Biophysical Journal Volume 99 October 2010 2235-2244 2235

Dimerization and Its Role in GMP Formation by Human Guanylate Binding
Proteins
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ABSTRACT The mechanism of oligomerization and its role in the regulation of activity in large GTPases are not clearly under-
stood. Human guanylate binding proteins (hGBP-1 and 2) belonging to large GTPases have the unique feature of hydrolyzing
GTP to a mixture of GDP and GMP with unequal ratios. Using a series of truncated and mutant proteins of hGBP-1, we identified
a hydrophobic helix in the connecting region between the two domains that plays a critical role in dimerization and regulation of
the GTPase activity. The fluorescence with 1-8-anilinonaphthalene sulfonate and circular dichroism measurements together
suggest that in the absence of the substrate analog, the helix is masked inside the protein but becomes exposed through
a substrate-induced conformational switch, and thus mediates dimerization. This is further supported by the intrinsic fluores-
cence experiment, where Leu®®® of this helix is replaced by a tryptophan. Remarkably, the enzyme exhibits differential GTPase
activities depending on dimerization; a monomer produces only GDP, but a dimer gives both GDP and GMP with stimulation of
the activity. An absolute dependence of GMP formation with dimerization demonstrates a cross talk between the monomers
during the second hydrolysis. Similar to hGBP-1, hGBP-2 showed dimerization-related GTPase activity for GMP formation,

indicating that this family of proteins follows a broadly similar mechanism for GTP hydrolysis.

INTRODUCTION

Human guanylate binding proteins (hGBPs) belong to
a class of large GTPases that include Dynamin, Mx, etc.
Despite limited sequence homology, these proteins share
similar biochemical features distinct from the canonical
small GTPases (1). These include higher molecular mass
(67-100 kDa), lower affinity for the substrate GTP (micro-
molar), high intrinsic GTPase activity (kc, ~2—100 min~ ),
and the ability to dimerize/oligomerize in the presence of
substrate. Unlike small GTPases, these proteins do not
require external GTPase-activating protein (GAP); instead,
they self-assemble upon the substrate binding and stimulate
the activity. The guanylate binding proteins in vertebrates
comprise a conserved family of GTPases with five mouse
and seven human homologs (2). Among these, hGBP-1
and hGBP-2 are mostly induced in all tissues upon induction
with interferon-vy (3,4). hGBP-1 has been shown to block the
replication of RNA viruses such as the vesicular stomatitis
virus (VSV) and the encephalomyocarditis virus (EMCV)
(5). It also regulates endothelial cell proliferation by inhib-
iting matrix metalloproteinase-1 (6). The higher level of
expression of this gene in multidrug-resistant human
ovarian cancer implicated that it may have a role in drug
resistance (7). This protein has been shown to associate
with the Golgi apparatus in the GTP-bound state (8). Simi-
larly, mouse GBP-2 inhibits VSV and EMCYV (9). Recently,
hGBP-2 has been shown to be highly expressed in prolifer-
ative squamous cells, which suggests that it may represent
a marker of esophageal squamous cell carcinomas (10).
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The most striking feature for both hGBP-1 and hGBP-2 is
their ability to hydrolyze GTP to a mixture of GDP and
GMP with unequal ratios (11,12). With hGBP-1, GMP is
the major product of the reaction, whereas GDP predomi-
nates when the hydrolysis is catalyzed by hGBP-2. The
structure and biochemical function of hGBP-1 has been
investigated extensively, whereas for hGBP-2 it is studied
at a preliminary level. The crystal structure of hGBP-1 is
reported with and without the substrate analog, GppNHp,
and the overall structure is similar (13,14). Notably, the
structure of the full-length protein has been solved only as
a monomer in the presence of the analog, although it dimer-
izes with the analog. Pyrophosphate was not obtained as
a reaction product of hGBP-1 catalyzed reaction and the
protein cannot hydrolyze the @3-y resistant GTP-analog
GppNHp, suggesting that GMP formation occurs through
successive cleavages of GTP and the second phosphate
cleavage cannot occur without the first, respectively (11).
The protein is 592-residues-long and the structure can be
classified into two domains—a globular domain (residues
1-278) and a purely helical domain (residues 311-592).
These two domains are joined by a small connecting region
(residues 279-310), which consists of a two stranded (3-sheet
and an o-helix. hGBP-1 dimerizes in the presence of
GppNHp, and dimerization is essential for stimulation of
the GTPase activity (13,15,16). Studies with the mutant as
well as truncated proteins showed that the '’ DxEKGD'®
motif and the connecting region together play important roles
in GMP formation (17). The single mutant D108A hydro-
lyzes GTP to both GDP and GMP with a ratio of GMP/
GDP ~0.9:1 (for the wild-type, the ratio is ~6:1), whereas
the double-mutant DI103L.D108L completely abolishes
GMP formation (hydrolyzes GTP to only GDP). The
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FIGURE 1 Schematic representation showing the structural elements
and domains in the full-length and truncated hGBP-1 proteins.

