Frateuria in comparisonwith EF-Tu E. coli.
These results would suggest that, inspite of the high degree of
structural conservation, it exists some variations in the binding
mode of the antibiotics on EF-Tu Frateuria and EF-Tu E. coli.

Conserved Thr-25 is involved in the coordination of the essential
magnesium ion interacting with the b- and g-phosphates of the
GTP nucleotide in the hydrophobic guanine binding pocket of the
factor [31e34]. It is most probable that the modification of the
effector loop structure in EF-Tu Frateuria results in a loss of hy-
drophobic contacts with the Thr-25 side chain methyl group that
might affect the kinetics of interaction with the guanine nucleo-
tides. Antibiotics bind at the interface between domains 1 and 3 of
EF-Tu and destabilize the effector region by changing its confor-
mation [30,35]. They contact the domain 1 interface representing a
strategic region which communicates with the nucleotide binding
pocket via the switch regions, and mediates the GDP and GTP
dependent signals controlling the interactions with ligands.

In the present report, enacyloxin IIa was shown to enhance the
intrinsic GTPase activity of EF-Tu E. coli, much more weakly than
kirromycin. GTP hydrolysis in EF-Tu takes place through an in line
direct attack on the g-phosphate by a water molecule. His-84 has
been proposed to be involved in EF-Tu-mediated GTPase activity
through a nucleophilic attack of its side chain on the g-phosphate
[11, 31, 36]. However analysis of the GTPase activity of the EF-
Tu�antibiotic complexes and of H84 mutants in the absence or in
the presence of programmed ribosomes did not support a direct
involvement of the H84 side chain in the GTP g-phosphate hydro-
lysis [10,37,38]. All the antibiotics (kirromycin, enacyloxin, pulvo-
mycin) that enhance the intrinsic GTPase activity of EF-Tu interact
with the domain 1:3 interface. Perturbation of this area in close
contact with the nucleotide binding pocket via the switch regions
could influence the cleavage of the GTP g-phosphate. GTPase acti-
vation is controlled by a hydrophobic gate formed by residues Val-
20 in the P-loop region and Ile-60 in the switch I effector region
which prevents His-84 from activating the water molecule and the
catalysis of GTP hydrolysis.

Switch 1 region (residues 40e62) displays conformational
changes in the working cycle of EF-Tu. The prominent structural
differences between EF-Tu E. coli and EFTu Frateuria are located in
the switch 1 region. This structural modification in switch 1 in EF-
Tu Frateuria can affect the flexibility of this region and facilitate the
opening gate and the access of His-84 to the nucleotide. As a
consequence, the GTPase activity of EF-Tu Frateuria might be
increased in comparison with that of EF-Tu E. coli. In line with this,
mutations in this region that replaced residues in EF-Tu E. coli by
those of EF-Tu Frateuria activate intrinsic GTP hydrolysis and anti-
biotics dependent stimulation. Crystallographic studies of EF-Tu
Frateuria in complex with the non hydrolysable GTP and/or with
antibiotics will bring further insight into the GTPase mechanism.
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