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The interferon-y-induced guanylate-binding protein 1
(GBP1) belongs to a special class of large GTP-
binding proteins of 60-100 kDa with unique charac-
teristics. Here we present the structure of human
GBP1 in complex with the non-hydrolysable GTP ana-
logue GppNHp. Basic features of guanine nucleotide
binding, such as the P-loop orientation and the Mg2*
co-ordination, are analogous to those of Ras-related
and heterotrimeric GTP-binding proteins. However,
the glycosidic bond and thus the orientation of the
guanine base and its interaction with the protein are
very different. Furthermore, two unique regions
around the base and the phosphate-binding areas, the
guanine and the phosphate caps, respectively, give the
nucleotide-binding site a unique appearance not found
in the canonical GTP-binding proteins. The phosphate
cap, which constitutes the region analogous to
switch I, completely shields the phosphate-binding site
from solvent such that a potential GTPase-activating
protein cannot approach. This has consequences for
the GTPase mechanism of hGBP1 and possibly of
other large GTP-binding proteins.
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Introduction

Guanylate-binding proteins (GBPs) such as hGBP1 and
hGBP2 constitute the most abundant class of proteins
induced by interferon-y, an immunomodulatory substance
that induces the expression of a large number of genes to
orchestrate the cellular response to the cytokine (Cheng
et al., 1983, 1991). hGBP1 has recently been shown to
mediate an antiviral effect against vesicular stomatitis
virus and encephalomyocarditis virus (Anderson et al.,
1999). hGBP1 and hGBP2 are large 67 kDa GTP-binding
proteins, which are stable in the absence of nucleotides.
They have a low affinity for guanine nucleotides (Praefcke
et al., 1999) and show a concentration-dependent intrinsic
high turnover GTPase activity with a rate of up to 80/min
(Prakash et al., 2000). A peculiar feature of GBPs is their
ability to hydrolyse GTP to both GDP and GMP, where the
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ratio of products is dependent on the assay conditions
(Schwemmle and Staeheli, 1994; Neun et al., 1996).

We have recently determined the crystal structure of
full-length human GBP1 at 1.8 A resolution in the
nucleotide-free state (Prakash et al., 2000). The structure
depicts a modified large G (LG) domain, with a number of
insertions compared with the canonical Ras structure, and
a C-terminal part arranged in an extended helical domain
with unique features. A long single helix at the C-terminal
end of the protein runs along both the helical and the LG
domain involving only a few contacts. Presumably due to
the absence of guanine nucleotide, several regions of the
molecule were not visible in the earlier model. Based on
structural and biochemical considerations, it was proposed
that hGBP1 belongs to the group of large GTP-binding
proteins such as Mx and dynamin, all of which have a
similar domain composition and a concentration-depend-
ent GTPase activity, although the sequence homology is
very low (Prakash et al., 2000).

Much work has been devoted to elucidating the
mechanism of GTP hydrolysis of the large GTP-binding
proteins, in particular for dynamin (Shpetner et al., 1992;
Robinson et al., 1993; Tuma and Collins, 1994; Warnock
et al., 1996), and it was proposed that the C-terminal GED
(GTPase effector domain) acts as an internal GTPase-
activating protein (GAP) for the G domain (Sever et al.,
1999). Since hGBP1 presumably belongs to the same
family and is the first protein amenable to structural
analysis, it was of particular interest to look at the binding
of nucleotide triphosphate to hGBP1. Here we present the
crystal structure of hGBP1 in the presence of its substrate
analogue, GppNHp, to extract the first clues about the
characteristics of this GTPase system. It shows two
regions of conformational flexibility around the nucleo-
tide-binding pocket, which are unique to hGBP1 and
presumably contribute to the concentration-dependent
GTPase reaction. Possible modes of dimerization and
oligomerization, which could have implications in the
hydrolysis reaction, are also derived on the basis of the
crystal structure.

