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The crystal structure of elongation factor 1a from the
archaeon Sulfolobus solfataricus in complex with GDP
(SsEF-1a´GDP) at 1.8 AÊ resolution is reported. As
already known for the eubacterial elongation factor
Tu, the SsEF-1a´GDP structure consists of three dif-
ferent structural domains. Surprisingly, the analysis
of the GDP-binding site reveals that the nucleotide±
protein interactions are not mediated by Mg2+.
Furthermore, the residues that usually co-ordinate
Mg2+ through water molecules in the GTP-binding
proteins, though conserved in SsEF-1a, are located
quite far from the binding site. [3H]GDP binding
experiments con®rm that Mg2+ has only a marginal
effect on the nucleotide exchange reaction of SsEF-1a,
although essential to GTPase activity elicited by
SsEF-1a. Finally, structural comparisons of SsEF-
1a´GDP with yeast EF-1a in complex with the nucleo-
tide exchange factor EF-1b shows that a dramatic
rearrangement of the overall structure of EF-1a
occurs during the nucleotide exchange.
Keywords: archaeal EF-1a/crystal structure/magnesium
ion/nucleotide exchange/Sulfolobus solfataricus

Introduction

Among all biological processes, protein synthesis is one of
the most attractive; one of the central steps in protein
biosynthesis is the elongation cycle (Nyborg and Liljas,
1998; Al-Karadaghi et al., 2000). In this process, a pivotal
role is played by the elongation factors (EFs) Tu in
eubacteria (Sprinzl, 1994) and EF-1a in eukarya and
archaea (Klink, 1985; Merrick and Nyborg, 2000) that
carry the aminoacyl-tRNA to the ribosome. In performing
their physiological functions, these proteins, switching
from an inactive GDP-bound to an active GTP-bound
form, interact with a variety of cellular components (Abel
and Jurnak, 1996). The activation is catalysed by the
nucleotide exchange factor EF-Ts in eubacteria and EF-1b
in eukarya and archaea (Klink, 1985). In the GTP-bound

form, the elongation factors EF-Tu and EF-1a bind the
aminoacyl-tRNA. This ternary complex interacts with the
ribosome, which activates the site for GTP hydrolysis
located on the elongation factor (Masullo et al., 1994;
Krab and Parmeggiani, 1998). Finally, the low af®nity of
the GDP-bound elongation factor for the ribosome favours
its release.

In the last few years, a number of three-dimensional
structures of EF-Tu have shed light on the structural
details of the elongation cycle in eubacteria. Indeed, the
crystal structure of EF-Tu in complex with GDP
(Kjeldgaard and Nyborg, 1992; Abel et al., 1996;
Polekhina et al., 1996; Song et al., 1999; Andersen et al.,
2000b), with the GTP analogue GDPNP (Berchtold et al.,
1993; Kjeldgaard et al., 1993), with the aminoacyl-tRNA
(Nissen et al., 1995, 1999) and with EF-Ts (Kawashima
et al., 1996; Wang et al., 1997) has been reported. In
contrast, very little is known about the structure of the
proteins involved in the elongation cycle of eukarya and
archaea. The three-dimensional structures of the nucleo-
tide exchange factor EF-1b from human (Perez et al.,
1999) and the archaeon Methanobacterium thermoauto-
trophicum (Kozlov et al., 2000) and the complex of
EF-1a with the catalytic C-terminus of EF-1b from
Saccharomyces cerevisiae (ScEF-1a´EF-1b) (Andersen
et al., 2000a) have been determined recently.

