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ABSTRACT: Recent studies have shown that elongation factors extracted from archaea/eukarya and from
eubacteria exhibit different structural and functional properties. Along this line, it has been demonstrated
that, in contrast to EF-Tu,Sulfolobus solfataricusEF-1R in complex with GDP (SsEF-1R‚GDP) does not
bind Mg2+, when the ion is present in the crystallization medium at moderate concentration (5 mM). To
further investigate the role that magnesium plays in the exchange process of EF-1R and to check the
ability of SsEF-1R‚GDP to bind the ion, we have determined the crystal structure ofSsEF-1R‚GDP in the
presence of a nonphysiological concentration (100 mM) of Mg2+. The analysis of the coordination of
Mg2+ unveils the structural bases for the marginal role played by the ion in the nucleotide exchange
process. Furthermore, nucleotide exchange experiments carried out on a truncated form ofSsEF-1R,
consisting only of the nucleotide binding domain, demonstrate that the low affinity ofSsEF-1R‚GDP for
Mg2+ is due to the local architecture of the active site and does not depend on the presence of the other
two domains. Finally, considering the available structures of EF-1R, a detailed mechanism for the nucleotide
exchange process has been traced. Notably, this mechanism involves residues such as His14, Arg95,
Gln131, and Glu134, which are strictly conserved in all archaea and eukarya EF-1R sequences hitherto
reported.

Guanine nucleotide binding proteins (GNBP)1 are enzymes
involved in fundamental biological processes (1, 2). The
members of this family play crucial roles in cell growth and
proliferation, signal transduction, membrane trafficking, and
protein biosynthesis. In these enzymes, the transition from
the active GTP-bound form to the inactive GDP-bound state
is associated with a conformational switch, which activates

important cellular processes. Although the magnitude of the
conformational change varies among different GNBP, it
represents a fundamental step for their function.

In GNBP involved in protein biosynthesis, the conforma-
tional changes associated with the GTP hydrolysis produces
a major rearrangement of the multidomain structure of these
enzymes. The most studied translation GNBP are the
elongation factors that transport the aminoacyl-tRNA to the
ribosome (EF-Tu in bacteria and EF-1R in eukarya and
archaea) (3-5). In carrying out their biological functions,
these enzymes interact with several cellular components:
GTP, GDP, aminoacyl-tRNA, ribosome, and the exchange
factors (EF-Ts in eubacteria and EF-1â in eukarya and
archaea), which activate these GNBP by favoring the release
of the GDP. In the past decade, a number of impressive three-
dimensional (3D) structure determinations of EF-Tu have
shed light on the structural details of the elongation cycle in
eubacteria. These investigations have provided a clear picture
of the conformational flexibility of EF-Tu, whose shape is
modulated by the interactions with GDP (6-9), GDPNP (10,
11), aminoacyl-tRNA (12-14), EF-Ts (15, 16), and antibiot-
ics (17, 18).

On the other hand, there is limited structural information
available on the translation elongation factors isolated from
eukarya and archaea. Only recently, the 3D structures of the
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complex of EF-1R with the catalytic C-terminal domain of
EF-1â from Saccharomyces cereVisiae (ScEF-1â/EF-1R‚
GDP) (19), and the structure of EF-1R from the archaeon
Sulfolobus solfataricusin complex with GDP (SsEF-1R‚
GDP) have been determined (20). The structure of the
complexScEF-1R/EF-1â has revealed that in eukarya the
association between elongation and exchange factors is
completely different from that observed in eubacteria (19).
Taking into account the structures of the complexScEF-1â/
EF-1R bound to GDP or GDPNP (21) and the structure of
EF-Tu‚GDP, a mechanism for the nucleotide exchange
process in EF-1R has been proposed, based on the disruption
of the magnesium binding site.

Surprisingly, the structure ofSsEF-1R‚GDP complex
showed that, in contrast to EF-Tu and most of the other
GTPases, the interactions between the protein and the
nucleotide are not mediated by magnesium, despite the
presence of the ion (5 mM) in the crystallization medium
(20). Complementary biochemical studies have supported the
crystallographic results, by showing that the addition of
Mg2+, although essential to the GTPase activity, has only a
marginal effect on the nucleotide exchange process (20).
Therefore, these findings undermined the previously pro-
posed (21) exchange mechanism in EF-1R.