Results and discussion

Overall structure i
The crystal structure of full-length hGBP1 to 1.8 A
resolution has recently been determined (Prakash et al.,
2000). It is a multi-domain protein and consists of an LG
domain and an elongated purely o-helical domain. These
two domains are connected by a short intermediate region,
which is made up of a helix and a short two-stranded
B-sheet. The helical domain consists of seven helices
extending 90 A away from the LG domain. The LG
domain is structurally homologous to that of other
GTP-binding proteins, but is distinguished by several
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Table I. Crystallographic data statistics

Data collection and phase determination by
molecular replacement method

Crystal space group C2(a=161.23 A,

b=42.65 A,
c=91.54 A,
B = 100.2°)
Parameter Native
Resolution (A) i 41.2-1.7
High resolution shell (A) 1.8-1.7
X-ray source N ID2, ESRF
Wavelength (A) 0.9903
Completeness (%) 99.2 (74)
Unique reflections 67 508
Redundancy 5.2 (3.9
Ry (%) 8.4 (25.1)
Ilo 14.9 (3.7)
Refinement statistics .
resolution 41.2-1.7 A
reflections (work set/test set) 64 141/3366
protein atoms 4587
no. of water molecules 411
average B (A?) 23.1
Ryor” 22.6%
Rirec? 25.5%
r.m.s.d. bond length 0.005 A
r.m.s.d. bond angles 1.1°

Values in parentheses correspond to the highest resolution shell.

Root mean square deviations (r.m.s.d.) are given as deviations from
ideal values.

*Reym = Ly ZiMl(h) — LIWVZ,Zl(h), where [i(h) and I(h) are the ith and
mean measurements of the intensity of reflection A.

"Ruork = ZplFy — FIZ,F,, where F, and F, are the observed and
calculated structure factor amplitudes of reflection A.

Riree 18 the same as Ry, but calculated on the 5% of the data set
aside from refinement.

modifications. It contains an eight-stranded [-sheet sur-
rounded by nine helices, unlike Ras, the prototype for a
minimal GTP-binding domain, which has six B-strands
and five helices. Apart from two inserted helices and three
[B-strands, there are comparatively long insertions in the
loop regions, some of which have been postulated to be
involved in the interaction with the nucleotide and/or in
the catalytic mechanism of GTP hydrolysis.

Crystals of hGBP1 in complex with GppNHp and Mg?*
were obtained (see Materials and methods) in space group
C2. The structure was determined to 1.7 A by molecular
replacement using the nucleotide-free protein as a model.
The crystallographic data are summarized in Table I. The
current model consists of 570 residues, one nucleotide, one
Mg?* ion and 411 water molecules, with six N- and nine
C-terminal residues missing in the current structure (and
residues 159-166 in I3). The overall structure of
hGBP1-GppNHp (Figure 1) is very similar to that of the
nucleotide-free form, in both the LG and th§ helical
domains, with a medium r.m.s. deviation of 0.98 A for 496
C,, carbon atoms, as demonstrated by the stereo view of
the superposition of the C, backbone trace of hGBP1 in
the apo and GppNHp-bound forms (Figure 1B). The r.m.s.
deviations (Figure 1C) are much larger for the LG than for
the helical domain and are largest for the P-loop, the
region around Thr75, corresponding to switch I in
canonical GTP-binding proteins, around residue Vall04
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corresponding to switch II, and loops around residues 194
and 243. Residues 68-72 and 243-262, which form the
two insert regions 11 and 15, were too flexible to be visible
in the apo structure, and have now been traced with
confidence. Some of the structural differences seem to be
significant for nucleotide binding and/or GTP hydrolysis,
as outlined below.

Nucleotide-binding interactions

The guanine nucleotide is bound to a region of the protein
basically predicted from the structure of nucleotide-free
hGBP1 (Prakash et al., 2000), using sequence motifs
conserved between Ras and hGBP1 and biochemical
considerations as guidelines (Praefcke et al., 1999). Many
of the interactions between nucleotide and protein are
conserved between Ras and hGBP1 (Figure 2A). From
these and other structures, it is not obvious why Ras-
related proteins bind with an affinity in the picomolar
range (John et al., 1990) but hGBP1 (Praefcke et al., 1999)
or FtsY (Moser et al., 1997) in the micromolar range. The
difference may be related to the fact that Ras-related
proteins are unstable in the absence of nucleotide, whereas
hGBP1 and FtsY are not, and that part of the binding
energy may be devoted to stabilization.