Here we report the high resolution crystal structure of
EF-1a from the archaeon Sulfolobus solfataricus (Ss) in
complex with GDP (SsEF-1a´GDP). In the ful®lment of its
biochemical functions, SsEF-1a interacts with GDP, GTP
(Masullo et al., 1991), aminoacyl-tRNA (Raimo et al.,
2000) and other proteins (Raimo et al., 1996) and elicits an
intrinsic GTPase activity (Masullo et al., 1994); in
addition, SsEF-1a is endowed with a great resistance
against chemical and physical agents (Masullo et al.,
1993). Interestingly, the amino acid sequences of archaeal
EF-1a are signi®cantly more similar to those of eukaryal
(49±57% identical residues) rather than to the eubacterial
elongation factors (33±41% identical residues) (Amils
et al., 1993). Furthermore, biochemical studies have
indeed shown that, regarding the af®nity for GTP and
GDP, SsEF-1a resembles eukaryotic EF-1a more than
eubacterial EF-Tu (Masullo et al., 1991). Therefore, the
comparison of the SsEF-1a´GDP structure with that of
ScEF-1a in its complex with EF-1b provides reliable
information about the guanosine nucleotide exchange
mechanism in EF-1a.

Results and discussion

Overall structure and domain organization
of SsEF-1a´GDP
The crystal structure of SsEF-1a´GDP has been solved by
molecular replacement (see Materials and methods) and
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re®ned to an Rcryst of 0.220 (Rfree 0.269) by using
diffraction data extending up to 1.8 AÊ resolution. The
re®nement statistics are given in Table I. The asymmetric
unit contains two independent copies of the complex,
related by non-crystallographic symmetry, and 479 water
sites. In both molecules, the ®rst three and the last ®ve
residues could not be modelled. Furthermore, the electron
density shows that residues 66±76, belonging to the switch
I region (residues 32±76), are disordered. The copy in the
asymmetric unit with higher B-factors (hereafter referred
to as molecule B) displays other regions with weak
density, which correspond to residues 33±37 and 126±130.
Therefore, the structure of molecule A will be described
here since the quality of its electron density is better than
that of molecule B.

The structure of the complex exhibits a triangular shape
with a peculiar large hole, typical of EF-Tu´GDP com-
plexes (Kjeldgaard and Nyborg, 1992; Abel et al., 1996;
Polekhina et al., 1996; Song et al., 1999; Andersen et al.,
2000b), located on one side of the molecule. Three distinct
structural domains can be identi®ed (Figure 1), as found in
eubacterial EF-Tu. The secondary structure elements,
herein denoted according to the notation of Andersen et al.
(2000a), of SsEF-1a are similar to those identi®ed for
ScEF-1a in the ScEF-1a´EF-1b complex. Domain 1,
which carries the nucleotide-binding site, presents an a/b

structure. It is worth noting that the orientation of helices B
and C and those belonging to the switch I region is rather
different in SsEF-1a and ScEF-1a. A long peptide
(residues 223±232) joins domain 1 to domain 2, which
has a b-barrel structure. Interestingly, this connecting
peptide adopts a rather rigid structure, despite the absence
of stabilizing interactions with the rest of the protein. The
intrinsic rigidity of this peptide is probably due to the
presence of several proline residues (Pro225, Pro226,
Pro228 and Pro232) in its sequence. The restricted
conformational freedom of the peptide may be important
to select speci®c relative orientations between domains 1
and 2. Domain 3, which also has a b-barrel structure,
interacts with domain 1 through a large interface
(Figure 1). Indeed, a network of strong hydrogen bonds
is observed between the residues of the switch II region
(residues 90±109) and the residues of domain 3. In
particular, the nitrogen and carbonyl oxygen of Gly93
form hydrogen bonds with the main chain and side chain
of Arg368, respectively. Furthermore, the nitrogen of
Val98 interacts with the oxygen of Pro367. Finally, the
oxygen of Ile102 forms hydrogen bonds with the Ne and
Nh2 atoms of the Arg409 side chain. These interactions
are also found in molecule B, although the three domains
have slightly different relative orientations. It is worth
mentioning that Arg368 and Arg409, whose side chains
strongly contribute to the stabilization of the domain
1±domain 3 interface, are conserved residues among
almost all the known sequences of EF-1a. This type of
interaction is speci®c for EF-1as since the loop 360±375 is
missing in all EF-Tu sequences. A different interface
between domain 1 and 3 has indeed been reported for
eubacterial and mitochondrial EF-Tu (Song et al., 1999;
Andersen et al., 2000b). These results are in line with the
biochemical properties of a chimeric elongation factor
constituted by domain 1 of SsEF-1a and domains 2 and 3
of Escherichia coli EF-Tu (Arcari et al., 1999). In fact, it is

