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G proteins are critical for the regulation of membrane protein
function and signal transduction. Nevertheless, coupling between
G proteins and membrane proteins with multiple membrane-
spanning domains has so far been observed only in higher organ-
isms. Here we show that the polytopic membrane protein FeoB,
which is essential for Fe(ll) uptake in bacteria, contains a guanine-
nucleotide-specific nucleotide binding site. We identify the G4-
motif, NXXD, responsible for guanine nucleotide specificity, and
show that GTP hydrolysis occurs very slowly. In contrast to typical
G proteins, the association and dissociation of GDP were found to
be faster than for GTP, suggesting that in the absence of additional
factors, FeoB’s G protein domain may exist mostly in the GTP-
bound form. Furthermore, the binding of GTP is required for
efficient Fe(ll) uptake through the FeoB-dependent system. Nota-
bly, even in bacteria, this covalent linkage between a G protein and
a polytopic membrane protein appears, to our knowledge, to be
unique. These findings raise the intriguing question whether FeoB
represents a primordial archetype of G protein-regulated mem-
brane proteins.

he integration of extracellular signals through G protein-

coupled membrane proteins is crucial for maintaining ho-
meostasis in multicellular organisms. However, very little is
known about the origins of G protein-coupled membrane pro-
cesses, mainly because no suitable model systems seemed to exist
in prokaryotes. In this study, we provide evidence that the
polytopic bacterial membrane protein FeoB contains a G protein
similar to small regulatory G proteins found in eukaryotes, and
we demonstrate that Fe(II) uptake depends on the function of
the G protein. The existence of a polytopic membrane protein
that is covalently tethered to a G protein is, to our knowledge,
unprecedented in bacteria and raises the intriguing question
whether G protein-coupled signal transduction and solute trans-
port in higher organisms are evolutionarily linked with the
ancient process of Fe(II) uptake in prokaryotes.

Deletion of FeoB abolishes the ability of bacteria to accumu-
late Fe(II), a defect that can be rescued by the reintroduction of
FeoB into a feoB-deficient strain (1-3). Furthermore, in vivo
studies using the pathogen Helicobacter pylori showed that
dissipation of the proton motive force across the inner mem-
brane of bacteria and the ATPase inhibitor orthovanadate
inhibited Fe(II) uptake. Based on these observations, it was
postulated that FeoB functions as a transport ATPase for Fe(II)
(1, 2). Whether this working model is correct remains an open
question because previously published data can also be ex-
plained by alternative models. Notably, the amino acid se-
quences from FeoB proteins do not share any sequence homol-
ogy with transport ATPases (4), ABC-type transporters (5, 6), or
other Fe(II) transporters (7-11). The only sequence homology
that exists links FeoB to GTP-binding proteins. Interestingly, the
putative G protein is highly conserved among FeoB proteins
from different bacterial species. This finding suggests that GTP
binding is important for FeoB function, and at the same time,
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creates a puzzle because in vivo data suggest that Fe(II) uptake
depends on ATP hydrolysis. To address this issue we determined
the properties of FeoB’s nucleotide binding domain. Our results
indicate that the domain is indeed specific for GTP binding and
that function of the G protein is required for Fe(Il) uptake.
Moreover, a detailed kinetic analysis of the G protein domain
suggests that the molecular mechanism of FeoB function in
Fe(II) uptake is more complex than was previously anticipated.

Materials and Methods

Plasmids. pET24a-based expression vectors containing the hy-
drophilic N terminus of FeoB from Escherichia coli (NFeoB,
amino acids 1-274) with and without a hexahistidine tag were
generated (pET24a-NFeoBhg and pET24a-NFeoB, respectively)
starting from the original FeoB gene described by Kammler et al.
(1). In the case of a histidine-tagged protein, the exact amino acid
sequence following AA274 in NFeoB was KLAAALEHHH-
HHH. The expression plasmid pET24a-NFeoBhs was used to
generate two expression vectors coding for single amino acid
mutations at position D94 and D123 in NFeoBhg (NFeoBhP?N
and NFeoBhP1?3N) by using Stratagene’s QuikChange site-
directed mutagenesis kit. For Fe(II) uptake measurements,
plasmids containing a cDNA encoding C-terminally decahisti-
dine-tagged (PGHHHHHHHHHH) WT FeoB and a point-
mutated FeoBP!2N were generated (ptac-FeoBhy and ptac-
FeoBh10D123N).