Whereas an overlay of the bound nucleotide from Ras
and hGBP1 depicts similar positions for the atoms of the
ribose and the phosphates, a significant difference is seen
for the guanine base, which occupies a different position
with respect to the ribose. While all other GTP-binding
proteins such as EF-Tu, Go. subunits and Ras-like proteins
show a similar N-glycosidic bond angle of around —110°,
corresponding to a pronounced anti-conformation of the
base, hGBP1 shows a significant deviation from this
conformation with an angle of —75.9° (Figure 2B; Table II).
As a result of the different orientation, the guanine base
interacts differently with the protein. The N/TKxD
motif of the canonical GTP-binding proteins contacts
the guanine base via hydrogen bonds of the conserved
asparagine/threonine and aspartate residues, and by
hydrophobic interactions with the hydrophobic part of
lysine. This motif was originally believed to be absent in
GBPs (Cheng et al., 1991) and was later proposed to be the
IBITLRD!84 motif (Praefcke et al., 1999). This was based
on the D184N mutation, which changed the specificity of
nucleotide binding from guanine to xanthine nucleotides,
similar to what has been found for Ga (Yu et al., 1997),
EF-Tu (Weijland et al., 1994), Ras (Feig et al., 1986;
Zhong et al., 1995; Schmidt et al., 1996) and Rab5
(Hoffenberg et al., 1995; Simon et al., 1996). Asp184 is
indeed involved in a double hydrogen bond to the
endocyclic and exocyclic nitrogen of the base, as in
other systems, but, due to the different glycosidic angle,
Aspl84 does not overlay with Asp from the N/TKxD
motif, using Asp119 from the Ras-GppNHp complex as an
example (Figure 2C). Instead, it is rather close to the
position of the Cys118 from the NKCD motif in Ras. A
highly conserved hydrogen bond between the guanine O6
atom and a main chain NH from an alanine residue,
Alal46 in the SAK/L motif in Ras, is often seen in Ras-
like GTP-binding proteins and in Ga proteins. In hGBP1,
there is no such interaction (Figure 2C). Instead, the
guanine O6 is stabilized by two hydrogen bonds, contact-
ing the side chain nitrogen Ne of Argl83 and a buried
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Fig. 1. Overall structure of hGBP1-GppNHp and comparison with nucleotide-free protein. (A) Ribbon diagram of the structure, with GppNHp as a
blue stick model and Mg?* as a yellow sphere. (B) Stereo view of a superposition of the apo (red) and GppNHp-bound (green) structures of hGBP1, as
a worm plot, highlighting important regions. The regions not visible in the apo or nucleotide-bound structures are shown by a dotted line. Coloured
balls [compare with (C)] mark the beginning and end of regions invisible in the apo structure. (C) R.m.s. deviation plot for the main chain (C,) atoms
of the apo and GppNHp structures, highlighting regions that show the highest deviations and/or those that were undefined in the apo structure.

water molecule (Watl), which in turn is positioned by
interaction with backbone atoms of Asp184 and Asp239,
and with OD1 from Asp184. Argl83, which in the Ras—
hGBP1 overlay is close to Lys117 from the N/TKxD
motif, has the additional role of binding the N7 of the
guanine base, and is also involved in a hydrogen bond to
the main chain O from Gly50, thus connecting the base-
binding area with the P-loop, similar to the role of N116 in
Ras, and it also forms a hydrogen bond with Asn129 in 34.
The hydrophobic interaction of a lysine residue with one
side of the base is absent in hGBP1. No functional role can
be assigned to T180 and L181, which point away from the
binding site. Thus, the N/TKxD motif of the canonical

GTP-binding proteins, including dynamin and Mx
proteins, is replaced by an RD guanine base-binding
motif conserved in GBPs.