Table I. Crystallographic data

Crystal data

Space group P21

Unit cell dimensions
a (AÊ ) 62.11
b (AÊ ) 113.72
c (AÊ ) 80.32
b (°) 90.20

Data collection

Resolution limits (AÊ ) 20.0±1.8
No. of observations 762 914
No. of unique re¯ections 101 656
Completenessa (%) 98.6 (95.5)
Rsym

a,b 0.034 (0.172)

Re®nement

Resolution limits (AÊ ) 20.0±1.8
No. of re¯ections (Fo >0) 99 196
Rcryst

c 0.220
Rfree

d 0.269
No. of protein atoms 6467
No. of nucleotide atoms 56
No. of water molecules 479
R.m.s. deviation from ideal values

bond lengths (AÊ ) 0.009
bond angles (°) 1.80
dihedral angles (°) 24.2

aValues in parentheses correspond to the highest resolution shell
(1.86±1.80 AÊ ).
bRsym = S|I(hi) ± <I(h)>|/S<I(hi)>, where I(hi) is the scaled intensity of
the ith symmetry-related observation of re¯ection h and <I(h)> is the
mean value.
cRcryst = S|Fo(h) ± Fc(h)|/SFo(h), where Fo(h) and Fc(h) are the
observed and calculated structure factor amplitudes for re¯ection h.
dRfree was calculated against 8% of the complete data set excluded
from re®nement.

Fig. 1. Ribbon representation of SsEF-1a´GDP. Residues 66±76 are
missing as they are disordered in the crystal structure. The GDP is
shown in ball-and-stick representation.
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likely that the impaired domain 1±domain 3 interface in
this chimeric elongation factor makes the enzyme unable
to support polyphenylalanine synthesis. In addition, a large
interface between domains 1 and 3 of SsEF-1a could be
relevant to the heat stability of the enzyme. Indeed,
biochemical studies on truncated forms of SsEF-1a
(Masullo et al., 1997) have shown that domain 3 is
much more involved than domain 2 in the stability of the
elongation factor.

The nucleotide-binding site of SsEF-1a´GDP
In SsEF-1a´GDP, the GDP-binding site is located in a cleft
of domain 1. The well-de®ned electron density of the
active site region of SsEF-1a´GDP is shown in Figure 2A
and B. All of the interactions between SsEF-1a and GDP
are reported schematically in Figure 2C. As in EF-Tu, the
N1 and N2 atoms of the guanine base form strong
hydrogen bonds with the side chain of Asp155 (Asp135 in
the E.coli sequence). In addition, the purine base is
anchored to the protein through an interaction between O6

and the main chain nitrogen of Lys153. Several main chain
nitrogen atoms of the P-loop region 16±21 contribute to
the binding of the oxygen atoms of the diphosphate
moiety. The side chain of Lys19, belonging to the
consensus sequence GKST of EF-1as (Dever et al.,
1987), contributes to the binding of the b-phosphate. The
analysis of the electron density of the region surrounding
the diphosphate moiety revealed an unexpected feature. In
fact, despite the presence of 5 mM MgCl2 during the
puri®cation and in the crystallization medium as well, no
electron density corresponding to Mg2+ was observed
(Figure 2B). Close inspection of the omit electron density
map of the nucleotide diphosphate moiety region revealed
that only two peaks, assigned as water molecules, could be
identi®ed even at a low sigma level. Both peaks are located
at hydrogen-bonding distance from hydrogen bond accept-
ors and donors (Figure 2B) and none of them exhibit the
octahedral coordination typical of Mg2+. In particular,
Wat123 forms a hydrogen bond with an oxygen atom of
the b-phosphate (distance 2.7 AÊ ). The magnesium ion has