Overexpression and Purification of NFeoB, NFeoBhs, NFeoBhgP?4N, and
NFeoBhg?123N, For overexpression of NFeoB, NFeoBhg, and the
D123N mutant, the respective plasmids were transformed into
BL21(DE3) cells (Novagen) under kanamycin selection (30
png/ml); the D94N mutant was overexpressed in BL21(DE3)
pLysS cells (Novagen) in the presence of kanamycin (30 ug/ml)
and chloramphenicol (12.5 pg/ml). The induction of protein
expression was carried out according to the manufacturer’s
protocol (Novagen). Cells were harvested, resuspended in 20
mM Tris'HCI/100 mM NaCl, pH 7.5, and lysed by passing the
cells twice through a French press. Cell debris was removed by
centrifugation (in a TLA-110 rotor, at 110,000 rpm, for 18 min,
at 4°C). The histidine-tagged proteins were purified on a Ni-
NTA Superflow agarose column (Qiagen, Valencia, CA) by
using 0.5 M imidazole in 20 mM Mops/100 mM NacCl, pH 8.0
(25°C), as the elution buffer. The nontagged NFeoB was purified
by ion-exchange chromatography. Cleared cell lysate was applied
onto a Q Sepharose (Pharmacia) column and washed with at
least 10 column volumes of 20 mM bis-Tris*HCI/5 mM NaCl, pH
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Fig. 1. The N-terminal domain of FeoB (NFeoB) specifically binds guanine
nucleotides. Fluorescent, nonhydrolyzable GTP and ATP analogs, mant-
GMPPNP and mant-AMPPNP, were rapidly mixed with histidine-tagged NFeoB
(20 puM final) in a stopped-flow instrument and the nucleotide-binding reac-
tion was followed by changes in fluorescence (a.u., arbitrary units). Of the two

analogs, only the reaction with mant-GMPPNP resulted in the increase of
fluorescence that is associated with nucleotide binding.

6.5 (25°C). Bound proteins were eluted by using a linear salt
gradient from 5 to 500 mM NaCl in 20 mM bis-Tris-HCI, pH 6.5
(25°C). Aliquots (1.5 ml) were collected and analyzed by SDS/
15% PAGE. To increase purity, NFeoB-containing aliquots
were pooled, diluted 3-fold, and rechromatographed using the
same protocol.

Stopped-Flow Measurements. Stopped-flow measurements were
used to determine fast binding and the release of fluorescent
nucleotides as described (12). Fluorescent mant-GDP and the
nonhydrolyzable nucleoside 5'-[B,y-imido]triphosphate deriva-
tives mant-GMPPNP, mant-AMPPNP (all from Molecular
Probes), and mant-XMPPNP (JenaBioScience, Jena, Germany)
were used as probes. Measurements were carried out in 20 mM
Mops/100 mM NaCl, pH 7.0, by using an Applied Photophysics
stopped-flow instrument (Leatherhead, U.K.). The mant group
(N-methylanthraniloyl) was excited at 360 nm and the fluores-
cence was monitored through a 405-nm cut-off filter. In addition,
off-rate constants were also measured directly in an independent
set of experiments. The protein (10 uM) was first preincubated
with mant-nucleotide (0.5 uM) for 15 min. Thereafter, the
fluorescent nucleotide was displaced from the protein by rapidly
mixing the incubation mixture in the stopped-flow instrument
with a large excess of unlabeled GTP (0.5 mM final concentra-
tion; Calbiochem). The off-rate constant can be directly ob-
tained by fitting a single-exponential function to the data points
during the first 100 ms. The equilibrium binding constants were
calculated according to Kq = kot (direct)/Kon-

GTPase Assays. NFeoB was dialyzed against 20 mM Mops/100
mM NaCl, pH 7.0. Protein (20 uM) and nucleotides (1 mM GTP
or ATP final concentrations) were added in a total volume of 100
ul at 25 or 37°C. At several times after starting the hydrolysis
reaction, samples were taken and the nucleotide composition of
the reaction mixture was analyzed by reversed-phase chroma-
tography with optical detection (254 nm), essentially as described
in ref. 13.

