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ABSTRACT: A recombinant chimeric elongation factor containing the region of EF-1R from Sulfolobus
solfataricusharboring the site for GDP and GTP binding and GTP hydrolysis (SsG) and domains M and
C of Escherichia coliEF-Tu (EcMC) was studied.SsG-EcMC did not sustain poly(Phe) synthesis in
eitherS. solfataricusor E. coli assay system. This was probably due to the inability of the chimera to
interact with aa-tRNA. The three-dimensional modeling ofSsG-EcMC indicated only small structural
differences compared to theThermus aquaticusEF-Tu in the ternary complex with aa-tRNA and GppNHp,
which did not account for the observed inability to interact with aa-tRNA. The addition of the nucleotide
exchange factorSsEF-1â was not required for poly(Phe) synthesis since the chimera was already able to
exchange [3H]GDP for GTP at very high rate even at 0°C. Compared to that ofSsEF-1R, the affinity of
the chimera for guanine nucleotides was increased and thekcat of the intrinsic GTPase was 2-fold higher.
The heat stability ofSsG-EcMC was 3 and 13°C lower than that displayed bySsG and SsEF-1R,
respectively, but 30°C higher than that ofEcEF-Tu. This pattern remained almost the same if the melting
curves of the proteins being investigated were considered instead. The chimeric elongation factor was
more thermophilic thanSsG andSsEF-1R up to 70°C; at higher temperatures, inactivation occurred.

The primary structure of elongation factor 1R (EF-1R)1

and EF-Tu has been determined in many organisms (1). They
all exhibit stretches of identical sequence mainly at the
N-terminal region which contains the guanine nucleotide
binding motifs (2). X-ray diffraction studies withEscherichia
coli EF-Tu‚GDP (3, 4) andThermus thermophilus(5) and
Thermus aquaticusEF-Tu‚GTP (6) revealed that EF-Tu is
made of three distinct structural domains, the nucleotide
binding G domain, the middle M domain, and the C-terminal
C domain. The substitution of GDP for GTP provokes a
dramatic difference in the orientation of the G domain with
respect to the M and C domains (7).

EF-1R from Sulfolobus solfataricusis a monomeric protein
made of 435 amino acid residues (8); its three-dimensional
(3D) structure is being investigated (9). It is highly thermo-

stable (10), belongs to the family of the GTP-binding proteins
(11), and exhibits an intrinsic GTPase activity stimulated by
NaCl at molar concentrations (12). With the lack of structural
data, the definition of the functional role of specific regions
of SsEF-1R has been attempted by measuring the biochemical
properties ofSsG andSsGΜ regions (13). SsG contained
the site for GDP and GTP binding and GTP hydrolysis,
whereas the C and M regions were important for the
regulation of the affinity ofSsG for GDP and GTP, the
interaction with ribosome, and the thermostability of the
intact SsEF-1R (13).

To asses the role in a protein molecule of specific regions,
another approach was the construction of chimeras engi-
neered from homologous proteins (14-16). With this ap-
proach,SsEF-1R andEcEF-Tu are interesting models since
although they are homologous enzymes, their GTPase
activities differ in a number of properties such as the
mechanism of the catalytic reaction, the different affinity
toward effectors, antibiotics, and ligands, and the different
behaviors with respect to physical and chemical denaturants
(11, 12). Therefore, the construction of a chimeric elongation
factor made of the thermophilic archaealSsG and the
mesophilic eubacterial domainEcMC was intriguing since
it allowed us to investigate the effects on the functional
properties produced by the interaction between complemen-
tary domains of proteins isolated from organisms living under
very different environmental conditions. The stability of the
chimera was evaluated by measuring its heat inactivation
and denaturation following exposure to heat.
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MATERIALS AND METHODS

Chemicals, Enzymes, and Buffers.Restriction enzymes,
modifying enzymes, labeled compounds, and chemicals were
as previously reported (17); plasmid DNA, genomic DNA,
and labeled probes were prepared as described previously
(18).

The following buffers were used: buffer A [50 mM Tris-
HCl (pH 7.8), 50 mM KCl, 10 mM MgCl2, 15% glycerol,
and 1 mM phenylmethanesulfonyl fluoride], buffer B [20
mM Tris-HCl (pH 6.8), 10 mM MgCl2, and 20% glycerol],
buffer C [20 mM Tris-HCl (pH 7.8), 10 mM MgCl2, and 50
mM KCl], and buffer D [20 mM Tris-HCl (pH 7.8), 10 mM
MgCl2, and 1 mM dithiothreitol].