Fig. 2. The GDP-binding site. (A and B) Final omit Fo ± Fc electron density maps contoured at 3.0s superimposed on a stick model of the GDP site.
(B) A differently oriented stereo view including water molecules. (C) Schematic representation of the protein±nucleotide interactions.
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been identi®ed in all the structures of EF-Tu in complex
with GDP reported so far (Kjeldgaard and Nyborg, 1992;
Abel et al., 1996; Polekhina et al., 1996; Song et al., 1999;
Andersen et al., 2000b), and its absence from the active
site has severe consequences on the local structure of the
nucleotide-binding site. Indeed, residues such as Asp90
and Asp60, which in EF-Tu take part in the co-ordination
of Mg2+ through water molecules, are located rather far
from the active site (Figure 3). In the structure of
SsEF-1a´GDP, the regions that include these residues
are rather ¯exible, as indicated by their relatively high B-
factors, since they interact weakly with the rest of the
protein. Nevertheless, their electron density is well
de®ned. As an example, the omit electron density map
corresponding to the region of Asp90 is reported in
Figure 4. It is worth mentioning that the observed
conformations of switch I and II regions are not in¯uenced
by crystal packing as these residues are distant from any
symmetry-related molecule.

Finally, in the current model of SsEF-1a´GDP, the
Ser20 side chain is linked directly to the oxygens of both
a- and b-phosphate (Figure 2). However, the quality of the
electron density (Figure 2B) does not rule out the
possibility that the Ser20 side chain may assume the
conformation that is usually assumed by this residue in
EF-Tu structures, with the Og atom interacting with
Wat123 and the oxygen of the b-phosphate.

Magnesium dependence of the nucleotide
exchange in SsEF-1a
In order to investigate the role of Mg2+ in the binding of
GDP or GTP to SsEF-1a, the interaction between the

elongation factor and guanine nucleotides was studied in
both the absence and presence of MgCl2. As reported in
Figure 5, the absence of added Mg2+ and the addition of
EDTA provoked only a marginal effect or no effect at all
on the exchange reactions [3H]GDP/GDP (Figure 5A) and
[3H]GDP/GTP (Figure 5B), respectively. In contrast, the
intrinsic NaCl-stimulated GTPase of SsEF-1a (Masullo
et al., 1994) showed an absolute requirement for Mg2+

(Figure 5C). The overall results indicated that Mg2+ is
required in SsEF-1a for the hydrolytic GTP breakdown
but not for the nucleotide exchange. On the other hand, it
has been reported that the nucleotide binding to EF-Tu
strongly depends on the presence of Mg2+ (Arai et al.,
1974; Rutthard et al., 2001). In fact, in eubacterial
elongation factors, the absence of Mg2+ reduced the
af®nity of EF-Tu for guanosine nucleotides by ~2±3 orders
of magnitude (Rutthard et al., 2001). This ®nding is also
supported by mutagenesis analyses on the residues
involved in the binding of Mg2+ in eubacterial EF-Tu
(Zeidler et al., 1995; Krab and Parmeggiani, 1999a,b). The
different role Mg2+ plays in EF-Tu and SsEF-1a is
somehow surprising since all of the residues that partici-
pate in the Mg2+ co-ordination in EF-Tu are conserved in
SsEF-1a as well as in all the other known EF-1a
sequences. The differences in the nucleotide-binding
properties of SsEF-1a and EF-Tu might be attributed to
the different orientation of helix B (Figure 3), which in
SsEF-1a´GDP interacts strongly with domain 3 (Figure 1).
These interactions cause the Asp90 region to be located far
from the nucleotide-binding site in the GDP complex.