truncated hGBP-1?"® and hGBP-1?* produce only GDP, and
no GMP was observed. On the other hand, hGBP-13%7 hydro-
lyzes GTP to both GDP and GMP with a ratio of GMP/GDP
~0.6:1.

The intermolecular interactions are clearly important in
self-assembly and regulation of the GTPase activity in large
GTPases. Although these proteins oligomerize/dimerize
upon binding with the substrate, the mechanism of self-asso-
ciation and its role in the regulation of GTPase activity are
not clearly understood because of the absence of structure of
the full-length protein in the oligomeric/dimeric state. Using
hGBP-1, an extensively studied GTP-binding protein among
large GTPases that display unique second activity, we
addressed the following key issues:

1. Which region of the multidomain protein is involved in
the dimerization and how does the protein dimerize?

2. Is there a cross talk between the two monomers that
regulates the GTPase activity?

Additionally, hGBP-2, which shares almost 75%
sequence identity with hGBP-1, deviates markedly in the
ratio of product formation and has been used to understand
whether the dimerization-related GTPase activity is similar
in this family of protein. With a series of truncated globular
and helical proteins of hGBP-1, we identify a hydrophobic
helix in the connecting region that plays a critical role in
the dimerization. Our data suggest that, in the absence of
the substrate analog, the helix is buried inside the protein
but upon binding with the analog becomes exposed and
mediates dimerization. The monomer produces only GDP
but the dimer gives both GDP and GMP, demonstrating
a cross talk between the two monomers during GMP forma-
tion. To our knowledge, this is the first GTPase that has
differential activities depending on the dimerization of the
protein. This study illustrates how the large GTPases self-
regulate their dimerization-associated stimulation of GTP
hydrolysis.
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MATERIALS AND METHODS

See the Supporting Material.

RESULTS

GMP formation is regulated with dimerization
of the protein

To understand whether GMP formation is regulated with
dimerization in hGBP-1, we carried out analytical gel
filtration assays with the wild-type, mutant, and truncated
proteins (where the globular domain, i.e., nucleotide
binding domain, was kept intact) as shown in Fig. 1 in the
absence and presence of the substrate analog GppNHp.
The wild-type protein eluted with a single peak (Fig. 2) in
the presence of the analog that corresponds to a dimer
(Table 1). It is interesting to note from Fig. 2 that D108A,
a catalytically important mutant, exists as a mixture of
monomer and dimer with the analog (Table 1). In contrast,
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FIGURE 2 Analytical gel filtration assay of various proteins was carried
out without (A) and with (B) GTP-analog GppNHp. For experiment with the
analog, 200 uM GppNHp was incubated with protein with a buffer contain-
ing 50 mM Tris, 100 mM KCl, and 5 mM MgCl,, pH 8.0. The mixture was
kept for at least 1 h before injecting into the column. The mobile phase con-
tained the buffer and 200 uM GppNHp. In either case, the protein concen-
tration was kept at 20 uM.
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TABLE 1
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Molecular masses and dimerization status of the wild-type, mutant, and truncated proteins in the presence and absence of