While the guanine base-binding site in Ras is open to the
solvent, in hGBP1 it is mostly covered by the IS5 region,
which was disordered in the nucleotide-free structure. The
I5 insert is arranged in two short helices, a5A and o5B,
which form a cap (the guanine cap) parallel to the flat side
of the guanine base. The guanine cap contains 19 residues,
some of which are conserved, and forms a hydrophobic
pocket for the guanine base, which in Ras is provided by
Phe28 in switch I (Figure 2C). An analogous scenario is
observed in the SRP GTPases where residues from the
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Fig. 2. Binding of nucleotide to hGBP1. (A) Schematic diagram of the interactions of GppNHp, Mg?* and selected water molecules with the protein;
dashed lines indicate contacts with distances <3.4 A, where NHmc and COmc indicate main chain interactions. Square boxes are residues from GBP1,
whereas analogous residues from Ras with similar function are in oval boxes. (B) Superposition of GppNHp bound to hGBP1 (grey) with that from
the Ras-GppNHp structure (yellow) (Pai et al., 1990). The yellow sphere indicates the Mg?* ion in both structures. (C) Interactions of the guanine base
with selected residues and parts of the corresponding polypeptide chain of hGBP1 (in green), compared with the position of the NKCD motif in the
Ras polypeptide chain (in blue), with the position of residues indicated by red balls. Red dotted lines show the interactions of the RD guanine base-
binding motif.
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Table II. Distribution of the torsion angles along the glycosidic bond
observed in GTP-binding proteins

Table III. Buried surface areas for closest crystallographic neighbours
calculated by using CNS with a probe radius of 1.4 A

Molecule Nucleotide x(04’-C1’-N9-C4) Reference Dimers Buried surface area (A2)
hGBP1 GppNHp —75.86 this work Dimer A 2891

Ras GppNHp -112.39 Pai et al. (1990) Dimer B 2140

EF-Tu GppNHp -110.85 Berchtold et al. (1993) Dimer C 1479

Gia GppNHp -108.95 Coleman et al. (1994) Dimer D 810

Racl GppNHp -115.36 Hirshberg et al. (1997) Dimer E 522

Rho GTPyS -110.49 Thara et al. (1998) Dimer F 412

SRP GDP -122.33 Freymann et al. (1999) Dimer G 283

Transducin  GTPyS -109.39 Noel et al. (1993)

‘closing loop’ give rise to similar hydrophobic contacts
(Freymann et al., 1999). If the guanine was bound in an
extended (anti) conformation as in other GTP-binding
proteins, it would clash with the position of the guanine
cap, suggesting that the cap is also involved in directing
the different conformation of bound GTP.

The conformations of the ribose and phosphate moieties
in the overlay are strikingly similar to those of Ras. The
ribose is less exposed to the solvent, such that only the 3’
position would be available for modification with reporter
groups, as the mant group has been used successfully for
following nucleotide binding to hGBP1 (Praefcke et al.,
1999). The O’3 atom of the sugar forms a hydrogen bond
with the main chain O of Leu247. The P-loop in hGBP1 is
wrapped around the phosphates in the canonical fashion
observed in GTP- and many ATP-binding proteins (Vetter
and Wittinghofer, 1999). A number of its main chain
amide groups form hydrogen bonds with the phosphate
oxygens. Lys51 from the P-loop contacts one pair of
B,y-phosphate oxygens, while the Mg?* ion co-ordinates
the other. The Mg?* ion is co-ordinated octahedrally by the
O atoms of PP and Py, the side chain hydroxyls of Thr75
from the switch I region and Ser52 from the P-loop, and
two water molecules, exactly as is found in canonical
GTP-binding proteins. In comparison with the apo struc-
ture, the protein shows several rearrangements to accom-
modate Mg -GppNHp. As predicted from the apo
structure, a peptide flip involving residues Tyr47 and
Arg48 in the P-loop moves the carbonyl oxygen of Arg48
away from the nucleotide and brings the backbone
nitrogen into a position suitable to interact with the
nitrogen of GppNHp (which would be an oxygen in GTP),
similarly to Gly13 in Ras at the corresponding position in
the P-loop. These changes in the P-loop also reorient
Lys51, which in the nucleotide-free state interacts with
Thr98 in switch II. Two ?y-phosphate oxygens interact
additionally with the main chain oxygens of Thr75 and
Gly100, which correspond to the totally invariant
threonine (Thr35 in Ras) and glycine from the DxxG
motif (Gly60 in Ras) in the canonical GTP-binding
proteins, an indication that the conformational change
between the GTP- and GDP-bound state is likely to be
triggered in a similar way as in canonical GTP-binding
proteins. The most dramatic difference from Ras-like
proteins is the presence of a region covering the
phosphates (the phosphate cap), corresponding to the
switch I region, which presumably has significant conse-

quences for the mechanism of GTP hydrolysis, as will be
outlined below.