Fe(ll) Uptake Measurements. Iron uptake was monitored essen-
tially as described (1) except that LB plates were used in
combination with the chromogenic substrate 5-bromo-4-chloro-
3-indolyl B-D-galactoside (X-Gal, American Bioanalytical,

16244 | www.pnas.org/cgi/doi/10.1073/pnas.242338299

mGMPPNP

/" \s

| D94N

L D123N

1NW“"?WW/

0 0.5 1 1.5 2

Fluorescence [a.u.] >

| w.t

Time [sec]
> mXMPPNP ..
o |
E 1.15 |
@
2 1.1
@
[&]
w
D 105
e
=]
LE

1 T /
N\
2 D94N

0 0.5 1 1.5
Time [sec]

Fig. 2. The fourth G protein consensus motif is located at amino acids
120-123 in FeoB (E. coli). Nonhydrolyzable mant-GMPPNP and mant-XMPPNP
were used to monitor binding to WT (w.t.) NFeoBhg, and point-mutated
proteins D94N and D123N. WT protein and D94N mutant NFeoBhs bound
mant-GMPPNP, whereas the D123N mutant showed no mant-GMPPNP bind-
ing (A), indicating that D123 was responsible for the specific interaction with
the base part of the nucleotide as is known for other G proteins (39). As
expected, the xanthosine mant derivative (NXMPPNP) was recognized only by
the D123N mutant (B).

Natick, MA; see Fig. 3 for the principle of the complementation
assay) instead of MacConkey plates. All measurements were
done in a feoB-deletion strain background [H1771, kindly pro-
vided by K. Hantke, University of Tiibingen, Tiibingen, Ger-
many (14)]. Plasmids harboring FeoB (ptac-FeoBhy), and FeoB
(D123N) (ptac-FeoBhoP123N), as well as the “vector-only” con-
trol (pMALc2x, maltose-binding protein under control of the
Ptac promoter, New England Biolabs), were transformed into
H1771 and grown at 37°C for 16 h under the appropriate
antibiotic selection (30 ug/ml kanamycin and/or 100 pwg/ml
ampicillin) on LB-agar supplemented with different concentra-
tions of Fe(II) ammonium sulfate (4 uM, 100 uM, and 400 uM)
or the Fe(II)-specific chelator Ferrozine (0.5 mM). B-Galacto-
sidase activity was monitored by adding 0.2 mg/ml X-Gal to the
LB-agar.

Results

FeoB Contains Four of Five G Protein Signature Sequences. FeoB was
originally identified, in E. coli by Kammler et al. (1). Since then,
FeoB homologs have been identified in >95 species, which are
distributed over all bacterial kingdoms. At the protein level,
FeoBs share the same overall design, in which a hydrophilic
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Fig.3. Ferrousiron uptake requires a functional G protein domain and is abolished by a single point mutation. Intracellular iron levels were monitored in vivo
by using a fhuF-lacZ reporter construct (A). At normal intracellular levels of Fe(ll), the binding of the Fur/Fe(ll) complex to the Fur-binding site, fhuF ("’Fur-BS"),
shuts off /acZ expression. Under these conditions, colonies will appear white. Depletion of intracellular Fe(ll) stores and insufficient Fe(ll) uptake lead to
derepression and will manifest themselves in the formation of blue colonies. (B) Fe(ll)-specific uptake was measured in a feoB-deletion strain (A) and in the
feoB-deletion strain complemented with plasmids harboring histidine-tagged WT FeoB (FeoBp1o), histidine-tagged D123N (D123N) mutant unable to bind
guanine nucleotides, or a vector-only control (vect. only). Only complementation with FeoB rescued the Fe(ll)-uptake defect of the feoB-deletion strain. In this
case, complete rescue could be achieved at Fe(ll) concentrations >40 wM. Only partial rescue was observed at Fe(ll) concentrations <40 uM (not shown), and
no rescue was observed at low Fe(ll) concentrations (=4 puM) or in the presence of the Fe(ll)-specific chelator Ferrozine. The introduction of the single point
mutation D123N, interfering with GTP binding, resulted in derepression (blue colonies) and thus failed to support uptake of sufficient Fe(ll). This result

established that Fe(ll) uptake is functionally coupled to the G protein domain present in the N-terminal domain of FeoB.

domain at the N terminus (NFeoB), representing about one-
third of the protein, is followed by a hydrophobic C-terminal
domain. Within the hydrophobic domain, 7-12 «-helical
membrane-spanning segments were predicted, depending on
both the bacterial species and the algorithm used. Localization
of the predicted transmembrane a-helices in multiple sequence
alignments (not shown) suggested that seven of the membrane-
spanning domains are shared by all FeoB proteins. Furthermore,
based on the FeoB amino acid sequence, no homologies exist to
hydrophobic domains of other membrane proteins.