To further investigate the role the magnesium plays in the
GDP binding to EF-1Rs and particularly to check the ability
of SsEF-1R‚GDP to bind this ion, we have determined the
crystal structure of theSsEF-1R‚GDP in the presence of a
nonphysiological concentration (100 mM) of Mg2+. In
addition, nucleotide exchange experiments have been carried
out on a truncated form of SsEF-1R to unveil whether the
low affinity for Mg2+ depends on the local architecture of
the active site or on the domain organization of the enzyme.
Finally, comparing the structures ofSsEF-1R‚GDP/Mg2+,
SsEF-1R‚GDP, ScEF-1â/EF-1R‚GDP, andScEF-1â/EF-1R
a detailed mechanism for the nucleotide exchange process
of EF-1R has been proposed.

EXPERIMENTAL PROCEDURES

Preparation of SsEF-1R. The expression vector used was
a pT7-7 derivative, containing the gene encoding the
elongation factor 1R from S. solfataricus(22). The recom-
binant plasmid was transferred into theEscherichia coli
BL21 (DE3) strain. The transformed cells were grown
overnight at 37°C in 10 mL of L-broth containing 100µg/
mL ampicillin. The culture was then diluted 1:100 to a final
volume of 1 L and grown up to an absorbance of 0.8 at 600
nm; induction (3 h) was performed by adding isopropyl-â-
D-thiogalactopyranoside up to a final concentration of 0.4
mM. The bacterial cells were collected by centrifugation,
resuspended in a buffer (6 mL/g of wet cells) containing 20
mM Tris/HCl (pH 7.8), 50 mM KCl, 10 mM MgCl2, and
15% (v/v) glycerol and 1 mM phenylmethanesulfonylfluo-
ride, and disrupted by a constant system of cell disruption
at 2 kbar (Constant System, Ltd, U.K.). The recombinant
protein was purified following the procedure previously
reported (22). The protein was stored at-20 °C in a buffer
containing 20 mM Tris/HCl (pH 7.8), 50 mM KCl, 10 mM
MgCl2, and 50% (v/v) glycerol.

Crystallization, Crystal Data and Refinement of SsEF-1R‚
GDP/Mg2+. As for the complexSsEF-1R‚GDP (23), crystals

of SsEF-1R‚GDP/Mg2+ were grown using PEG 4000 and
propan-2-ol as precipitants. Diffraction quality crystals were
obtained using the microbatch under oil technique at 4°C
and a protein concentration of 6 mg/mL. The final concen-
tration of the components of the crystallization medium was
8% (w/v) PEG8000, 8% (v/v) propan-2-ol, 4 mM Na citrate
(pH 5.6), and 100 mM MgCl2.

Data collection was performed at ESRF synchrotron beam
line ID-14-1 (Grenoble, France) at 100 K. The crystals were
frozen after a 1-min soak in a solution containing 10% (w/
v) PEG8000, 10% (v/v) propan-2-ol, 4 mM sodium citrate
(pH 5.6), 100 mM MgCl2, and 20% (v/v) ethylenglycol as
cryoprotectant. Diffraction data were registered up to 1.8 Å
resolution. The crystals ofSsEF-1R‚GDP/Mg2+ are isomor-
phous to those ofSsEF-1R‚GDP and contain two independent
protein molecules in the asymmetric unit. Diffraction data
were processed using the HKL package (24). A summary
of the statistics of the data collection is reported in Table 1.

The structure ofSsEF-1R‚GDP/Mg2+ was refined using
the structure ofSsEF-1R‚GDP (Protein Data Bank code
1JNY) (20) as a starting model. The crystallographic
refinements were alternated by manual modifications of the
model carried out with the program O (25). The rigid body
refinement of the initial model, which included neither water
molecules nor GDP, converged to anR-factor of 0.330 (R-
free 0.329) using diffraction data in the resolution range 6.0-
1.85 Å. Since the early stages of the refinement, it was clear
that an electron density peak compatible with a Mg2+ ion
was present in the active site of the molecule of the
asymmetric unit designated as molecule A (Figure 1A),
which is characterized by a better defined electron density
and lower B factors. The inspection of the active site cleft
of molecule B reveals that no ion is bound to the GDP of