Plasmid Construction and Expression and Purification of
the Chimeric Elongation Factor. The pGEX-2T plasmid
containing theE. coli tufA gene (19) fused to the gene
encoding GST (20) was used as template to synthesize a
DNA fragment encoding the MC domain ofEcEF-Tu. The
two primers were AGAGCGTGCGATTGGAATTCCGTT
(EX5) corresponding to positions 609-632 of theEcEF-Tu
gene (as numbered from the start codon) and the reverse
primer TTTCACCGTCATCACCGAAA (EX4) correspond-
ing to the region of the pGEX-2T vector close to the
polylinker. EX5 contained anEcoRI restriction site that
corresponds to the sequence encoding amino acid residues
Asp207 and Lys208, which inEcEF-Tu separate domain G
and domains M and C (3). A SmaI restriction site is also
present in theE. coli DNA after the stop codon of the EF-
Tu gene. The PCR product was then cleaved with the
restriction enzymesEcoRI andSmaI, purified on agarose gel,
cloned into a pT7-7 vector harboring theSsEF-1R gene (21),
and cleaved with the same restriction enzymes. The new
vector contained an open reading frame encoding a 420-
residue protein. The recombinant clone was then transferred
into E. coli BL21(DE3) cells which express the T7 RNA
polymerase under the control of the inducible lac UV5
promoter (22). The transformed cells were then used to
inoculate 10 mL of Luria broth containing 100µg/mL
ampicillin and grown overnight at 37°C. The culture was
then diluted 1:100 in a final volume of 1 L and grown up to
an absorbance of 0.7 at 600 nm. Induction was performed
by adding isopropylâ-D-thiogalactopyranoside (IPTG) to a
final concentration of 0.4 mM. After induction for 3 h, the
bacterial cells were collected by centrifugation, resuspended
in buffer A (6 mL/g of wet cells), and disrupted with a French
press at 1000 psi followed by sonication (three 30 s impulses
at 100 W). The chimeric elongation factor accumulated in
the inclusion bodies from which it was purified according
to the procedure hereafter described. The pellet of the S30
fraction was resuspended in 20 mL of 8 M urea and
incubated overnight at 37°C. The sample was centrifuged,
and the supernatant was then dialyzed against buffer B and
loaded onto a Mono Q (HR 10/10) column equilibrated with
the same buffer and connected to an FPLC system (Phar-
macia) operating at room temperature at a flow rate of 2
mL/min. The chimeric elongation factor was collected in the
flow through. The active fractions were analyzed on SDS-
PAGE, and only those exhibiting a single protein band were
pooled together, dialyzed against buffer B containing 50%
(v/v) glycerol, and stored at-20 °C.

Chimeric Elongation Factor Assays and Characterization.
Poly(U)-directed poly(Phe) synthesis and the isolation of total
tRNA and ribosome fromS. solfataricuswere performed at
60 °C as previously described (10). Poly(U)-directed protein
synthesis tested with theE. coli components was performed
as previously reported (23).

The preparation of Phe-tRNAPhe, the formation of the
ternary complex between the chimeric elongation factor,
[γ-32P]GTP and Phe-tRNAPhe, and the protection of spon-
taneous deacylation of the Phe-tRNAPhewere carried out as
previously reported (23).

The ability of the chimera to form a binary complex with
[3H]GDP was assayed as described previously (10). The
number of [3H]GDP binding sites and the equilibrium
dissociation constant (Kd) of the complex of the chimera and
[3H]GDP were determined with Scatchard plots; values of
Kd for GTP were obtained by competitive binding experi-
ments in the presence of 25µM [3H]GDP at different GTP
concentrations, and the dissociation rate constants for the
SsG-EcMC‚[3H]GDP complex were determined as previously
reported (10).

The GTPaseNa activity of the chimera was measured in
the presence of 3.6 M NaCl (12). Unless otherwise indicated,
the reaction mixture contained 0.5-1.0µM SsG-EcMC and
50 µM [γ-32P]GTP (specific activity of 50-100 cpm/pmol)
in 200µL of buffer D. The reaction was followed kinetically,
and at appropriate time intervals depending on the temper-
ature, 40µL aliquots were withdrawn and analyzed for the
amount of32Pi that was released.kcat of GTPaseNa, Km of
[γ-32P]GTP, the inhibition constants for GDP and Gpp(NH)p,
and the energetic parameters of activation were determined
as previously reported (12, 13).