In contrast to the membrane-embedded part, a highly con-
served guanine nucleotide binding site is evident within the first
~160 aa of FeoB (15). Structurally, this site is formed by five
loop regions that contain the GTPase signature motifs G1-G5
(ref. 16; see Fig. 6, which is published as supporting information
on the PNAS web site, www.pnas.org). In FeoB, the G1 motif
[GXXXXGK(S/T)], is located at position 10-17 (all positions
refer to the E. coli FeoB amino acid sequence). The G2 motif is
observed at position 37, and the G3 motif (DXXG) maps to
residues 56-59. Two potential copies of the NXXD sequence
(G4 motif) were identified at positions 91-94 and 120-123 in the
E. coli FeoB. Finally, the least conserved consensus sequence
within G proteins, the G5 motif (consensus [(T/G)(C/S)A)),
could not be located in the various FeoB sequences. Because it
had been suggested that FeoB itself is an ATP-dependent
transporter for Fe(II) (1, 2) the question arose as to whether the
G protein signatures are relevant and/or whether the N-terminal
domain of FeoB contains an additional cryptic binding site for
ATP.

The N-Terminal Domain of FeoB Specifically Binds GTP but Not
ATP. Nucleotide binding specificity was determined by using a
purified, recombinant N-terminal domain of FeoB, NFeoB
(=FeoB-1-274) in conjunction with the fluorescent, nonhydro-
lyzable nucleotide analogs of GTP and ATP, mant-GMPPNP
and mant-AMPPNP (12). Association of the nucleotide analogs
with the binding site increases fluorescence and can be moni-
tored by measuring emission of the mant group at 450 nm (or
>405 nm in stopped-flow experiments). Initial experiments
indicated that nucleotide association with the protein occurred
instantaneously. Therefore, we used a stopped-flow setup for
determining the time dependence of nucleotide binding. These
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experiments revealed that NFeoB itself bound only to mant-
GMPPNP (Fig. 1).

Identification of the G4 Motif and Change of Substrate Specificity. To
further confirm FeoB’s specificity for guanine nucleotides, and
to determine which of the two putative G4 motifs at positions 94
and 123 was responsible for nucleotide recognition, we exploited
the fact that the NXXD motif engages in the formation of two
hydrogen bonds to the guanine base (16) (Fig. 2). Replacement
of the aspartic acid residue by asparagine interferes with hydro-
gen bond formation and changes ligand specificity to xanthine
nucleotides (17-19). In binding experiments using mant-
GMPPNP, the D94N mutant behaved like WT NFeoB, whereas
the D123N mutant failed to recognize the guanine nucleotide
(Fig. 24). However, in the reciprocal experiment using the
xanthosine analog mant-XMPPNP, only the D123N mutant was
able to bind the ligand (Fig. 2B). This result documented that the
mutant protein was properly folded and that the G4 motif,
NXXD, responsible for guanine nucleotide specificity, mapped
to position 120-123 within the E. coli protein.

The G Protein Is Required for Fe(ll) Uptake. The results obtained for
the D123N mutation also suggested that the introduction of this
mutation into a full-length protein should allow testing whether
the G protein is required per se for Fe(II) uptake. To this end,
a histidine-tagged full-length FeoBP'?3N mutant was constructed
and both FeoB and the mutant were examined for their ability
to rescue the Fe(II) uptake defect of a feoB-mutant host strain.
As shown in Fig. 3, only FeoB was able to rescue Fe(II) uptake
in the feoB-deficient host, whereas the FeoBP'?*N mutant and
the vector-only control were indistinguishable from the feoB-
mutant host strain alone. Notably, the Fe(II)-uptake-deficient
phenotype remained stable even in the presence of very high
concentrations of extracellular iron (tested up to 400 uM),
suggesting that any leakage through FeoB-independent uptake
systems was negligible. Because the G protein appeared essential
for Fe(II) uptake, investigating its properties may provide clues
about the molecular mechanism through which the G protein
controls Fe(II) uptake.