Nucleotide-dependent oligomerization

One of the intriguing aspects of some of the proteins
belonging to the large GTPase family is their ability to
oligomerize depending on the nucleotide-bound state, and
the subsequent concentration-dependent GTP hydrolysis
(Warnock et al., 1996). We have shown that hGBP1 also
shows a concentration-dependent increase in the GTPase
activity of at least 20-fold and that hGBP1 is a monomer in
the absence of nucleotide and in complex with GMP/GDP,
but a dimer in the presence of GppNHp and GTP.
Furthermore, it aggregates to approximately twice the
molecular weight of the dimer in the presence of GDP and
AlIF, (Prakash et al., 2000). Since the GDP-AIF,-bound
state of the protein mimics the transition state of the
reaction, we can infer that GTP hydrolysis necessitates a
transient higher order oligomerization.

The present GppNHp-bound structure was determined
in space group C2, with one molecule in the asymmetric
unit. This could indicate either that the dimer in solution
corresponds to two molecules related by the crystallo-
graphic symmetry, or that hGBP1 does not form a dimer
under the crystallization conditions [high salt, poly-
ethylene glycol (PEG)] and that the dimer observed in
the crystal represents a crystallographic artefact. However,
two of the interactions between symmetry-related
molecules show a large buried surface area (Table III)
and might thus be taken as tentative models for the dimer
(which may or may not be valid). Dimer A, with 2891 A?
of buried surface area (Figure 3A), shows head-to-tail
contacts, whereas dimer B, with 2140 A2, is formed by a
head-to-head contact (Figure 3B).

Since the interaction of the head of monomer 1 with the
helical domain of monomer 2 in dimer A (Figure 3A) is
not reciprocal, it would result in the formation of a
polymeric assembly of hGBPI1 in the crystal. Since all
interactions between the subunits of the polymer are
similar, it would be difficult to understand why those
contacts should lead to dimer formation in solution. In
dimer B, the regions close to the nucleotide-binding sites
of the monomers interact with each other in a symmetrical
fashion, and the two monomers are related by a 2-fold
symmetry axis (Figure 3B). Compared with dimer A, this
reciprocal interaction across the dimer interface is more
likely to alter the properties of the active site or, vice versa,
the dimerization could be induced by changes in the
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Fig. 3. Crystal contacts of hGBP1-GppNHp. (A) The head-to-tail dimer A, which buries 2890 A2 of surface area, where a lip from the LG domain is
close to the helical domain in helices 010 and the long helix o.12. The nucleotide is shown in ball and stick representation with the yellow sphere
representing the Mg?* ion. (B) The head-to-head dimer B with 2140 A? of buried surface, using a similar colour code.

nucleotide-binding site. Dimer B also more closely
resembles the model of the SRP-SR heterodimer where
the head-to-head interaction is believed to be responsible
for reciprocal stimulation of the GTPase (Montoya et al.,
2000). However, the electrostatic potential does not favour
the formation of this dimer since it is strongly negative at
the site of the interaction and would result in a repulsive
force. In contrast, an interaction as observed in dimer A
would be facilitated by the charge distributions.
Furthermore, preliminary equilibrium ultracentrifugation
studies suggest a compact structure more appropriate for
dimer A. In summary, more detailed biochemical and
structural studies need to be performed in order to
understand the oligomerization reaction.