Table 1: Data Collection and Refinement Statistics

Crystal Data
a (Å) 61.95
b (Å) 113.83
c (Å) 81.08
â (°) 90.1
space group P21

Data Processing
resolution range (Å) 30-1.80
no. of observations 301602
no. of unique reflections 98914
〈I/σ(i)〉 24.6 (2.3)a

completeness (%) 94.3 (80.7)a

R-mergeb (%) 3.5 (34.3)a

Refinement
resolution range (Å) 30-1.80
R-factorc 0.219
R-freed 0.255
no. protein atoms 6506
no. of GDP molecules 2
no. of magnesium ions 1
no. of water molecules 353

Root-Mean-Square Deviations from Ideal Values
bond lengths (Å) 0.019
bond angles (°) 2.0
dihedral angles (°) 25.5
improper angles (°) 1.3

a The values given in parentheses refer to the highest resolution shell
(1.86-1.80 Å). b R-merge)∑hkl∑i|Ii - 〈I〉|/|Ii|. c R-factor) ∑hkl(||Fhklobs|
- k|Fhklcalc||)/∑hkl|Fhklobs|. d R-free) ∑h(||Fobs| - k|Fcalc||)/∑h|Fobs| where
h is a statistical subset (9.3%) of data.
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this protein molecule (Figure 1B). Similar to what was
observed in the EF-1R‚GDP structure derived from crystals
grown in 5 mM MgCl2 (20), the phosphate groups of GDP
molecule bound to molecule B are surrounded only by water
molecules.

In both molecules, a second peak was located in proximity
of the O3′ oxygen of the sugar moiety of the GDP (Figure
1A,B). This extra electron density likely corresponds to a
phosphate group of the GDP analogue guanosine-5′-diphos-
phate-3′-diphosphate (ppGpp) (see below for details).

In the final stage of the refinement, water molecules were
identified by evaluating the shape of the electron density and
the distance of potential hydrogen bond donors and/or
acceptors. The final model, which includes 353 water
molecules, was refined to anR-factor of 0.219 (R-free 0.255)
in the resolution range 30.0-1.80 Å. This model presents a
good stereochemistry (Table 1).

The figures were drawn using the programs O (25),
Molscript (26), Bobscript (27), and Raster3D (28).

Chemical Nature of the Nucleotide Bound to SsEF-1R.
To identify the chemical nature of the nucleotide bound to
the active site of the enzyme, chromatography and mass
spectrometry experiments were carried out. The nucleotide
was separated from the protein by HPLC chromatography
in denaturing conditions. In particular, the nucleotide was
isolated using a reverse phase C18 column under ion-pairing
conditions. The isocratic elution was conducted using a buffer
containing 50 mM potassium phosphate (pH 6.7), 10 mM
tetrabutylammonium hydrogensulfate, and 10% (v/v) aceto-
nitrile. The molecular weight of the nucleotide was deter-
mined by MALDI-TOF mass spectrometry. A clear peak at
625.60m/zwas interpreted as due to ppGpp (molecular mass
602.12 Da) complexed with a sodium ion (molecular mass
22.99 Da).

Preparation and Nucleotide Exchange of SsEF-1R Gua-
nine Nucleotide Binding Domain.The truncated form of
SsEF-1R corresponding to the guanine nucleotide binding
domain of the enzyme (Ss(G)EF-1R) was prepared by
introducing a stop codon after the triplet encoding Ile 235
as previously reported (29). Ss(G)EF-1R‚[3H]GDP was
prepared by incubating 2µM Ss(G)EF-1R with 20 µM [3H]-
GDP (specific activity 520 cpm/pmol) for 30 min at 60°C.
The nucleotide exchange activity was measured at 60°C in
a reaction mixture containing 1µM Ss(G)EF-1R‚[3H]GDP
in 350 µL of 20 mM Tris‚HCl buffer (pH 7.8) and 50 mM
KCl. The effect of Mg2+ was evaluated in the presence of
either 10 mM MgCl2 or 10 mM EDTA. The exchange
reaction was started by the addition of either GDP or GTP
at 1 mM final concentration.