GTP-analog GppNHp based on the analytical size-exclusion chromatography

Molecular mass

Molecular mass

Dimer/monomer Ability to

Protein with GppNHp (kDa) without GppNHp (kDa) with GppNHp produce GMP
whGBP-1 135 + 4.5 78 £ 2 Dimer Yes
DI108A 135 + 4 78 £ 2.5 Dimer, Monomer Yes
D103L.D108L 79 + 3 78 + 2 Monomer No
hGBP-137 625+ 3 346 =25 Dimer Yes
hGBP-13'"! 625 + 4 346 =3 Dimer Yes
hGBP-13"7 625 + 3 346 = 2.5 Dimer Yes
hGBP-1?% 346 =3 346 =25 Monomer No
hGBP-1?"8 346 + 3 346 + 3 Monomer No
hGBP-1%795%2 ND 143 + 3,46 + 2 Dimer, Monomer —
hGBP-1%90-5%2 ND 143 + 3,46 = 25 Dimer, Monomer —
hGBP-139%8-592 ND 46 + 2 Monomer —
hGBP-1312-52 ND 46 + 2 Monomer —
hGBP-1318-5%2 ND 46 + 2 Monomer —

Experiments were carried out in triplicate and the results were found to be consistent. ND, not determined.

DI103L.D108L, defective in the second hydrolysis, elutes
with a single peak that corresponds to a monomer, indi-
cating that the double mutant did not dimerize in the pres-
ence of the analog (Fig. 2). The truncated hGBP-1?"® and
hGBP-17*, impaired in the second hydrolysis, do not
dimerize in the presence of the analog (Table 1). Interest-
ingly, hGBP-1°"" (which is 18-residues-longer than the
hGBP-17%, consisting of a helix) eluted with a single
peak that corresponds to a dimer with the analog (Fig. 2).
All these data clearly demonstrate that, in the presence of
analog GppNHp, the a-helix of the connecting region plays
a critical role in dimerization. Because hGBP-1"" has been
shown to produce GMP with lower catalytic efficiency than
that of the full-length (17), taken together it suggests that
GMP formation is regulated with dimerization of the
proteins. To examine whether hGBP-2, a family of hGBP-1,
follows dimerization-linked GMP formation, we carried out
similar gel filtration assays. Like hGBP-1, hGBP-2 dimer-
izes with the analog (Fig. 2), further confirming that GMP
formation occurs through dimerization of the protein and
the mechanism of the second hydrolysis appears to be
conserved in this family of proteins.

a-Helix of the connecting region has a pivotal role
in dimerization

To identify which region of the multidomain protein
hGBP-1 is involved in the dimerization, we made a series
of truncated proteins as shown in Fig. 1, where the nucleo-
tide-binding domain has been removed. The analytical
gel filtration assay of these proteins was carried out. The
presence of the analog was not required because the
nucleotide-binding domain has been deleted. Remarkably,
hGBP-17°°%? eluted with two peaks (Fig. 3); the higher
retention volume corresponds to a molecular mass of
46 kDa, consistent with a monomer (calculated molecular
mass of a monomer ~38 kDa), whereas the smaller one

with molecular mass of ~143 kDa may correspond to a
dimer. We also obtained a similar result with hGBP-127-,
Interestingly, hGBP-1°"*°2 hGBP-1°'*"%2, and hGBP-
1318392 which do not contain the a-6 helix, eluted with
a single peak (Fig. 3) that corresponds to a monomer. The
estimated molecular mass of a dimer in hGBP-12°"%% and
hGBP-12799% jg higher than the calculated (~76 kDa). To
confirm whether it is a dimer, we carried out chemical
cross-linking experiments of these truncated proteins.
This was employed by using the zero-length cross-linker
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride in the presence of n-hydroxy succinimide. We also
carried out similar experiments on the other truncated
proteins as shown in Fig. 4. The reaction products were
analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. As observed in Fig. 4, in the presence of
the cross-linking reagents hGBP-1**"°? and hGBP-177°7%2
exist as a dimer. On the other hand, even after a long incuba-
tion period (3 h), hGBP-1°"*">"? and hGBP-1°"% exist