Mechanism of GTP hydrolysis

GTP hydrolysis by canonical GTP-binding proteins has a
number of structural and mechanistic features in common.
The intrinsic hydrolysis reaction has been proposed to
proceed by in-line attack of a nucleophilic water molecule
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(Feuerstein et al., 1989), which has been identified in all
available triphosphate structures (Wittinghofer, 2000). For
Ras, it has been assumed additionally that the y-phosphate
acts as a general (or specific) base that activates the
nucleophilic water, and indeed the structure shows
hydrogen bond distance between a y-phosphate oxygen
and the nucleophilic water molecule (Schweins et al.,
1995). An essential residue for catalysis in Go. proteins
and Ras-related proteins (except Rap) is a glutamine
residue, which has been postulated to stabilize the
transition state by orienting the relative positions of the
nucleophile and the y-phosphate (Prive et al., 1992), as
supported by the structure of the Ras—RasGAP complex
(Scheffzek et al., 1997). Further activation of the reaction
rate is achieved by the presence of an arginine, which is
intrinsic in the case of Go proteins and is supplied in trans
by GAPs, as shown for RasGAPs (Ahmadian et al., 1997;
Scheffzek et al., 1997) and RhoGAPs (Rittinger et al.,
1997a; Hoffman et al., 1998; Nassar et al., 1998; Graham
et al., 1999). GAPs and RGS proteins, the GAPs for Ga
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Fig. 4. The phosphate-binding region and implications for GTP hydrolysis. (A) Interactions of the phosphate oxygens and Mg?* with the P-loop
(green), the switch I/phosphate cap (brown) and the switch II region (maroon). Wat8 is in a homologous position to the nucleophilic water found in
other structures of GTP-binding proteins. In contrast to those, there are three main chain NH interactions of the protein with the y-phosphate. (B)
Potential catalytic residues around the active site that could modify the rate of the GTPase reaction in an oligomerization-dependent manner, without
directly participating in catalysis. (C and D) van der Waals surface representation of the region of the active site of Ras (C) and hGBP1 (D) in the
GppNHp-bound state, the surface being coloured according to the electrostatic potential, as calculated with GRASP (Nicholls et al., 1991). In hGBP1,

only the base is open to the solvent.

proteins, in addition stabilize the catalytic machinery, such
as the critical glutamine (Tesmer et al., 1997). However,
proteins of the family of large GTP-binding proteins lack a
conserved catalytic residue following the DxxG motif,
which strongly suggests a different mechanism for GTP
hydrolysis. The fact that members of this family of GTP-
hydrolysing proteins show a much higher intrinsic
hydrolysis rate, which in the case of hGBP1 and dynamin
has been shown to be concentration dependent, is another
indication that the mechanism of catalysis is bound to be
different.

In the present structure, a nucleophilic water molecule
(Wat8) is positioned 3.5 A away from the y-phosphate
(Figure 4A). The y-phosphate oxygens are engaged in
hydrogen bonds with the main chain NH of Thr75 and

Gly100, two invariant residues, in the same way as found
in Ras-related and Got proteins (Wittinghofer, 2000). The
major difference in the active site as compared with the
small Ras-related proteins is the presence of the switch I
loop (phosphate cap) including the conserved Thr75,
which forms a B-hairpin-like cap, stabilized by internal
main chain and side chain interactions, shielding the
phosphates of GppNHp and Wat8 from the solvent
(Figure 4B). Another consequence of the phosphate cap
is that it provides, via the main chain NH of His74, another
strong hydrogen bond to the y-phosphate. In Ras and Rho,
the phosphate-binding site is open to the solvent
(Figure 4C) and becomes shielded from water by the
corresponding RasGAP and RhoGAP (Rittinger et al.,
1997a; Scheffzek et al., 1997; Nassar et al., 1998). In
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contrast, in hGBP1, the active site is shielded from the
bulk solvent by the phosphate cap such that only the
nucleophilic water has access to the Yy-phosphate
(Figure 4D). GAPs for Ras and Rho use a protruding
arginine residue, the arginine finger, to interact with the
only phosphate oxygen not co-ordinated to the protein, the
same one which in hGBP1 is contacted by another main
chain NH. For Rho, it has been shown that the contact with
GAP occurs only in the transition state mimic presented by
the Rho-GDP-AlF,-GAP complex, and not in the ground
state of the reaction (Rittinger et al., 1997a,b), and
mutational and NMR evidence suggest that the same is
true for the Ras—RasGAP system (Bollag et al., 1991;
Gideon et al., 1992; Geyer et al., 1996). In hGBP1, the
contact of the intrinsic main chain NH of His74 with the
third phosphate oxygen might thus be responsible for
increased probability of nucleophilic attack by water and
an increased stability of the transition state.