RESULTS AND DISCUSSION

OVerall Structure of SsEF-1R‚GDP/Mg2+. The structure
of the complex SsEF-1R‚GDP/Mg2+ was derived from
crystals grown in a medium containing 100 mM MgCl2. The
structure was refined to anR-factor of 0.219 (R-free 0.255)
using diffraction data extending to 1.8 Å resolution. As for
the complex,SsEF-1R‚GDP, the electron density is well
defined for most of the protein residues. Disordered regions,
not included in the final model, correspond to the fragments
1-3, 65-77, and 430-435 of both molecules present in the
asymmetric unit. The overall structure of the enzyme is
practically identical to the structure ofSsEF-1R‚GDP, since
the root-mean-square deviation on CR atoms is as low as
0.27 Å. Therefore, theSsEF-1R‚GDP/Mg2+ complex pre-
serves the domain organization ofSsEF-1R‚GDP (Figure 2).
The first domain (residues 4-235), which contains the

FIGURE 1: Omit Fo - Fc electron density maps corresponding to
the active sites of molecule A (A) and molecule B (B) of the
asymmetric unit. The magnesium ion is colored in blue. A large
electron density peak, located in proximity of the O3′ atom of the
ribose, is evident in both molecules (see the text for details). In
panel C is reported the omitFo - Fc electron density map
corresponding to the active site region of the recombinant wild-
typeSsEF-1R‚GDP. This structure has been refined to anR-factor
value of 22.8 (R-free 26.1) using diffraction data in the resolution
range 20-1.85 Å.
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nucleotide binding site presents anR/â structure, whereas
the other two domains (residues 236-335 and 336-430)
displayâ-barrel structures.

The GDP Binding Site.The difference Fourier map in the
active site region of the two molecules in the asymmetric
unit clearly shows the presence of electron densities corre-
sponding to the GDP molecules. However, a deeper inves-
tigation revealed the presence of extra peaks in these regions.
In one molecule, designated as molecule A and characterized
by a better defined electron density and lower B factors, two
extra peaks were identified (Figure 1A). The first one was
located in proximity of theâ-phosphate of the GDP in the
position typically occupied by the magnesium ion in EF-Tu
structures. The presence of six ligands (four water molecules,
an oxygen atom of theâ-phosphate of the GDP, and the Oγ

atom of Ser20), arranged in an octahedral coordination,
provided unambiguous evidence for the presence of Mg2+

in the structure (Figure 1A). The second peak (8.0 and 5.5
sigma level in molecule A and B, respectively) was located
in proximity of the O3′ oxygen of the sugar moiety of the
GDP. The occurrence of this peak is not related to the
presence of the magnesium in the crystallization medium
since it has also been found in structure of the recombinant
wild-type SsEF-1R in complex with GDP derived from
crystals grown in the absence of Mg2+ (Figure 1C). In
addition, this peak has also been observed in the structure
of a SsEF-1R mutant complexed with GDP, whose crystals
were also grown without Mg2+ (unpublished results). No-
tably, this electron density peak was not present in the
previous structure ofSsEF-1R‚GDP which was derived from
a protein sample purified fromS. solfataricuscells (Figure
2 of ref 20). Therefore, the extra electron density may be
due to some modifications of the nucleotide occurring upon
protein expression and purification. It has been reported that,
under particular conditions, bacteria produce a large amount
of ppGpp and that ppGpp can bind to GNBP (30, 31).
Therefore, the electron density peak located in proximity of
the O3′ oxygen could be ascribed to one of the two
phosphates of the pyrophosphate moiety bound to the ribose.
The second phosphate is likely to be disordered since it is
exposed to the solvent. Although this hypothesis is supported
by the mass spectrometry experiments reported in Experi-

mental Procedures, the extra-phosphate moiety has not been
modeled in the electron density.

A different picture emerges from the analysis of the
electron density of the GDP binding pocket of molecule B
(Figure 1B). In this case, only the extra electron density
located nearby the O3′ oxygen atom of the ribose could be
identified. On the other hand, there is no evidence of the
electron density corresponding to the magnesium ion. Indeed,
only water molecules surround the beta phosphate on analogy
with the EF-1R structure derived from crystals grown in the
presence of a limited amount of MgCl2.

These findings indicate that the interactions between the
SsEF-1R‚GDP and the magnesium are extremely weak
because (i) a nonphysiological concentration of the ion is
necessary to detect the binding, and (ii) only molecule A of
the asymmetric unit binds the magnesium. The analysis of
the coordination sphere of the Mg2+ bound to molecule A
provides some clues about the weak affinity ofSsEF-1R‚
GDP for this ion. As shown in Figure 1A, Mg2+ is
coordinated by one oxygen atom of theâ-phosphate moiety
of GDP, by the Oγ atom of Ser 20, and by four water
molecules. Interestingly, in contrast to that generally observed
for other GTPases bound to GDP and Mg2+, these coordina-
tion water molecules are not involved in hydrogen bonding
interactions with other residues of the protein. The side chains
of the conserved residues Asp60 and Asp90, which are
usually hydrogen bonded to the water molecules coordinating
the Mg2+ in EF-Tu structures (6, 7, 32), are, in fact, very
far from the ion (Figure 2). These missing interactions may
account for the weak affinity ofSsEF-1R‚GDP for Mg2+.