260
—— hGBP-127%592 7)\’\\\46 kDa
........ hGBp_1290—592 1}
g 2401 _ _ hGBP-1316-592 II,'\\\\
Py — -~ hGBP-1308-592 I Hil
& 220 {——— neBp-1312502 143 kDayy \\\‘
® I\ ,n' it
£ 200 1 \ R
S 1\
>
= 180
=
160 1
1.2 14 1.6 1.8 2.0
VelVo

FIGURE 3 Analytical gel filtration assay of the truncated hGBP-1
proteins with a buffer containing 50 mM Tris, 100 mM KCI, and 5 mM
MgCl,, pH 8.0. The mobile phase did not contain analog because the nucle-
otide binding domain has been removed. The concentration of the protein
was 20 uM.
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FIGURE 4 Chemical cross-linking of the truncated hGBP-1 proteins.
This was done in the presence of 1-ethyl-3-[3-dimethylaminopropyl] carbo-
diimide hydrochloride and n-hydroxy succinimide as described in the Mate-
rials and Methods in the Supporting Material and the products were run on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The experi-
ments were done both in the absence and presence of the cross-linker.
The experiments were carried out in duplicate and the results were highly
reproducible.

primarily as a monomer (Fig. 4). A very faint band of dimer
was observed in these truncated proteins. This could be due
to some contaminations and/or nonspecific interactions.
All these data confirm that the truncated proteins containing
at least a-6 helix (h\GBP-12**2 and hGBP-17""%?) are
able to dimerize without the globular domain. Thus, the
a-6 helix of the connecting region plays a critical role in
the dimerization.

a-Helix of the connecting region gets exposed
upon nucleotide binding and mediates
dimerization

As already known, hGBP-1 is a monomer without the
substrate analog but dimerizes upon binding with the
analog. Our analytical gel filtration and cross-linking assays
suggest that the a-6 helix may be buried inside the protein
but becomes exposed upon nucleotide binding and thus
the protein dimerizes. Because the «-6 helix has a large
number of hydrophobic residues (see the Discussion), its
exposure may increase the hydrophobicity of the protein.
To determine whether the binding of the nucleotide to the
wild-type hGBP-1 increases the total hydrophobicity of
the protein, fluorescence measurements were carried out
using a hydrophobic dye 1-8-anilinonaphthalene sulfonate
(ANS). This was done in the absence and presence of the
analog GppNHp. The increase in the fluorescence of ANS
is a measure of the total surface hydrophobicity of the
proteins (18,19). Fig. 5 A shows an increase in fluorescence
with increasing concentrations of ANS in the wild-type
protein with and without the substrate analog. However,
the increase in fluorescence with the nucleotide-bound
protein is higher than the unbound, indicating that the nucle-
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FIGURE 5 ANS binding studies. (A) The fluorescence intensity at
474 nm was plotted with increasing concentrations of ANS in the presence
of 1 uM wild-type hGBP-1 with and without 200 uM GppNHp. (Inset)
Representative case for the titration of whGBP-1 plus analog with ANS
concentration. (B) A similar experiment was carried out with a double-
mutant D103L.D108L. The concentration of the double-mutant and analog
was | and 200 uM, respectively. (Inset) Titration of the double-mutant plus
analog with increasing concentrations of ANS. Each spectrum was recorded
as the average of three fluorescence emission wavelength scans. The exper-
iments were carried out in triplicate and the results were consistent.

otide-bound protein (dimer) exhibits higher surface hydro-
phobicity than that of the unbound (monomer). Similar
experiments were carried out with the double-mutant to
reveal whether the hydrophobicity increases in the presence
of the analog. As observed in Fig. 5 B, the fluorescence of
ANS is almost the same in both the nucleotide-bound and
free forms of the double-mutant, indicating that the exposed
hydrophobicity did not alter upon binding with the nucleo-
tide. The circular dichroism measurement on the wild-type
hGBP-1 showed that the protein undergoes a conformational
change upon binding with the analog (17). We also carried
out a similar experiment with the double-mutant in the pres-
ence of the analog, but it did not show any change in the
molar ellipticity (see Fig. S1 in the Supporting Material).
The structure of the full-length hGBP-1 showed that the
a-6 helix of the connecting region is buried inside the
protein (Fig. 6 A). All these data suggest that the binding
of the nucleotide induces a conformational change in the
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FIGURE 6 Space-filled structures of the full-length as well as truncated hGBP-1 proteins without the nucleotide were shown using a PDB code-1dg3.
These are generated using VMD software. The figure shows the gradual removal of the different domains. This shows that the connecting region is
partly buried but becomes exposed upon removal of the different domains as shown here: (A) full-length whGBP-1, (B) hGBP-13"7, (C) hGBP-177%,