We have shown that the rate of hydrolysis of hGBP1 is
increased by increasing concentrations of the protein and
that, in the presence of GDP and AlF;, a higher oligomeric
state as compared with the GppNHp state is formed.
Although, for technical reasons, we cannot determine the
GTPase hydrolysis rate at infinitely low concentrations, the
rate is increased at least 20-fold. We can thus conclude that
the present structural architecture of the active site shows
features relevant to the intrinsic reaction but possibly not
to the stimulated reaction machinery. We can infer from
the closed nature of the active site, however, that the
oligomerization-induced GTPase reaction is unlikely to
contribute directly GAP-type residues such as an arginine
finger into the active site to stabilize developing negative
charge on the phosphate, unless major conformational
changes were induced by oligomerization.

Residues situated close to the active site of the
hGBP1-GppNHp complex might, however, constitute
part of the catalytic machinery in the oligomerized state.
Such residues are Glu72, His74 and Lys76 on the
phosphate cap, Glu99 preceding the invariant Gly100 in
the DxxG motif, and Lys106, Asp108 and Asnl109 in the
insertion 12 with the highly conserved '*DxEKGD!'%8
motif, which forms a tight loop conspicuously close to
the y-phosphate (Figure 4B). The B-factors indicate a high
mobility for this region, which suggests that such residues
could move into a catalytically competent position upon
oligomerization. Arg48 in the P-loop, which is conserved
in GBPs and not found in other GTP-binding proteins,
could potentially also play a catalytic role. An arginine at a
homologous position (GxxRxGKS) in type I thymidylate
kinase has been shown to be required for fast phosphoryl
transfer (Lavie et al., 1998).

For dynamin and other members of the family of large
GTP-binding proteins, a nucleotide-dependent oligomer-
ization has been demonstrated (Hinshaw et al., 1995). In
addition, for dynamin, a concentration-dependent GTPase
reaction has been observed (Tuma and Collins, 1995;
Warnock et al., 1997; Barylko et al., 1998) that is
dependent on the presence of a C-terminal domain, which
has been called the GED, just as the C-terminal 60 residues
of Mx are required for its GTPase reaction (Schwemmle
et al., 1995). From the studies using the isolated GED
added in trans to the G domain of dynamin, it was
concluded that it acts as an assembly-dependent internal
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GAP, which supplies a catalytic arginine residue (Sever
etal., 1999). We have proposed that Mx and dynamin have
a similar structural domain composition to that of hGBP1,
although the sequence homology is low (Prakash et al.,
2000). Whether we have to assume a similar mechnism of
GTP hydrolysis via direct participation of residues from
the GED/C-terminal domain is not obvious at present. It
should be noted, however, that the LG domains of hGBP1
and Mx/dynamin differ. The TKxD motif is conserved in
Mx and dynamins and therefore the guanine base might be
bound in the conventional anti-conformation. More
important is the larger distance between the P-loop and
the DxxG motif in Mx/dynamin. This insertion might form
a different switch I region, which could be responsible for
biochemical differences within this class of GTP-binding
proteins.

Conclusion

The guanine-nucleotide binding site of hGBPI has been
determined by X-ray crystallography. It shows many
similarities to, but also characteristic differences from
canonical GTP-binding proteins. There is a different
glycosidic bond angle and the guanine base interaction is
different from that of other known GTPase structures.
Most importantly, the phosphate-binding site is com-
pletely closed off from solvent such that external residues
are unlikely to approach the B- or y-phosphates without
major conformational changes, which might exclude the
participation of either external or internal GTPase-activat-
ing domains or GEDs. Furthermore, the y-phosphate has
all its oxygens involved in tight interactions with main
chain NH groups, which may be important for a better
orientation of relevant reactive groups and/or better
stabilization of the transition state. To obtain a more
precise idea of the oligomerization-induced activation
mechanism of GTP hydrolysis in GBPs and possibly the
other members of the family, the structure of the
hGBP1-GDP-AlF, complex has to be solved and muta-
tional studies on residues close to the active site have to be
performed. The design of such experiments is suggested
by the three-dimensional structure presented here.

