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Abstract

Iron is an essential requirement for the survival and virulence of most bacteria. The bacterial 

ferrous iron transporter protein FeoB functions as a major iron transporter in prokaryotes, but 

its biochemical mechanism has not been fully elucidated. In the present study, we compared 

enzymatic properties of the cytosolic portion of pathogenic bacterial FeoBs to elucidate each 

bacterial strain-specific characteristic of the Feo system. We show that bacterial FeoBs are 

classified into two distinct groups which possess either a sole GTPase or an NTPase with a 

substrate promiscuity. This difference in nucleotide specificity alters cellular requirements for 

monovalent and divalent cations. While the hydrolytic activity of the GTP-dependent FeoBs was 

stimulated by potassium, the action of the NTP-dependent FeoBs was not significantly affected 

by the presence of monovalent cations. Mutation of Asn11, having a role in potassium-dependent 

GTP hydrolysis, changed nucleotide specificity of the NTP-dependent FeoB, resulting in loss of 

ATPase activity. Sequence analysis suggested a possible association of alanine in the G5 motif for 

the NTP-dependent specificity in FeoBs. This demonstration of the distinct enzymatic properties 

of bacterial FeoBs provides important insights into mechanistic details of Feo iron transport 

processes, as well as offers a promising species-specific anti-virulence target.
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INTRODUCTION

Iron is essential for most living organisms, and its acquisition presents challenges for human 

pathogens competing with their host for the element [1]. While iron-containing proteins are 

necessary for fundamental physiological processes, including respiration and DNA repair, 

overload of free iron is highly toxic, resulting in biomolecular damage to DNA, proteins, 

and lipids via Fenton reactions [2]. To control intracellular iron concentrations, a fine-scale 

regulatory system of iron transport such as Feo, the ferrous iron transporter, is required 

[3–5].

The Feo iron transport system is an evolutionarily ancient ferrous iron transporter, widely 

distributed among archaea and bacteria. The Feo system plays an important role in bacterial 

survival and virulence in mammalian hosts, as has been demonstrated by assessing the 

effects of deletion or mutation of the feo genes in several bacterial species [3,6–9]. In 

particular, the Feo system contributes to the oxygen-dependent regulation of the ferric-

uptake regulator (Fur) by increasing the iron pool available for Fur binding, maintaining 

iron homeostasis, and altering transcription of iron-regulated genes [10], including virulence 

factors.

The Feo system is composed of two cytosolic proteins, FeoA and FeoC, and an iron 

permease, FeoB. FeoB is a multidomain transmembrane protein with an N-terminal 

cytoplasmic GTPase and GDP dissociation inhibitor (GDI) domain, and a C-terminal 

transmembrane domain. The cytosolic domain has a nucleotide hydrolytic activity which 

is used for regulation of iron transport by utilizing energy from the nucleotide hydrolysis. 

There are two important enzymic characteristics of FeoB: 1) nucleotide hydrolysis activity 

and 2) potassium-stimulated activity. For the nucleotide hydrolytic activity, the FeoB protein 

was initially considered as an ATPase, as demonstrated in a study of ATPase inhibitors in 

Helicobacter pylori [6]. However, in Escherichia coli, sequence and biochemical analyses 

showed that the FeoB protein is solely a GTPase, not an ATPase. Recently, we have shown 

that Vibrio cholerae and H. pylori FeoBs possess dual nucleotide specificity, suggesting Feo 

as a more diverse system than previously recognized. In regards to its potassium-stimulated 

properties, FeoB has a slow intrinsic GTPase turnover rate and weak nucleotide-binding 

affinity [11]. However, the GTP hydrolytic activity of Streptococcus thermophilus FeoB has 

been shown to be activated by potassium [12,13]. Recently, we showed that V. cholerae 
FeoB is not stimulated by potassium, questioning if potassium stimulation is a shared 

attribute of bacterial FeoBs [3].

Feo is an important virulence factor among various bacterial strains, making it a good 

anti-virulence target. In particular, since the Feo system is highly dependent on nucleotide 

binding and hydrolysis, understanding the mechanistic role of this domain is prerequisite. 

Therefore, it is necessary to widen the scope of the systems studied in order to learn more 

about the structure-reactivity relationship. In the present study, we compared enzymatic 

properties of pathogenic bacterial cytosolic FeoBs, originated from foods and environments. 

The results showed that bacterial FeoBs can be classified into two distinct groups which 

possess either sole GTPase or promiscuous NTPase activity. This difference in nucleotide 

specificity altered the requirements for monovalent and divalent cations. Mutation of Asn11, 
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having a role in potassium-binding, abolished potassium-dependent GTPase activation in 

E. coli, whereas it altered nucleotide specificity in S. mutans FeoB. Sequence analysis 

suggested possible association of alanine in the G5 motif for the dual nucleotide-specificity 

of FeoBs.

MATERIALS AND METHODS

Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are identified in Table 1. All strains were 

maintained at −80°C in Luria-Bertani (LB; 1% tryptone, 0.5% yeast extract and 1% NaCl, 

w/v) broth containing 20% (v/v) glycerol. Single colonies were grown in LB broth at 37°C. 

Ampicillin was used at a concentration of 100 μg/ml to select for and maintain plasmids.