(D) hGBP-1?""?, and (E) hGBP-1°'%,

wild-type protein, which increases the total hydrophobicity
upon exposure of the a-6 helix and thus mediates dimeriza-
tion (see the Discussion).

To further consolidate this idea and to directly investigate
whether the helix is indeed involved in dimerization, we
decided to introduce a tryptophan residue in the place of
Leu®”® of the -6 helix, which is facing outside so that, after
binding with the analog, it can be in the dimeric interface.
We therefore carried out intrinsic tryptophan fluorescence
of the wild-type and L298W mutant proteins in the absence
and presence of the analog GppNHp. The wild-type protein
has four tryptophan residues. The wild-type protein showed
similar fluorescence in the absence and presence of the
analog—indicating that the environment of tryptophans in
the wild-type protein did not alter upon dimerization, which
is consistent with the earlier report (15). As expected,
L298W showed higher fluorescence than the wild-type
without the analog. Because we introduced a tryptophan
in the a-6 helix and this helix becomes exposed upon
nucleotide binding and is involved in dimerization, the fluo-
rescence of the L298W should alter. In contrast to the wild-
type, L298W showed a significant decrease in fluorescence
upon nucleotide binding (Fig. 7). This may be explained by
the energy transfer from the tryptophan residue (L298W) of
one monomer to the same residue in the other monomer
(i.e., homotransfer), when these are in close proximity.
The decrease in the intensity may also be contributed
by the energy transfer from Tyr’* (in the a-6 helix) to
L298W (i.e., heterotransfer) between the two intermono-
mers. We also carried out similar experiments by taking
an equimolar mixture of the wild-type and L298W in the
presence of the analog in support of homotransfer. In this
case, homo- (WT.WT, L298W.L298W) as well as hetero-
dimers (WT.L298W) are expected to be formed. Interest-

ingly, the fluorescence of the mixture is more than L298W
with the analog, but is less than L298W without the analog
(Fig. 7). The increase in the fluorescence clearly indicates
the absence of homotransfer in 33% of heterodimer. It is
to be noted that L298W showed a GMP/GDP ratio similar
that of the wild-type when the assay was carried out with ra-
diolabeled [a-*P] GTP (Fig. S2). The homotransfer has
been reported in many proteins where tryptophan residues
were close within the R, (the distance corresponding to
50% energy transfer) of ~6-12 A (20,21). All of these
results clearly suggest that L298W residues of the two
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FIGURE 7 Intrinsic tryptophan fluorescence of the wild-type and
L298W hGBP-1 proteins in the absence and presence of the substrate
analog GppNHp. A similar experiment was carried out with equimolar
mixture of the wild-type and L298W. The concentration of total protein
was kept at 0.5 uM. One-hundred micromole of the analog was used for
the assay. The samples were excited at 280 nm and the fluorescence emis-
sion spectra were recorded between 290 and 450 nm. A blank containing
the buffer as described in the Materials and Methods was subtracted from
each spectrum. Each spectrum was recorded as the average of three fluores-
cence emission wavelength scans. The experiments were carried out in trip-
licate and the results were consistent.
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monomers are in close proximity in the presence of the
analog and thus the helix is involved in dimerization.

A cross talk of monomers is essential for GMP
formation

Our studies so far suggest that dimerization is essential for
GMP formation as well as for the stimulation of GTPase
activity in both hGBP-1 and hGBP-2. This suggests that
there may be a cross talk between the two monomers,
which allows the second hydrolysis. This could be tested
by preventing dimerization of the protein. This was done
by immobilizing the proteins in two different ways in the
absence of the substrate analog to eliminate the method-
dependent specificities. Both methods are well documented
for proteins and are known not to alter the binding sites of
enzymes and antibodies (22-25). This ensures that the
immobilized protein will remain in the monomer in
the presence of the substrate. These proteins were used for
the activity assay with the radiolabeled [a-**P] GTP. As
observed in Fig. 8, in contrast to the unimmobilized wild-
type hGBP-1, the immobilized proteins produced only

Un-immobilized
proteins

CNBr sepharose imm-
obilized proteins

Abdullah et al.