Structural modi®cations of EF-1a in the nucleotide
exchange process
The availability of the high resolution structures of
ScEF-1a bound to the catalytic C-terminus of EF-1b
(Andersen et al., 2000a) and SsEF-1a bound to GDP
allows an understanding of the mechanism of nucleotide
exchange in EF-1a. In fact, although ScEF-1a and
SsEF-1a belong to different microorganisms, several
indications suggest that the structural basis of the
nucleotide exchange mechanism may be somewhat similar
in S.solfataricus and S.cerevisiae. First, the sequence
identity (52%) and the secondary structure similarity of
EF-1as in ScEF-1a´EF-1b and in SsEF-1a´GDP are very
high. Secondly, although the amino acid sequence of the

Fig. 3. Comparison of the nucleotide-binding site in SsEF-1a´GDP
(cyan) and E.coli EF-Tu´GDP (red). For clarity, only the traces of
residues 17±53 and 75±99 of SsEF-1a´GDP and 12±66 and 85±109 of
E.coli EF-Tu´GDP are shown. The GDP molecule and the Mg2+ are
also shown.

Fig. 4. Omit Fo ± Fc electron density map of the Asp90 region
contoured at 3.0s.
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catalytic C-terminus of EF-1b from both yeast and
S.solfataricus shares low homology (18%) (Raimo et al.,
1996), most of the residues that play a major role in the
formation and stabilization of the ScEF-1a´EF-1b com-
plex are either conserved or replaced by similar amino acid
residues in the SsEF-1b sequence. In particular, Phe163
and Asp183 (S.cerevisiae sequence numbering), which
mediate the interactions between ScEF-1b and domain 2 of
ScEF-1a (Andersen et al., 2000a), are conserved in
archaeal EF-1b. Finally, the NMR structure of EF-1b
from the archaeon M.thermoautotrophicum (Kozlov et al.,
2000), which has 36% sequence identity with SsEF-1b,
shows a close similarity to its human and yeast analogues
despite the low sequence homology (<20%). It is worth
noting that, among EF-1bs, residues interacting with
domain 1 of EF-1a are not conserved. Altogether, these
observations suggest that EF-1a and EF-1b probably
associate in similar ways in eukarya and archaea, although
the ®ne details of these interactions may be different in
these organisms.

The comparison of the EF-1a structures in
SsEF-1a´GDP and ScEF-1a´EF-1b reveals that the struc-
ture of the single domains in the two elongation factors is
very similar. In fact, when Ca atoms of domains 2 and 3 of
SsEF-1a´GDP and ScEF-1a´EF-1b are superimposed, the
r.m.s. deviation is as low as 1.0 AÊ ; when domains 1 are
superimposed, the r.m.s. deviation is 1.9 AÊ . The larger
deviations observed for domain 1 can be attributed to the
different orientation of the helices of the switch I and II
regions. Despite these similarities, the relative orientation
of the nucleotide-binding domain 1 with respect to
domains 2 and 3 is completely different. In particular,
when domains 2 and 3 of the two EF-1a structures are
superimposed, the position of domain 1 is rotated by 73°
(Figure 6A). The distance of some equivalent atoms of
domain 1 is >50 AÊ . The structure of SsEF-1a´GDP is much
closer to the structure of EF-Tu in complex with GDP.
Indeed, an analogous comparative analysis carried out on
SsEF-1a´GDP and E.coli EF-Tu´GDP shows that domain 1

is rotated by 27°. It is worth noting that deviations up to
19° have been observed among EF-Tus isolated from
different species (Andersen et al., 2000b).

These ®ndings indicate that in the process of nucleotide
exchange, EF-1a undergoes a dramatic domain rearrange-
ment, in contrast to the eubacterial EF-Tu system where
the overall domain rearrangement which occurs in the
nucleotide exchange is rather limited (Kawashima et al.,
1996; Wang et al., 1997). On the other hand, the domain
rearrangement observed in EF-1a during the nucleotide
exchange is comparable with that observed in the switch
between the GTP and GDP forms of eubacterial EF-Tu
(Berchtold et al., 1993; Kjeldgaard et al., 1993).