The effect of kirromicyn on the intrinsic GTPase activity
of SsG-EcMC, SsEF-1R, andSsG was tested as previously
described (24) in the presence of 50µM antibiotic.

The values of the kinetic parameters reported in this paper
represent average values of three to six different determina-
tions.

Measurement of the Thermophilicity and Heat Stability
of SsG-EcMC.The thermophilicity of the chimera was
evaluated by measuring the level of GTPaseNa in the
temperature range of 40-85 °C. At each temperature, the
reaction was followed kinetically as described above. The
effect of temperature on the [3H]GDP-GDP and [3H]GDP-
GTP exchange reactions on the preformedSsG-EcMC‚[3H]-
GDP complex was assessed as previously reported (13). The
mixture contained the preformed labeled binary complex at
a concentration of 0.6µM (specific activity of about 103 cpm/
pmol) in 120µL of buffer C. The exchange reaction was
started by adding 2 mM unlabeled GDP or GTP; at
appropriate time intervals, 25µL aliquots were withdrawn
and the residual radioactive binary complex was identified
by the nitrocellulose filter technique. The data were treated
according to first-order kinetics and then analyzed by the
Arrhenius equation. The energetic parameters of activation
were calculated as previously reported (25). The effect of
0.1 µM SsEF-1â on the [3H]GDP-GTP exchange on the
preformedSsG-EcMC‚[3H]GDP complexes was tested at 40
°C as described previously (13).

The heat inactivation of the chimeric elongation factor and
other proteins was assessed by incubating 4µM protein in
buffer C for 10 min at selected temperatures. After the heat
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treatment, 25µL aliquots were cooled on ice for 30 min
and then analyzed for their [3H]GDP binding ability in a
final volume of 100µL.

Melting curves ofSsG-EcMC, SsEF-1R, SsG, andEcEF-
Tu were obtained in the temperature range of 10-99 °C at
a protein concentration of 2-6 µM in buffer C using a
computer-assisted Cary 1E spectrophotometer (Varian)
equipped with a temperature controller. The rate of temper-
ature increase was set at 0.2°C/min; the difference in
absorbance at 286 and 274 nm was measured every 1°C
increase, normalized between 0 and 100, and plotted versus
temperature (26).

Three-Dimensional Modeling.The amino acid sequence
of SsG-EcMC was submitted to the modeling program of
the SwissModel server (27, 28), and the crystal structure
coordinates of theTaEF-Tu‚GppNHp‚Phe-tRNAPhe (29)
ternary complex were used as a template and for superim-
position (PDB file name 1TTT). The generated model was
visualized by using the SwissPdbWiever program (28).

RESULTS

Production and Isolation of the Chimeric Elongation
Factor. The chimeric elongation factorSsG-EcMC was
expressed at high yield, and about 5 mg per liter of cell
culture was obtained. The purified chimera exhibited anMr

of about 47 000 (Figure 1). Its identification was achieved
by determining the sequence of the first 10 N-terminal amino
acid residues which was identical to that ofSsEF-1R. The
purified chimera was stable when stored at-20 °C in buffer
B containing 50% (v/v) glycerol.

Interaction of the Chimera with Macromolecular Com-
ponents InVolVed in Protein Synthesis.The substitution in
SsEF-1R of the SsMC region for the correspondingEcMC
domain ofEcEF-Tu abolished in the formed chimera the
property to promote poly(Phe) synthesis in either theS.
solfataricusor E. coli assay system (not shown). To test if
the chimera interacted with aa-tRNA, its ability to form a
complex with Phe-tRNAPhe was investigated. As shown in
Figure 2, no complex formation was detected by gel filtration
using either the chimera or the isolatedSsG, whereas a very
weak interaction was observed forSsEF-1R. The same result

was obtained in other experiments in which the protection
toward spontaneous deacylation of Phe-tRNAPhe (from
brewer’s yeast orE. coli) by SsEF-1R, SsG, and the chimera
in complex with GTP was tested (not shown).