GDP, and GMP formation was abolished. We also carried
out similar assays with the mutant proteins D108A and
DI103L.D108L. The single mutant showed result similar to
the wild-type but as expected, the double-mutant did not
produce GMP (Fig. 8). A positive control was carried out,
i.e., the protein was allowed to dimerize first with the analog
and then immobilized, and the radioactive assay was done
(Fig. S3). We failed to observe GMP (see the Discussion).
We also carried out similar experiments on the truncated
proteins hGBP-1°"7 and hGBP—13O7, and these showed
results similar to the wild-type (Fig. 8). All these validate
our immobilization assays and confirm that the monomer
can hydrolyze GTP to only GDP. Similar studies were
carried out with hGBP-2 to examine whether the interac-
tions between the monomers are also essential for GMP
formation. Interestingly, hGBP-2 showed results similar to
the hGBP-1, confirming that the monomer can hydrolyze
GTP to only GDP (Fig. 8). The absence of GMP formation
by preventing dimerization in the immobilized proteins
clearly demonstrates a cross talk between the two monomers
that allows the second hydrolysis. The data on hGBP-2
suggests that this family of proteins primarily follows

Microtiter plate
immobilierd proteins

0000000000 YIS

FIGURE 8 GTPase assays of the unimmobilized and immobilized proteins. The assay was carried out by mixing the proteins with a trace amount of
[a-*2P] GTP plus 50 uM of unlabeled GTP at 37°C for 1 h. The reaction was terminated with 250 mM EDTA (final concentration). The reaction mixture
was separated as described earlier. These experiments were carried out in triplicate and the results were reproducible.
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a common mechanism of dimerization-associated GTP
hydrolysis to GMP.

DISCUSSION

Protein-protein interaction is a central theme in GTPase
biology. Ras and other small GTPases play many crucial
roles because they interact with a number of regulatory
proteins. Although large GTPases differ sharply from
the small ones, the basic interactions are retained in the
G-domain. Among large GTPases, Dynamin and MxA
have been studied extensively because they play important
roles in vesicle formation and antiviral activity against large
numbers of RNA and DNA viruses, respectively. Although
these proteins have been shown to undergo the substrate-
induced oligomerization and activation without the external
GAP (26-28), which region of the multidomain proteins is
involved in the self-assembly is not clearly understood
because of the absence of crystal structure for the full-length
protein in the oligomeric state. Using limited proteolysis, it
has been shown that an a-helical domain of 13 kDa between
the pleckstrin homology and the proline- and arginine-rich
domains in Dynamin is important for self-assembly and
stimulation of the GTPase activity (26). Similarly, for Mx,
by using yeast two hybrid assays, the C-terminal domain
has been shown to be important for oligomerization (28).
Among large GTPases, hGBP-1 and 2 have the unique
feature of substrate-induced dimerization with additional
product (GMP) formation. Although the biological role of
GMP formation by hGBP-1 is not yet known, it is possible
that the dimerization-associated GMP formation may be
related with the antiviral activity against VSV and EMCV.