FeoB’s N Terminus Catalyzes Fast Nucleotide Binding and Release. To

establish how FeoB’s G protein compares with other G proteins,
we determined the nucleotide-binding kinetics for mant-
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Fig. 4. Determination of kinetic parameters for mant-GMPPNP and mant-
GDP binding. (A) Hexahistidine-tagged NFeoB (NFeoBhg) was rapidly mixed at
various protein concentrations in the presence of mant-labeled nucleotides.
(Inset) Traces of mant-GMPPNP binding at the indicated final protein concen-
trations. Each trace represents the average of ~10 individual measurements.
The averages were fitted with a single-exponential function to obtain the
observed rate constants (kops). When plotted as a function of the protein
concentration, the observed rate constants followed a linear relationship,
which allowed determination of the on- and off-rate constants as well as
calculation of the equilibrium binding constant Kq = koff/kon. (B) Displacement
of GDP from NFeoBhg occurred instantaneously. From these measurements,
the off-rate and equilibrium binding constants were obtained as described in
Materials and Methods.

GMPPNP and mant-GDP. Fig. 44 shows an example, following
mant-GMPPNP binding at increasing concentrations of
NFeoBhg. Plotting of the observed rate constants (kops) revealed
a linear increase as a function of the protein concentration. The
plot provided an off-rate constant (kog) of 1.4 s~! for mant-
GMPPNP binding and an on-rate constant (ko.,) of 0.36
pM~ s~ was obtained from the slope of the linear relationship
(Table 1). The measured mant-GMPPNP binding rate constants
corresponded to an equilibrium dissociation constant of Kp ~4
uM (at 20°C), similar to those observed for other bacterial G
proteins such as Era, which is involved in cell cycle control (20).
Nevertheless, NFeoB’s affinity for GTP is about three orders of
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Table 1. Rate constants for the association (kon) and dissociation
(ko) of mant-nucleotides with NFeoBhg, NFeoBh2%N,
and NFeoBhZ'23N

Protein Constant (20°C) mant-GMPPNP mant-XMPPNP
NFeoBhg (WT) Kon, pM~ 1571 0.36 No binding*
kott, s 1.42
Kg, uM 3.94
NFeoBhg4N Kon, tM~1:s~1 0.50 No binding*
kott, s 2.48
Kg, uM 4.98
NFeoBh2123N Kon, tM~1:s~1 No binding* 0.05
koff, s—1 1.83
Kq, M 36.6

*Highest protein concentration used: 20 uM.

magnitude lower than the binding of GTP by small regulatory G
proteins such as p21-ras (21) or the a-subunit of heterotrimeric
G proteins (22).

A hallmark of regulatory G proteins is their slow release of
GDP (21, 23). Unexpectedly, the binding and release of GDP by
NFeoB were too fast to be measured by stopped-flow ap-
proaches at temperatures >10°C. In part, this problem was
overcome by directly measuring the off-rate constant for GDP
through a direct competition experiment (k¢-direct, Table 2 for
NFeoB and Fig. 4B for NFeoBhs). The GDP-binding experi-
ments showed that both association and dissociation of GDP are
faster than for GTP. As discussed in more detail below, such a
binding behavior suggests that FeoB’s G protein domain is
subject to regulation by additional factors such as the intracel-
lular loops, the C terminus, or other, as yet unidentified,
accessory proteins.

The N Terminus Is a GTPase. Because of the fast on- and off-rate
constants for GTP and GDP, the NTPase activity of NFeoB
could be determined by steady-state methods. In line with the
properties of regulatory G proteins, NFeoB catalyzed the slow
hydrolysis of GTP to GDP with a k., of ~0.0015 s~! (37°C, data
not shown). In agreement with the nucleotide-binding data, no
significant hydrolysis was observed for ATP (Fig. 5), which
suggested that the N-terminal nucleotide-binding domain of
FeoB is not responsible for the reported ATP dependence of
Fe(II) uptake (2). Furthermore, the addition of orthovanadate,
a potent ATPase inhibitor reported to abolish FeoB-dependent
Fe(II) uptake in vivo (2), did not influence the rate of GTP
hydrolysis by NFeoB, nor did the GTPase activity of the full-

Table 2. Rate constants for the association (kon) and dissociation
(kotf) of mant-nucleotides with untagged NFeoB

Temperature, °C

Substrate Constant 10 20 35

mant-GMPPNP kon1, pM~ 1571 ND 0.54 0.76
koff1, 571 ND 1.83 9.5
koffr-direct, s=1 ND 2.23 11.6
Kg, uM 4.1 15.3

mant-GDP Kon2, pM~1-s~1 7.07 * *
Koff2, s71 32.1 * *
koff2 direct, s 37.7 144 *
Kg, uM 5.3 * *

ND, not determined.