Affinity of the Chimeric Elongation Factor for GDP and
GTP. The chimera was able to bind GDP or GTP. The
Scatchard plot shown in Figure 3 shows that GDP bound
the chimera with a ratio approaching 1:1. Table 1 reports
the affinity for [3H]GDP and GTP of the chimera in
comparison with those ofSsEF-1R, SsG, EcEF-Tu, andEcG.
The affinity of the chimera for both nucleotides was higher
than those ofSsEF-1R andEcG but lower than those ofSsG
andEcEF-Tu. In particular, in comparison toSsEF-1R, the
increase in the affinity of the chimera for GTP was much

FIGURE 1: SDS-PAGE of purified EcEF-Tu, SsG-EcMC, and
SsEF-1R. Two micrograms each ofEcEF-Tu (lane 1),SsEF-1R (lane
2), orSsG-EcMC (lane 3) was loaded. The position after migration
of the standard proteins BSA (68 kDa), ovoalbumin (46 kDa), and
carbonic anhydrase (30 kDa) is shown on the right.

FIGURE 2: Interaction betweenSsG-EcMC, SsG, SsEF-1R, and
EcEF-Tu withEcPhe-tRNAPhe. The reaction mixture contained 0.2
µM SsG-EcMC (A), SsG (B), SsEF-1R (C), or EcEF-Tu (D), 1
µM [γ-32P]GTP (specific activity of 6200 cpm/pmol), 1 mM
phosphoenolpyruvate, and 40µg/mL pyruvate kinase in 35µL of
buffer D supplemented with 60 mM NH4Cl. The reaction mixture
was incubated for 10 min at 30°C in the absence (white symbols)
or in the presence (black symbols) of 1µM EcPhe-tRNAPhe and
then loaded onto a Sephadex G-25 column (0.4 cm× 15 cm),
equilibrated with the above-mentioned buffer. Fractions (100µL)
were collected, and the radioactivity was measured.

FIGURE 3: Scatchard plot for theSsG-EcMC‚[3H]GDP complex.
SsG-EcMC (1 µM) was incubated at 60°C in 100µL of buffer C
in the presence of 0.2-4 µM [3H]GDP (specific activity of 5500
cpm/pmol). After 30 min, 90µL aliquots were withdrawn and
filtered on nitrocellulose. Each experimental point represents the
average of three determinations.

Table 1: Binding of Guanine Nucleotides toSsEF-1R, SsG, and
SsG-EcMC

KdGDP
(µM)

KdGTP
(µM)

k-1
(min-1)

k+1 (µM-1

min-1) ref

SsG-EcMC (60 °C) 0.6( 0.09 5.3( 0.3 12.7( 0.4 21.2( 2.0 this work
SsEF-1R (60 °C) 1.6 35 0.14 0.09 21
SsG (60°C) 0.2 1.7 7.02 35.1 13
EcEF-Tu (0°C) 0.0009 0.5 0.014 15.6 30
EcG (0 °C) 2.1 6.2 0.17 0.078 30
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greater than that for [3H]GDP. Moreover, the complexSsG-
EcMC‚[3H]GDP exhibited a significant increase in both the
dissociation and association rate constant. The greater
increase ofk+1 in comparison with that ofk-1 was previously
observed forSsG (13).

The Chimeric Elongation Factor Hydrolyzes GTP. Like
the intact SsEF-1R, the chimeric elongation factor also
elicited the intrinsic GTPaseNa. At 60 °C, Km andkcat, derived
from the Lineweaver-Burk plot reported in Figure 4, were
not significantly different from those ofSsEF-1R (Table 2).
A more consistent increase in the catalytic efficiency of the
chimeric elongation factor compared to that ofSsEF-1R was
observed. GDP was a competitive inhibitor of GTPaseNa

(Figure 4A) with an efficiency higher than that of Gpp(NH)p
(Figure 4B); this has been reported previously for bothSsEF-
1R andSsG (13).

TheKm for [γ-32P]GTP and thekcat values of the GTPaseNa

of the chimera,SsEF-1R, andSsG were also measured in
the temperature interval of 30-60 °C, and they increased
with increasing temperatures. Figure 5 shows the Arrhenius
plots of the kcat values of the GTPaseNa. The chimera
exhibited values of the energy and entropy of activation that
were lower than those ofSsEF-1R but similar to those of
SsG (Table 3).

No stimulation of the intrinsic GTPase activity ofSsG-
EcMC, SsEF-1R, andSsG by kirromycin at either 30 or 60
°C was observed (not shown).