By using analytical gel filtration assays on a series of
truncated globular as well as helical proteins of hGBP-1,
we have identified that a helix of 18 residues in the connect-
ing region, rather than the whole helical domain, plays a
critical role in dimerization. This is further confirmed by
the cross-linking experiments where the helical domain
containing the -6 helix can dimerize without the globular
domain. We also previously showed that the presence of
this helix with the globular domain is able to provide
GMP formation (17). The crystal structure of the full-length
protein dimer is not yet known. However, the structure of
a truncated protein hGBP-1°'7 dimer in complex with
GMP.AIF, has been reported (29). Analysis of the structure
reveals that the connecting region has not been found to
interact in dimerization, but the conserved 1B3pXEKGD'®
motif is positioned at the dimeric interface. It is possible
that the orientation of the dimer in the truncated protein
may be slightly altered from the full-length. Nevertheless,
our data collectively provide an important role for the helix
in the dimerization and regulation of the GTPase activity.
hGBP-2 exhibits ~75% of sequence identity with the
hGBP-1 and shows substrate-induced dimerization similar
to hGBP-1. Because dimerization has also been found to
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be essential for GMP formation in hGBP-2, the connecting
region of this protein may play a similar role in self-
assembly. Although both hGBP-1 and hGBP-2 exhibited
a similar mechanism of GTP hydrolysis, the marked differ-
ence in the ratio of GMP/GDP formation in these two
enzymes could be due to differences in the dynamics of
dimer dissociation after the first hydrolysis.

Because the -6 helix of the connecting region in hGBP-1
plays a critical role in dimerization, a key question is,
despite having this in the full-length hGBP-1, why is the
protein a monomer without the substrate analog?

Our earlier studies with CD measurement showed that
upon binding with the substrate analog, the wild-type protein
undergoes a conformational change (17). This is essential
for dimerization of the protein, which is supported by the
CD measurement of the double-mutant D103L.D108L,
where it did not undergo conformational change with the
analog and hence did not dimerize. Analysis of the structure
in the full-length protein shows that the «-6 helix of the con-
necting region is partly buried inside the protein (Fig. 6 A)
and that the helix has a large number of hydrophobic residues
such as iso-leucine, leucine, valine, etc. The dimerization of
the protein upon exposure of this helix is supported by the
ANS-binding experiment, where the total hydrophobicity
increased upon binding with the analog. This is also validated
by the double-mutant D103L.D108L where the surface
hydrophobicity is virtually unaltered in the presence of the
analog. The role of this helix in dimerization is further sup-
ported by an increase in the fluorescence of tryptophan
with a mixture of the wild-type and L298W (1:1) in the pres-
ence of the analog compared to the L298W alone and analog.
Therefore, our data strongly suggest that the «-6 helix of the
connecting region becomes exposed through a conforma-
tional switch (from a closed to open conformation, see
Scheme 1) and is involved in dimerization. This correlated
well with the structures of the full-length as well as several
truncated variants of hGBP-1 using VMD software (http://
www.ks.uiuc.edu/), where the «-6 helix of the connecting
region in the full-length protein is partly buried (Fig. 6, A-E).
As observed in Fig. 6 (compare panels A and D), the connect-
ing region of the truncated hGBP-1?7°%2 and hGBP-1%9-5%
is exposed. This elucidates why hGBP-1?7""% and hGBP-
1289592 dimerize without the globular domain, and the
truncated globular proteins that lack the connecting region
(hGBP-1?"® and hGBP-1?*°) fail to dimerize. Similarly, the
absence of this helix in hGBP-1308'592, hGBP-1312'592, and
hGBP13'8%92 ryles out the possibility of dimerization. This
provides insight into why the full-length hGBP-1 exists as
a monomer despite having the connecting region.

With a series of truncated and mutant hGBP-1 proteins,
our data strongly suggest that GMP formation is directly
associated with the dimerization of the protein. This corre-
lated well with the specific activities of the products forma-
tion and their ratios (Fig. S4). The immobilization assays
confirm that monomer fails to hydrolyze GTP to GMP.
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SCHEME 1 Schematic representation of the GTP hydrolysis by hGBP-1. The helix in the connecting region gets exposed upon binding with GTP from

a closed to open conformation and mediates dimerization. For the clarity, the first catalysis has been omitted in the stimulated GTPase activity. Reciprocal
trans-activation of whGBP-1 in the GDP-bound dimer after the first catalysis has been shown. The '“>DxEKGD'® motif of one monomer could activate the

other monomer for the second catalysis in frans.