*At temperatures >10°C, apparent rate constants kops >1000 s~ ! were ob-
tained for some/most of the protein concentrations used, indicating that
GDP binding and dissociation occurred on a time scale faster than what can
be reliably measured by stopped-flow approaches.

Marlovits et al.
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Fig. 5. The N-terminal domain of FeoB is a GTPase. No significant ATPase
activity was detected even at elevated temperatures, fully consistent with the
nucleotide-binding specificity shown in Fig. 1. The NTPase activity was mea-
sured as described in Materials and Methods.

length FeoB differ from the isolated NFeoB alone (data not
shown). These findings suggested that FeoB itself could serve as
a transporter for Fe(II) only if assisted by other factors.

Discussion

G protein coupling of membrane processes is traditionally
thought of as being unique for higher organisms. In this study,
we show that the polytopic bacterial membrane protein FeoB
contains a G protein with unusual properties, and that the G
protein is required for Fe(II) uptake.

A G Protein Coupled to a Polytopic Membrane Protein. Our results
establish that the N-terminal ~160 residues of FeoB constitute
a G protein. Although rare, the covalent linkage between a G
protein and a membrane protein is not unprecedented, as
exemplified by the B-subunit of the signal recognition particle
receptor (24, 25) or Fzolp, a membrane protein involved in
mitochondrial fusion (26). However, these proteins have only
one or two transmembrane a-helices, which primarily function as
membrane anchors for the GTPase domain. In contrast, the
membrane-embedded core of FeoB is likely to have (at least)
seven transmembrane «-helices, whose overall conservation
suggests that they play more than just a membrane-anchoring
role. Indeed, it has been proposed that FeoB is an Fe(II)-
transporting ATPase (1-3). However, the amino acid sequence
of FeoB does not support this model. In particular, FeoB does
not seem to be a heavy metal-pumping ATPase because it lacks
the signature motifs GXXCXXC close to the N terminus and
CPC/H in its sixth (or any other) transmembrane a-helix (4).
FeoB also does not seem to be a P-type transport ATPase
because it lacks the phosphate-acceptor motif (DKTGTXT) and
may have fewer than 10 transmembrane «a-helices, which con-
stitute a structural hallmark of P-type ATPases (4, 27-30).
Moreover, FeoB does not resemble ABC-type transporters.
These transporters share a characteristic “four-core-domain
organization” (5, 6, 31) consisting of two sets of six membrane-
spanning a-helices and two ATPase domains that can either be
part of the same polypeptide or be provided in trans through
binding to independent ATPase modules. To date, there is no
evidence that FeoB forms higher-order oligomers, nor has it
been shown that FeoB interacts with separate, soluble ATPase
modules, raising the question of how the apparent ATP-
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Table 3. Comparison of binding-affinity ranges and hydrolytic
activities of various types of G proteins

Overall affinity K4(GTP) <

Type for nucleotides  Ky4(GDP)  GTPase* Refs.
Ras-like pM-nM No Slow 21,23
Era, CgtA, FtsY nM No Slow 20, 32, 33,35
hGBP, MxA uM Yes Fast 13, 34
NFeoB M Yes Slow This work

*Intrinsic hydrolytic activity without a GTPase-activating protein.

dependence of Fe(II) uptake relates to FeoB function. More-
over, FeoB does not share sequence homology with other
transporters for Fe(I) (7-11), thus raising the question of
whether FeoB itself does indeed transport Fe(II) or fulfills a
different function in the uptake of Fe(II). Notably, the mem-
brane part of FeoB lacks homology with any other class of
membrane protein identified to date, thus classifying FeoB as, to
our knowledge, unique and precluding the possibility of inferring
its function from its sequence. Our study shows that FeoBis a G
protein-coupled membrane protein and that the function of the
G protein is critical for Fe(II) uptake in prokaryotes.