The Temperature Affects the Exchange of [3H]GDP for
GDP or GTP on the Binary Complex SsG-EcMC‚[ 3H]GDP.
The effect of temperature on the nucleotide exchange
reactions was evaluated by measuring the rate constants in
the interval of 0-60 °C. For both [3H]GDP-GDP and [3H]-
GDP-GTP exchange reactions, the rate increased with
increasing temperatures (Figure 6) and the corresponding
Arrhenius plots were linear (Figure 7). The energetic
parameters of activation for both exchange reactions were
calculated at 60°C and compared with those determined for
SsEF-1R and SsG (Table 4). The corresponding values
determined for the chimera were lower than those ofSsEF-
1R and approaching those ofSsG. Such a finding was similar
to that reported above for GTPaseNa.

Heat Stability and Thermophilicity of the Chimeric Elon-
gation Factor.The heat inactivation profile of the [3H]GDP
binding ability of the chimera is reported in Figure 8A.SsG-
EcMC was half-inactivated after exposure for 10 min at 81
°C. This value was 30°C higher than that required to half-
inactivate EcEF-Tu, and 13 and 3°C lower that those
required for the half-inactivation ofSsEF-1R and SsG,
respectively.

The stabilities ofSsG-EcMC, SsEF-1R, SsG, andEcEF-
Tu were also measured by ultraviolet-monitored thermal
denaturation (26) of the proteins bound to GDP (Figure 8B).
As it occurred for the inactivation profile of the [3H]GDP
binding activity shown above, the thermal stability of these
proteins also increased in the orderEcEF-Tu, SsG-EcMC,
SsG, andSsEF-1R with a denaturation midpoint of 42.4, 74.3,
86.6, and 92.2°C, respectively. Except forSsG, these values
were lower compared to those determined from the inactiva-
tion curves of the [3H]GDP binding (Figure 8A).

The thermophilicity of the chimera, evaluated on the basis
of the GTPaseNa, was investigated by measuring the rate of
[γ-32P]GTP hydrolysis at increasing temperatures. As shown
in Figure 9, the chimera exhibited a thermophilicity which
at 70 °C was about 160 and 260% higher than those
measured forSsEF-1R andSsG, respectively.

Three-Dimensional Modeling of SsG-EcMC.The super-
imposition of SsG-EcMC with the templateTaEF-Tu‚
GppNHp‚Phe-tRNAPhe (29) (Figure 10) showed that the
EcMC domain of the chimera was, as expected, perfectly
superimposed with theTaMC except for the insertion of one
amino acid residue in theTaM domain (P260). Vice versa,
structural prediction of theSsG domain showed differences
which were mainly generated by the fact that the amino acid
sequence ofSsG is longer than that ofTaG. In fact, the
derived model of the chimeric elongation factor did not
exhibit great differences in the secondary structure ofSsG
except for its N-terminal region containing the firstâ-strand
(V12-I17) and the firstR-helix (G23-N39) of TaEF-Tu.
This N-terminal region was not present inSsG probably
because the amino acid sequence ofSsG contained in this
region an insertion of 14 residues (8) which did not allow
the prediction of secondary structure. Other differences
included the insertion of three segments found in the chimeric
model and not inTaG. These were Y122-G125, V128-
G130, and Y161-K164. In addition, two gaps were found
in the chimeric model: one corresponding to E153 ofTaEF-
Tu and the other corresponding to V217-K219 of TaEF-
Tu, in the region connectingSsG to EcMC.

FIGURE 4: Competitive inhibition of GTPaseNa of SsG-EcMC by
GDP or Gpp(NH)p. A 200µL final volume of buffer D contained
3.6 M NaCl, 0.9µM SsG-EcMC, and 0.8-10 µM [γ-32P]GTP
(specific activity of 3000-250 cpm/pmol) in the absence (4) or in
the presence of 0.3 (2) or 0.7µM (9) GDP (A) or 6 (2) or 12µM
(9) GppNHp (B). The reaction was followed kinetically at 60°C,
and the rate of release of32Pi was determined with 25µL aliquots.
The reaction rate (V) was expressed as moles of [γ-32P]GTP
hydrolyzed per minute.