It is worth mentioning that the binding of Mg2+ does not
produce significant modifications on the structure ofSsEF-
1R‚GDP as shown by the very low root-mean-square
deviation (0.27 Å) betweenSsEF-1R‚GDP andSsEF-1R‚
GDP/Mg2+. The only clear variation involves the side chain
of Ser20 of molecule A, whose conformation was ambiguous
in the structure ofSsEF-1R‚GDP (20). Indeed, the interaction
with the Mg2+ makes the electron density corresponding to

FIGURE 2: Overall structure ofSsEF-1R in complex with GDP and
Mg2+. The three domains are colored differently. The GDP, Asp60,
Asp90, and Mg2+ (in blue) are also shown in ball-and-stick.

FIGURE 3: Nucleotide exchange on the isolated guanine nucleotide
binding domain ofSsEF-1R: [3H]GDP/GDP (A) and [3H]GDP/
GTP (B) exchange reactions in the presence of either 10 mM MgCl2
(open circles) or 10 mM EDTA (filled circles).C0 andCt represent
the initial concentration and the concentration at timet of SsEF-
1R‚[3H]GDP, respectively.
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the side chain of this residue very well defined inSsEF-1R‚
GDP/Mg2+. Consistently, the side chain of molecule B Ser
20 remains somewhat disordered. The binding of Mg2+ does
not have any effect on the region 65-77, which remains
disordered as inSsEF-1R‚GDP (20).

Role of Magnesium on the Nucleotide Exchange Process
of Ss(G)EF-1R. To identify the structural determinants of
the low affinity of SsEF-1R for Mg2+, nucleotide exchange
experiments were carried out on a truncated form (residues
1-235) ofSsEF-1R constituted only of the guanine nucleo-
tide binding domain. This investigation was aimed at
elucidating whether the reduced affinity for the magnesium
is an intrinsic property of the GTPase domain or it can be
due to the influence of the other domains. The latter
hypothesis is apparently supported by the observation that
the contacts between helix B (residues 97-102), which is
directly linked to Asp90, and domain III represent the only
relevant interdomain interactions inSsEF-1R‚GDP. In this

scenario, the interactions between helix B and domain III
may impede the participation of Asp90 to the binding of
water molecules that coordinate the ion and therefore reduce
the affinity of the protein for magnesium. It is also worth
noting that the interactions of helix B with domain III are
completely different in GDP complexes of EF-Tu and
EF-1R.

The analysis of [3H]GDP/GDP and [3H]GDP/GTP ex-
change processes ofSs(G)EF-1R reveals that the magnesium
ion at a concentration of 10 mM has minimal effects (Figure
3) as observed for the full-lengthSsEF-1R (20). On analogy
with SsEF-1R (20, 33), the GTPase activity ofSs(G)EF-1R
requires the presence of Mg2+ ion (data not shown). These
findings suggest that the low affinity of Mg2+ for SsEF-1R‚
GDP is an intrinsic feature of the guanine nucleotide binding
domain and does not depend on the interdomain contacts
present in the protein. This also indicates that the different
behavior of EF-Tu and EF-1R cannot be ascribed to the

FIGURE 4: Sequence alignments of EF-Tu (E. coli andThermus aquaticus) and EF-1R (S. cereVisiaeandS. solfataricus) for which structural
data have been reported.â-strand andR-helix regions are cyan and pink, respectively. The notation of the secondary structure elements of
EF-Tu, reported in the first line, has been taken from Song et al. (32). A similar notation has been used for EF-1R (last line).
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different relative orientation of helix B and domain III in
these two protein systems. It can be surmised that the
different role Mg2+ plays in EF-Tu and EF-1R may be due
to the large sequence (Figure 4) and structure differences
occurring in the switch I region, which embodies Asp60
(Asp50 inE. coli EF-Tu), a residue potentially involved in
the binding of the water molecules coordinating the ion.