NFeoB Is a G Protein with Unusual Properties. Lacking sequence
homology otherwise, the spacing between NFeoB’s G1-G4
motifs almost matched those found in the human oncogene
p21-ras. Based on this observation, we first expected NFeoB’s
biochemical properties to be similar to those of p21-ras-like G
proteins. Indeed, NFeoB possessed the slow intrinsic GTPase
turnover rate typical for small regulatory G proteins involved in
signal transduction cascades. However, NFeoB bound guanine
nucleotides with only micromolar affinities. Weak nucleotide
binding has previously been reported for other bacterial
GTPases such as Era (20), the CgtA protein from Caulobacter
crescentus (32), the signal recognition particle receptor FtsY in
E. coli (33), as well as for the human guanylate-binding protein
hGBP1 (13), and the antiviral GTPase MxA (34) (see also Table
3). The latter two catalyze GTP hydrolysis at a high rate, which
was not the case for NFeoB or the purified full-length FeoB.
Therefore, FeoB’s G protein seemed more closely related to the
Era family of bacterial GTPases (35), which biochemically are
characterized by a slow rate of GTP hydrolysis coupled with a
fast and spontaneous release of GDP. Although NFeoB readily
exchanged GDP, its ability to do so at a rate exceeding that of
any other G protein by at least one order of magnitude came as
a surprise. In fact, the fast dissociation of GDP from the
nucleotide-binding site resulted in a reversal of the relative
nucleotide-binding affinities, a property shared with hGBP1 and
the antiviral MxA protein (13, 34). This particular combination
of extremely fast GDP release and slow GTP hydrolysis seemed
odd, because coupling of the G protein to solute transport would
require a higher rate of GTP hydrolysis, whereas a function as
a signaling molecule would require tight GDP binding to stabi-
lize the “off-state” of the G protein. This apparent contradiction
could be explained if, like its eukaryotic counterparts, FeoB’s G
protein is a target for other regulatory proteins such as GTPase-
activating factors or guanine-dissociation inhibitors (36).

The Functional Role of FeoB's G Protein. Having shown that the
nucleotide-binding domain of FeoB acts as a G protein, how can
this be reconciled with previous reports suggesting that FeoB
functions as a transport ATPase? One solution is to postulate
that FeoB is a G protein-coupled receptor directly or indirectly
activating a downstream Fe(II) transport-ATPase (see Fig. 7,
which is published as supporting information on the PNAS web
site). For this model to be correct, one would expect a slow
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GTPase activity coupled with slow GDP release to keep the G
protein in its “off-state” until the membrane-spanning part
senses the presence of Fe(II) in the periplasm similar to the
Salmonella PmrA/PmrB signal-transduction system (37). In the
case of FeoB, the observed fast GDP release by NFeoB com-
bined with its slow rate of GTP hydrolysis would result in a
constitutive activated state. This behavior does not make much
sense unless as-yet-unidentified factors slow down GDP release
by locking the nucleotide into the binding site. On the other
hand, fast GDP release would be the prerequisite were FeoB to
function as a transport GTPase for Fe(II). However, the slow
turnover rate of the GTPase, which could also be measured using
detergent-solubilized and purified FeoB (data not shown), ar-
gues against this mode of action because the rate of Fe(II)
uptake would be too slow to provide sufficient iron (=~10° iron
ions per cell; ref. 38) for cell growth and division. The opposite
would be true were FeoB to function as a G protein-coupled
Fe(II) channel. In this case, the combination of slow GTP
turnover and fast GDP release would likely cause a constitutive
open state of the channel, thus resulting in Fe(II) overload.
Taken together, these arguments emphasize that the established
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working model of FeoB as an Fe(II) transport ATPase is too
simplistic. As a first step in reevaluating the function of FeoB,
our study has established that FeoB represents a membrane
protein in which a G protein is covalently tethered to a polytopic
hydrophobic domain. Furthermore, the function of the G protein
is essential for rescue of Fe(II)-uptake defects in feoB-deficient
strains, yet the target for the G protein remains unknown. FeoB’s
unusual molecular design raises the possibility that FeoB rep-
resents a “missing link” in the evolution of G protein-coupled
membrane processes in higher organisms.
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