As a consequence of the domain rearrangement, the
network of hydrogen bonds at the domain 1±domain 3
interface of SsEF-1a´GDP is disrupted in ScEF-1a´EF-1b,
with helix B sliding on the surface of domain 3. The shift of
helix B produces structural alterations that propagate to the
P-loop region. Indeed, a comparison of the phosphate-
binding site of SsEF-1a´GDP and ScEF-1a´EF-1b reveals
a ¯ip of the peptide bond between Val15 and Asp16
(Figure 6B). This ¯ip disrupts the favourable hydro-
gen bonding interaction between the nitrogen atom of
Asp16 and one of the b-phosphate oxygens of GDP.

Fig. 5. Nucleotide exchange and NaCl-dependent GTPase activity of
SsEF-1a. [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 (®lled circles). Co and Ct represent the initial
concentration and the concentration at time t of SsEF-1a´[3H]GDP,
respectively. (C) Determination of the NaCl-dependent GTPase activity
of SsEF-1a´GDP was carried out in a reaction mixture containing
either 10 mM MgCl2 (open circles) or 10 mM EDTA (®lled circles).

Fig. 6. Comparison of SsEF-1a´GDP and ScEF-1a´EF-1b.
(A) Superimposition of domains 2 and 3 of SsEF-1a´GDP (red) and
ScEF-1a´EF-1b (green). The EF-1b is coloured in cyan.
(B) Superimposition of the nucleotide-binding site in SsEF-1a´GDP
and ScEF-1a´EF-1b (cyan).
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Simultaneously, it moves the carbonyl group of Val15 to a
position that overlaps with the b-phosphate moiety of
GDP, thus favouring nucleotide release. A similar ¯ip
occurs in the nucleotide exchange of EF-Tu (Kawashima
et al., 1996; Wang et al., 1997). It is interesting to note that
despite a completely different association between the
elongation factor and the exchange factor in EF-Tu and
EF-1a, similar structural alterations occur in the P-loop
region.

Conclusions
The structure of the SsEF-1a´GDP complex reveals novel
features of the nucleotide binding and the exchange
mechanisms of EF-1a. In particular, we demonstrate that
the magnesium ion is not required in the nucleotide-
binding process. However, Mg2+ is essential for the
GTPase activity. It is worth mentioning that somewhat
similar data have been reported recently for the small
GTPase Arl3 (Hillig et al., 2000). The ability of SsEF-1a
to bind GDP productively, without the assistance of a
magnesium ion, is a feature already found in other
GTPases involved in the protein synthesis cycle, such as
elongation factor G (Czworkowski et al., 1994) and the
initiation factor IF2/eIF5B (Roll-Mecak et al., 2000).

The ®nding that Mg2+ is absent from the nucleotide-
binding site of SsEF-1a´GDP and that this ion has a
marginal effect on nucleotide exchange has important
implications for the nucleotide exchange mechanism of
EF-1as. Indeed, an important step in the nucleotide
exchange process of EF-Tu is the disruption of the
magnesium co-ordination site (Kawashima et al., 1996;
Wang et al., 1997). In contrast, it is likely that the ®rst step
of the exchange process in archaeal EF-1a is the release of
the phosphate moiety from the binding site.

This ®nding is not in line with the recent hypothesis put
forward by Andersen et al. (2001) on the essential role
played by both magnesium and Lys205 of ScEF-1b in the
yeast nucleotide exchange process. Considering that
Lys205 is not a conserved residue among archaeal
EF-1bs, the magnesium may play a different role in
eukaryal yeast and archaeal elongation factor nucleotide
exchange.

The similarity of the structural organization of the GDP
complexes of EF-Tu and EF-1a and, conversely, the
different association between elongation and exchange
factors in eubacteria and archaea/eukarya provide further
support for the proposal that nucleotide exchange factors
may have appeared independently of GTPases (Cher®ls
and Chardin, 1999).

Finally, the comparison of SsEF-1a´GDP and
ScEF-1a´EF-1b provides a new example of dramatic
structural re-organization of enzymes occurring in bio-
logical processes.