Materials and methods

Protein preparation

hGBP1 with an N-terminal Hiss tag was expressed from pQE9 vector
(Qiagen, Germany) in Escherichia coli strain BL21(DE3), as described
by Praefcke et al. (1999). Cells were suspended in buffer A [S0 mM Tris—
HCI pH 8.0, 5 mM MgCl,, 500 mM NaCl, 10% glycerol, 20 mM
imidazole, 200 M Pefabloc (Roth GmbH + Co., Germany)], disrupted in
a microfluidizer (Microfluidics Corporation, USA), bound to an Ni-NTA
Superflow column (Qiagen, Germany) and eluted with buffer B (20 mM
Tris—HCI pH 8.0, 5 mM MgCl,, 100 mM NaCl, 10% glycerol, 20 mM
imidazole) using a 20-500 mM imidazole gradient. It was followed by gel
filtration via Superdex 200 (Amersham-Pharmacia, Sweden) in buffer C
(10 mM Tris—HCI pH 8.0, 2 mM MgCl,, 2 mM dithiothreitol). Fractions
containing monomeric hGBP1 were pooled, concentrated to 50 mg/ml,
shock-frozen in liquid nitrogen and stored at —80°C.

Crystallography

Hise-tagged full-length hGBP1 (593 residues) concentrated to 97 mg/ml
was incubated with a 12-fold excess of the GTP analogue, GppNHp for
3 h. This sample was used to grow crystals by the vapour diffusion
method in hanging drops over a reservoir solution of 15-20% PEG3350,
150-200 mM MgCl, at 4°C. Crystals were cryoprotected with 35%
PEG3350, 200 mM MgCl,. A high-resolution native data set to 1.7 A



resolution was collected at 100 K on a MAR-Imaging Plate detector at
ID2 beamline, ESRF, Grenoble, and processed with XDS (Kabsch, 1993).
The space group of the crystals is C2 and the statistics of the native data
are presented in Table I. The initial phases were obtained by molecular
replacement with the program AmoRe, as implemented in CCP4 (version
3.5) (CCP4, 1994) using a search model based on the nucleotide-free
structure of hGBP1 after removing the regions corresponding to the
P-loop, switch I and switch II. Several searches using different ranges of
integration radii resulted in a unique solution. Rigid body refinements of
the solution thus obtained, performed with CNS (version 0.4a) (Briinger
et al., 1998), resulted in an Ry, of 48.6% and an R, of 48%. This was
followed by a round of simulated annealing as implemented in CNS,
which resulted in an Rgee and Ry of 41.5 and 36.7%, respectively; 5%
of the reflections were set aside for an R, test before initiating any
refinement. A sigma-weighted 2F, — F, map (CCP4 suite) computed from
this model showed clear electron density for most of the omitted regions
in the model, the nucleotide, GppNHp, the Mg2* ion and the cap region,
which was absent in the nucleotide-free structure. The model was built
and refined through alternating cycles using the programs O (Jones et al.,
1997) and CNS. The refinement statistics are presented in Table 1. A
typical round of refinement consisted of bulk solvent correction,
positional, torsion angle-simulated annealing and B-factor refinement as
implemented in CNS. Simulated annealing omit maps were used to
correct or build ambiguous regions of the model. The model includes
residues 7-584 of the human GBP1 sequence, GppNHp, a Mg2* ion and
411 water molecules. There are no Ramachandran outliers. The loop
comprising residues 159—-166 cannot be seen in the electron density and is
presumably disordered. The least-squares superpositions with the
GTPases Ras and nucleotide-free hGBP1 were performed using the
automatic fitting program BRAGI (Schomburg and Reichelt, 1988) and
were displayed in O. Figures were generated using Molscript (Kraulis,
1991) and Raster3D (Merritt et al., 1994). The electrostatic surface
potential was generated using GRASP (Nicholls et al., 1991).
The PDB accession code for the co-ordinates is 1F5N.
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