FIGURE 5: Arrhenius plot of thekcat of the GTPaseNa of SsG-EcMC,
SsG, and SsEF-1R. The kcat values were determined in the
temperature range of 50-80 °C as described in the legend of Figure
4. The concentration ofSsG-EcMC (2), SsG (4), and SsEF-1R
(b) was 0.5µM. Each experimental point represents the average
of three determinations.
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DISCUSSION

In the process of protein synthesis,SsEF-1R and eubac-
terial EF-Tu perform similar biological functions in their
respective environments. EF-Tu contains structural domains,
G, M, and C (3-6), which complement each other in
assessing the correct folding of the whole molecule, to allow
the recognition of specific nucleotides, proteins, and mac-
romolecules (23, 26). On the basis of sequence alignment,
three distinct regions were identified onSsEF-1R corre-
sponding to the three structural domains ofEcEF-Tu (8, 13).
To investigate whether homologous regions could interact

with their heterologous complementary domains, a chimeric
elongation factor containing the archaeal thermophilicSsG
and the eubacterial mesophilicEcMC was constructed. Its
biochemical properties were compared with those ofSsEF-
1R andSsG since the latter contains the sites for the binding
of guanine nucleotides and GTP hydrolysis.

A chimeric elongation factor made by the eubacterialEcG
and the archaealSsMC regions (EcG-SsMC) was also
constructed and expressed inE. coli using the same protocol
that was used forSsG-EcMC. Even in this case, the chimeric
product accumulated in the inclusion bodies, but its isolation
was fruitless because of its very low stability.

SsG-EcMC did not support the polymerization of pheny-
lalanine in assay systems containing the components required
for protein synthesis obtained from eitherS. solfataricusor
E. coli. This was probably due to the fact thatEcMC did
not recognize the archaeal macromolecules involved in this
process andSsG did not interact with the correspondingE.
coli macromolecules; this last finding was confirmed by the

Table 2: Catalytic and Kinetic Properties of GTPaseNa Supported bySsEF-1R, SsG, andSsG-EcMC and Inhibition by GDP and Gpp(NH)p
(60 °C)

kcat (min-1) Km (µM) kcat/Km (µM-1 min-1) KiGDP (µM) KiGpp(NH)p (µM) ref

SsG-EcMC 1.5( 0.2 1.7( 0.4 0.9( 0.4 1.2( 0.6 5.2( 1.2 this work
SsEF-1R 0.85 2.5 0.34 1.3 8.4 21
SsG 0.6 2.4 0.25 1.7 19.3 13

Table 3: Energetic Parameters of the GTPaseNa of SsEF-1R, SsG,
andSsG-EcMCa

E (kJ mol-1) ∆S* (J mol-1 K-1) ∆G* (kJ mol-1)

SsG-EcMC 54 -125 93
SsEF-1R 76 -64 95
SsG 51 -143 96

a The values ofE were derived from the data depicted in Figure 5.
∆S* and ∆G* were calculated at 60°C.

FIGURE 6: Effect of temperature on the nucleotide exchange
reaction on the preformedSsG-EcMC‚[3H]GDP complex. The
preformedSsG-EcMC‚[3H]GDP complex was prepared by incubat-
ing 0.5 µM SsG-EcMC with 6 µM [3H]GDP (specific activity of
2000 cpm/pmol) for 30 min at 60°C. The exchange reaction (200
µL) was started by adding 2 mM GDP (A) or 2 mM GTP (B) and
was followed kinetically by measuring the amount of residualSsG-
EcMC‚[3H]GDP in 45 µL aliquots at 0 (b), 30 (O), 40 (2), 50
(4), and 60°C (9).

FIGURE 7: Arrhenius plot of thek-1 values of the nucleotide
exchange reaction. Thek-1 values for the [3H]GDP-GDP (b) or
[3H]GDP-GTP (O) exchange reaction were derived from the data
depicted in Figure 6. Each experimental point represents the average
of three determinations.

Table 4: Energetic Parameters of the [3H]GDP-GDP and
[3H]GDP-GTP Exchange Reactions on the Binary Complexes
Formed by [3H]GDP with SsEF-1R, SsG, andSsG-EcMCa

binary complex exchanger
E (kJ

mol-1)
∆S* (J

mol-1 K-1)
∆G* (kJ
mol-1) ref

SsG-EcMC‚[3H]GDP GDP 27 -155 76 this work
SsEF-1R‚[3H]GDP GDP 63 -121 101 13
SsG‚[3H]GDP GDP 49 -123 87 13
SsG-EcMC‚[3H]GDP GTP 33 -142 77 this work
SsEF-1R‚[3H]GDP GTP 76 -80 100 13
SsG‚[3H]GDP GTP 40 -154 88 13

a The values ofE were determined in the temperature range of 0-60
°C. ∆S* and ∆G* were calculated at 60°C.