Comparison of the Structures of SsEF-1R‚GDP/Mg2+,
SsEF-1R‚GDP, ScEF-1â/EF-1R‚GDP, and ScEF-1â/EF-
1R: A Detailed Mechanism for the Nucleotide Exchange.
The availability of several EF-1R structures (SsEF-1R‚GDP/
Mg2+, SsEF-1R‚GDP,ScEF-1â/EF-1R‚GDP, andScEF-1â/
EF-1R) (19-21), in various binding states, allows the tracing
of a detailed structural mechanism of the GDP exchange
process.

The relative orientation of the nucleotide binding domain
with respect to domains 2 and 3 inSsEF-1R‚GDP andSsEF-
1R‚GDP/Mg2+ is completely different to that observed in
ScEF-1â/ScEF-1R‚GDP (Figure 5). Indeed, the binding of
the exchange factorScEF-1â produces a large rearrangement
in ScEF-1R structure (20). A rotation of as much as 70° is
required to superimpose domains 1 after the superimposition
of domains 2 and 3 ofSsEF-1R‚GDP/Mg2+ and ScEF-1â/
EF-1R‚GDP.

In addition to these overall rearrangements, the binding
of EF-1â also produces local alterations that favor the
exchange process (Figure 5). InSsEF-1R‚GDP/Mg2+ (and
SsEF-1R‚GDP) the helix B is tightly bound to domain 3.
Helix B is also rather distant from helix C, which interacts
with the P-loop (residues 14-19), through the hydrogen bond
Gln131 N atom-His14 Nδ1 atom (SsEF-1R sequence num-
bering) (Figure 5A). These residues are involved in a rather

different interaction pattern inScEF-1â/EF-1R‚GDP (and
ScEF-1R/EF-1â). Indeed, due to the overall structural rear-
rangement associated to the binding of EF-1â, the helix B
is no longer involved in strong interactions with domain 3.
As a consequence, this helix can establish strong interactions
with helix C through the residues Glu135, Gln132, and Arg96
(ScEF-1R sequence numbering) (Figure 5B). The distance
between the center of mass of the two helices decreases from
13.7 Å (inSsEF-1R‚GDP/Mg2+) to 10.4 Å (inScEF-1â/EF-
1R‚GDP). The strong interactions between helix C and helix
B weaken the interaction of the former with the P-loop.
Indeed, the hydrogen bond between N Gln131 and Nδ1 His14,
observed inSsEF-1R‚GDP/Mg2+, is lost inScEF-1â/EF-1R‚
GDP (andScEF-1R/EF-1â). As a result, His15 side chain in
ScEF-1â/EF-1R‚GDP can interact with the N of Asp17, thus
favoring the flip of the peptide bond 16-17. The flip
destabilizes the interaction of the P-loop with theâ-phosphate
of the GDP, which becomes disordered in theScEF-1â/EF-
1R‚GDP structure (Figure 5B).

It is worth mentioning that all the residues involved in
the interactions described above are very well conserved in
the sequences of archaea and eukarya EF-1Rs. Therefore,
the mechanism may be of general validity among EF-1Rs.

CONCLUSIONS

The present structural data demonstrate thatSsEF-1R‚GDP
can bind Mg2+ at least at nonphysiological concentrations.
The analysis of the binding mode of the ion unveils the
structural bases for the marginal role that Mg2+ plays in the
nucleotide exchange process of EF-1R. Indeed, four of the
six ligands of the octahedral coordination of the Mg2+ are
water molecules, which are not involved in interactions with
protein residues. A survey of complexes of GTPases with
GDP and Mg2+ reveals that at least one water molecule of
Mg2+ coordination is also linked, through hydrogen bonds,
to protein atoms. InSsEF-1R‚GDP/Mg2+ Asp60 and Asp90,
which play a role in the binding of the magnesium ion in
EF-Tu, are very far from the nucleotide binding site.

The progressive accumulation of structural information on
EF-1R highlights the differences between translation elonga-
tion factors isolated from bacteria and archaea/eukarya.
Paradoxically, Mg2+ is essential for GTPase activity (20) but
not important for nucleotide binding of EF-1R, while the
reverse has been reported forThermus thermophilusEF-Tu
(34). The structure reported here, which likely represents a
transient state with the Mg2+ still bound to the GDP after
the GTP hydrolysis, indicates that the role Mg2+ plays in
EF-1R is closer to more distant GBNP, such as the hetero-
trimeric G-protein (35), and the small GNBP ARL (36), and
RhoA (37), than to EF-Tu.
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