Materials and methods

Crystallization and data collection
SsEF-1a´GDP was prepared and crystallized as previously reported. The
preliminary crystallographic investigations, based on a limited number of
diffraction images, suggested an orthorhombic symmetry (Zagari et al.,
1994). Subsequent data collections (Table I) demonstrated that the
crystals were monoclinic (space group P21) with an orthorhombic
pseudo-symmetry. The two molecules of the asymmetric unit are related
by a 21 axis in such a way as to generate a pseudo P21212 space group.

Larger deviations from orthorhombic pseudo-symmetry are observed
when crystals are frozen. Diffraction data were collected at ELETTRA
synchrotron to 1.8 AÊ resolution, on a frozen crystal at 100 K. Data were
processed using the HKL package (Otwinowski and Minor, 1997). A
summary of the data processing statistics is given in Table I.

Structure determination and re®nement
The structure of the complex was solved initially by molecular
replacement by using the structure of Thermus aquaticus EF-Tu´GDP
(PDB code 1TUI) as a starting model (Polekhina et al., 1996). The
structure determination was particularly dif®cult because of (i) the low
homology of the starting model with EF-1a; (ii) the presence of two
molecules in the asymmetric unit; and (iii) the great ¯exibility of the
elongation factors in complex with GDP. Preliminary attempts to locate
either domain 1 or domains 2 and 3 together by using the standard
molecular replacement procedure did not provide correct solutions to the
problem. On the other hand, clear signals were obtained for domains 2
and 3 of both molecules in the asymmetric unit using the direct rotation
function implemented in the program X-PLOR (BruÈnger, 1992). The
AMoRe program (Navaza, 1994) was then used successfully to ®nd the
translation of domains 2 and 3. The location of domain 1 turned out to be
even more dif®cult. More than 100 different orientations were tested
before the correct translation for domain 1 could be identi®ed. An
indication of the correctness of this solution was that the two molecules in
the asymmetric unit were oriented in such a way as to generate an
orthorhombic pseudo-symmetry. Nevertheless, the quality of the electron
density did not allow an easy trace of the protein structure in several
regions of the protein. In the meantime, the co-ordinates of
ScEF-1a´EF-1b became available (Andersen et al., 2000a). Using single
domains of this protein as starting models, the molecular replacement was
repeated and the previous solution was con®rmed. In this case, the
electron density was much clearer and the missing parts of the model were
built by using the automated Arp procedure (Perrakis et al., 1999). The
model was re®ned using the program X-PLOR (BruÈnger, 1992) to an
Rcryst of 0.220. The ®nal model presents a good stereochemistry (Table I)
and no residue falling in the disallowed region of the Ramachandran plot.
The ®gures were drawn using the programs O (Jones et al., 1991),
MOLSCRIPT (Kraulis, 1991) and BOBSCRIPT (Esnouf, 1999).

Nucleotide exchange and GTPase activity of SsEF-1a
The nucleotide exchange activity of SsEF-1a was measured at 60°C as
already reported (Raimo et al., 1996) in a reaction mixture containing
1 mM SsEF-1a´[3H]GDP (speci®c activity 520 c.p.m./pmol) in 350 ml of
20 mM Tris±HCl buffer pH 7.8, containing 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 1 mM ®nal
concentration of either GDP or GTP.

The GTPase activity of SsEF-1a was measured in a reaction mixture
containing 0.075±0.375 mM SsEF-1a´GDP in 50 ml of 20 mM Tris±HCl
buffer pH 7.8, containing 3.6 M NaCl, 50 mM [g-32P]GTP (speci®c
activity 120 c.p.m./pmol) in the presence of either 10 mM MgCl2 or
10 mM EDTA. The reaction was carried out for 30 min at 60°C and the
amount of 32Pi released was determined as reported (Masullo et al., 1994).

Accession numbers
The structure factors and the co-ordinates of SsEF-1a´GDP have been
deposited in the Protein Data Bank (code 1JNY).
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