FIGURE 8: Heat stability ofEcEF-Tu,SsG-EcMC, SsG, andSsEF-
1R. (A) Residual [3H]GDP binding ability and (B) melting curves
of SsEF-1R (b), SsG-EcMC (2), SsG (4), andEcEF-Tu (O). Each
experimental point represents the average of three determinations.
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fact thatSsG-EcMC did not form a complex withEcPhe-
tRNAPhe and GTP (Figure 2).

Despite its inability to sustain poly(Phe) synthesis, the
chimeric elongation factor retained some important properties
of SsEF-1R, such as the ability to bind guanine nucleotides
and to hydrolyze GTP. In fact, it bound either GDP or GTP
with an affinity that was higher than that exhibited bySsEF-
1R but significantly lower than that exhibited byEcEF-Tu
(Table 1). Since the removal ofSsMC from SsEF-1R
increased greatly the affinity for guanine nucleotides and the
insertion ofEcMC restored partially the values ofKdGDPand
KdGTP, a weak interaction betweenSsG andEcMC can be
cited, at least concerning the affinity for nucleotides. The
increased affinity of the chimera for GDP and GTP was due
to the association rate constant which increased much more
compared to the dissociation rate constant (Table 1). The
increased affinity of the chimera for the guanine nucleotides
can also be explained with the energetic data reported in

Table 4. In fact, for both the [3H]GDP-GDP and [3H]GDP-
GTP exchange reactions, the process was favored by a
significant decrease in the activation energy with respect to
SsEF-1R and SsG as well. The free energy of activation
exhibited a moderate decrease, accompanied by a decrease
in the activation entropy that was greater when the exchanger
was GTP. This last finding suggested that the binding of
GTP generated a transition state with a more compact
structure of the chimeric elongation factor compared to that
occurring upon the binding of GDP. This might be in
agreement with the results of crystallographic data showing
that T. thermophilusEF-Tu‚GTP has a more compact
molecular organization thanEcEF-Tu‚GDP (4-7).

The catalytic efficiency of GTPaseNa of the chimeric
elongation factor was higher than that of eitherSsEF-1R or
SsG (Table 2). The inhibition constants for GDP and Gpp-
(NH)p were comparable to those ofSsEF-1R, thus suggesting
that in the presence of high salt concentrations theEcMC
domain of the chimeric elongation factor did not alter the
level of exposure of the binding site for guanine nucleotides
on SsG. The comparison between theKd values reported in
Table 1 with theKi values reported in Table 2 showed that
3.6 M NaCl reduced the affinity of the chimera for GDP;
this suggested that the salt made the guanine nucleotide
binding site less accessible to GDP. The energetic values
reported in Table 3 might explain the above results. In fact,
although the value of the activation energy of GTPaseNa of
SsG-EcMC was lower than that of bothSsEF-1R andSsG,
the free energy of activation was almost the same for all
three systems.

Since about half of theSsG-EcMC primary structure was
of mesophilic origin, it should be expected that the temper-
ature for half-inactivation of the chimeric elongation factor
was lower than that observed (Figure 8A). Despite that, the
chimera was much more stable thanEcEF-Tu. This behavior
could be explained by the fact that in the chimeric elongation
factor,EcMC did not provoke a substantial reduction in the
average amino acid hydrophobicity of the whole molecule.
In fact, as previously reported, the average hydrophobicity
of proteins increases with the increase of the optimum
temperature at which they are still active (31, 32). In the
case presented here, the average amino acid hydrophobicities
calculated forSsG-EcMC, SsEF-1R, andEcEF-Tu were 4.8,
4.9, and 4.6 kJ/amino acid, respectively, thus explaining why
the stability of the chimera was closer to that ofSsEF-1R
than to that ofEcEF-Tu. To exclude the possibility that the
stability of the chimeric factor was correlated mainly with
the stability of theSsG, thermal denaturation profiles of
EcEF-Tu,SsG-EcMC, SsG, andSsEF-1R were obtained. The
pattern of the melting curves (Figure 8B) was similar to that
obtained from the measurements of the heat inactivation
(Figure 8A) except for the melting curve ofSsEF-1R which
appeared to be caused by different structural events. When
the naturally occurring form ofSsEF-1R was tested instead,
the denaturation profile was like that usually observed for
the melting curves (not shown). The temperatures for half-
inactivation (Figure 8A) were higher than the temperatures
for half-denaturation derived from the melting curves (Figure
8B). Such a difference might be due to the fact that the
proteins remained functioning even if a moderate denatur-
ation occurred. In addition, since during the thermal dena-
turation the proteins were exposed to sequentially higher