The absence of GMP formation in the immobilized dimeric
protein is most likely due to the protein going back to mono-
mer after removal of the analog. Nevertheless, our other
assays strongly indicate that dimer produces both GDP
and GMP with stimulation of the activity. This obviously
demonstrates a cross talk between the two monomers during
the second catalysis. This is more evident in the truncated
hGBP-1*'7. Unlike the full-length hGBP-1, the truncated
hGBP-1°"7 can utilize GDP as another substrate and hydro-
lyze to GMP (29).

As observed in Fig. 8, GDP, which is produced after the
first catalysis by the immobilized hGBP-1°'", cannot be
utilized further by the same protein for the second catalysis.
The absence of GMP in the immobilized hGBP-1*"" clearly
indicates that the cross talk is essential for the second catal-
ysis. Thus, the immobilization assay and the gel filtration
analysis together show that the monomer and dimer of
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both hGBP-1 and hGBP-2 exhibit different GTPase activi-
ties. Monomer can hydrolyze GTP to only GDP (first hydro-
lysis), whereas dimerization is absolutely essential for the
second hydrolysis (GDP to GMP) and regulates this activity.
Although, the second catalysis is associated with the cross
talk, the mechanism is still unknown. In the case of small
GTPases, external GAPs bind and stimulate the GTPase
activity by providing catalytic residues or stabilizing transi-
tion states (30,31). Although oligomerization-induced stim-
ulation of GTPase activity is a hallmark in large GTPases,
why the hGBP-1 family exceptionally exhibits additional
product GMP formation (i.e., second hydrolysis) is still
not known.

Based on our data and available literature, we hypothesize
that the cross talk could happen in two possible ways.

First, as observed in the truncated dimeric protein
(hGBP-1°"") in complex with GMP.AIF,, after the first
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hydrolysis there is a change in the nucleotide conformation
at the ribose sugar that keeps the guanine base intact but
moves the B-phosphate in the position of the y-phosphate
to utilize the same catalytic machinery for the second hydro-
lysis. In this way, it prevents the dissociation of bound GDP
after the first phosphate cleavage so that it can carry out the
second cleavage. The conformational change may occur
only when the protein is a dimer.

Second, there could be a direct influence on the second
catalysis of one monomer by the catalytic residues of
another monomer. As described earlier, hGBP-1 family
has a unique '“>DXxEKGD'®® motif that is not present in
other GTP-binding proteins. The conservation of the motif
in this family clearly suggests that it may have a significant
role in GTPase activity. Our mutational studies earlier
showed that this motif plays a very critical role in GMP
formation. As discussed earlier, the motif in the truncated
hGBP-1°'7 is positioned at the dimer interface and could
be potentially important for the catalysis.

As described in Scheme 1, it is possible that the
193DXEKGD'® motif of one monomer could provide a cata-
lytic residue to the other monomer for the second catalysis
in trans and thus they reciprocally stimulate the GTPase
activity of each other without the need for external regula-
tory factors. These features perhaps made this family of
protein catalytically exceptional with the formation of
a second product GMP compared to other GTPases. Further
investigations are necessary to distinguish between these
two possibilities.

CONCLUSIONS

Our data with hGBP-1 and hGBP-2 provide a unique
example that shows differential GTPase activities depend-
ing on the dimerization of the protein (Scheme 1); a mono-
mer can hydrolyze GTP to only GDP, whereas a dimer
hydrolyzes GTP to both GDP and GMP with stimulation
of the activity through a cross talk between the two mono-
mers. The monomer may be associated with the basal
GTPase activity, where the protein is expressed at low level
without IFN-v induction. However, upon induction, the
proteins dimerize as the intracellular concentration of
GTP is ~100 uM. Our study provides insight as to how
the large GTPases self-regulate their activities through the
substrate-induced conformational switch that leads to
dimerization and in turn, stimulation of the activity in
response to the inflammatory cytokines. The presence of
the second product GMP in both hGBP-1 and hGBP-2
suggests that this family of protein has a catalytic machinery
that is unique compared to other GTPases. Although the
underlying mechanism for GMP formation remains to be
established, this study presents new insights as to the regu-
lation of GTPase activity in the cell. The ability of this
protein to dimerize and produce GMP may be related with
the antiviral activity against VSV and EMCV.
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SUPPORTING MATERIAL

Materials and methods and four figures are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(10)00897-0.
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