FIGURE 9: Thermophilicity ofSsEF-1R, SsG, andSsG-EcMC. The
GTPaseNa activity was assayed as described in Materials and
Methods in a final volume of 200µL and reported as moles of
[γ-32P]GTP hydrolyzed per minute per mole of protein:SsEF-1R
(b), SsG-EcMC (2), andSsG (4).

FIGURE 10: 3D model ofSsG-EcMC superimposed with the 3D
structure ofTaEF-Tu‚GppNHp in complex with Phe-tRNAPhe. SsG-
EcMC is black andTaEF-Tu blue. A represents the N-terminal
region missing in theSsG-EcMC model. B and C represent
insertions (red) and D-F gaps (green) in the chimeric model. See
the text for details.
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temperatures, an additive effect of the exposure to higher
temperatures cannot be excluded.

The replacement ofSsMC for EcMC yielded a lower
denaturation midpoint temperature (from 92.2°C for SsEF-
1R to 74.3 °C for SsG-EcMC), thus indicanting that the
interaction ofEcMC with SsG destabilizes somehow the
entire chimeric molecule.

The EcMC domain contributed to the increase in the
thermophilicity of the chimera in comparison to those of
SsEF-1R andSsG (Figure 9). In fact, up to 70°C the chimera
was more active thanSsEF-1R. Above 70°C, the chimera
began to inactivate.

The chimeric elongation factor exhibited a [3H]GDP-GTP
exchange rate which was 2 orders of magnitude higher than
that of SsEF-1R, in agreement with the lower activation
energy values reported in Table 4. In a previous work from
this laboratory, it was shown that the nucleotide exchange
factor SsEF-1â did not have any stimulatory effect on the
[3H]GDP-GTP exchange onSsG‚[3H]GDP (13). A similar
effect was also observed for the chimera, since even at 0°C
the exchange reaction proceeded too fast to allow the
detection of any stimulatory effect bySsEF-1â (data not
shown).

To explain the inability of the chimeric elongation factor
to promote poly(Phe) synthesis, to interact with aa-tRNA,
and to bind kirromycin, a model was constructed using as
template the 3D structure of the ternaryTaEF-Tu‚GppNHp‚
Phe-tRNAPhe complex (29) (Figure 10). The amino acid
residues required for the binding of aa-tRNA are almost all
conserved, an exception being made for a few residues of
the effector loop (K52-N64 in TaEF-Tu). In particular,
residues K52, A53, and P54 ofTaEF-Tu are replaced in the
chimeric elongation factor with R61, L62, and K63, respec-
tively. However, these substitutions did not explain the lack
of interaction between the chimeric elongation factor and
Phe-tRNAPhe (Figure 2), it having been reported that the
binding of aa-tRNA toTaEF-Tu occurred even if the entire
effector region was deleted (33, 34).

The amino acid residues involved in the binding of the
antibiotic kirromycin, which in domain G ofTaEF-Tu are
L120, Q124, and Y160, in the G domain of the chimeric
factor corresponded to I137, T141, and Y180, respectively.
Since in TaEF-Tu the binding site for the antibiotic is
supposed to be at the interface of domains G and C and to
involve most likely Q124 (35), the lack of interaction ofSsG-
EcMC with kirromycin might be ascribed to the presence
of T141 in this position, in agreement with the result
previously reported in which the mutation Q124K inEcEF-
Tu makes the elongation factor resistant to kirromycin (35).

In conclusion, a more appropriate evaluation of all the
points considered above can be carried out after the 3D
structure ofSsEF-1R is determined. Furthermore, the results
reported in this work indicate that homologous domains of
proteins with a distant evolutionary pathway are not inter-
changeable, since correct interactions between structural
domains may be critical for maintaining their biological
functions.
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