Plasmid construction

pET21a-based expression vectors encoding the cytosolic N-terminus of FeoB (NFeoB) from 

Escherichia coli (amino acids 1–274, EcNFeoB), Salmonella enterica serovar Typhimurium 

(amino acids 1–274, StNFeoB), Pseudomonas aeruginosa (amino acids 1–271, PaNFeoB), 

Streptococcus mutans (amino acids 1–273, SmNFeoB), Staphylococcus aureus (amino 

acids 1–272, SaNFeoB), Bacillus cereus (amino acids 1–269, BcNFeoB), or Listeria 
monocytogenes (amino acids 1–272, LmNFeoB) with a hexa-histidine tag were generated. 

All bacterial NFeoBs included a linker (KLAAALE) along with a hexa-histidine tag at 

the C-terminus. DNA sequences of all constructs were confirmed through Sanger DNA 

sequencing.

Site-directed mutagenesis

The expression plasmids pEcNFeoB and pSmNFeoB were used to generate expression 

constructs encoding a single amino acid substitution at position Asn11 (EcNFeoB-N11A and 

SmNFeoB-N11A) by site-directed mutagenesis. For mutagenesis, the QuikChange-Phusion 

protocol was slightly modified using Q5 DNA polymerase (M0491, New England Biolabs, 

Ipswich, MA, USA) instead of Phusion DNA polymerase [14]. The primers used for plasmid 

construction and site-directed mutagenesis are listed in Table 2.

Protein expression and purification

For overexpression of each protein, the respective plasmids were transformed into E. coli 
BL21(DE3) cells (Merck, Darmstadt, Germany) under ampicillin selection. Transformed 

cells were grown in LB medium at 37°C in a rotary shaker at 200 rpm and were induced 

with 0.5 mM IPTG at OD600 0.4–0.5. After overnight induction, the cells were harvested 

by centrifugation at 7,500 g for 5 min at 4°C. Cell pellets were suspended in 2 ml of 

25 mM Tris-HCl (pH 8.0) containing 100 mM NaCl and 1 mM phenylmethylsulfonyl 

fluoride (PMSF) per gram wet weight. The suspended cells were lysed by sonication, and 

supernatant was collected by centrifugation at 30,000 g for 30 min at 4°C. The histidine-

tagged proteins were purified on a Ni2+-charged His-Bind resin (Millipore, Burlington, 

MA, USA) using 20 mM imidazole as the wash buffer, and gradually increasing imidazole 

concentration (40 mM to 250 mM), as the elution buffer, in 25 mM Tris-HCl (pH 8.0) 

containing 100 mM NaCl, 10% (v/v) glycerol, and 10 mM beta-mercaptoethanol.
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Purity of the protein samples was estimated by SDS-PAGE stained with Coomassie brilliant 

blue R-250. The total protein concentration was determined using Biorad protein assay dye 

reagent (Biorad, Hercules, CA, USA).

Nucleotide hydrolysis assay

A Malachite Green-based colorimetric assay was used to measure inorganic phosphate 

released by NFeoB nucleotide hydrolysis activity [15]. In most cases, enzymes (0.5 or 1 

μM) were mixed with various concentrations of nucleotides in 20 mM Tris, pH 8.0, 5 mM 

MgCl2, and 200 mM KCl and incubated at 37°C for 1 hour.

For determining the effect of monovalent cations, 200 mM of each salt (LiCl, NaCl, NH4Cl, 

and RbCl) was added instead of KCl, and enzymes were mixed with 650 μM of ATP or 

GTP. For divalent cations, 5 mM of each salt (CoCl2, MnCl2, FeSO4, and CaCl2) was added 

instead of MgCl2, and enzymes were mixed with 650 μM of ATP or GTP. The effect of 

temperature on nucleotide hydrolysis was tested at 16, 23, 30, 37, and 44°C with 650 μM 

of ATP or GTP in the presence of 200 mM KCl and 5 mM MgCl2. The concentrations 

of monovalent and divalent cations (200 mM and 5 mM, respectively) were chosen as 

representative physiological concentrations in bacteria.

The reaction was terminated by adding the Malachite Green solution in 1 M HCl and 

incubating at room temperature (23°C) for 30 min. The absorbance at 620 nm was measured 

using a xMark microplate reader (BioRadad, Hercules, CA, USA). For the determination 

of kinetic parameters, the initial rate data were fitted to the Michaelis-Menten equation by 

nonlinear regression using GraphPad Prism 8. All experiments were performed in triplicate.

Sequence alignment and molecular docking prediction

Sequence alignment of bacterial NFeoBs was conducted using Clustal Omega (https://

www.ebi.ac.uk/Tools/msa/clustalo/) [16]. A figure was prepared using ESPript web-based 

server (http://espript.ibcp.fr/ESPript/ESPript/) [17]. Homology modeling of SmNFeoB was 

performed using the fully automated structure modeling method implemented in the 

SWISS-MODEL workspace (http://swiss-model.expasy.org/) [18]. Interactions of proteins 

and ligands in 2-dimensions were conducted using PoseView (BioSolveIT, Germany) [19].

RESULTS

Bacterial FeoBs are classified into two distinct groups by nucleotide specificity

E. coli FeoB contains G-protein motifs and only possesses GTP hydrolytic activity [11]. 

Bacterial FeoBs have been widely recognized as GTPases, and most research has focused on 

the GTP hydrolysis mechanism. However, in our recent study, we showed that V. cholerae 
FeoB contains a dual nucleotide-specific NTPase domain essential for ferrous iron uptake 

[3]. This result was also the case for H. pylori FeoB.

In order to broaden the enzymatic characteristics of pathogenic bacterial Feo systems 

especially present in foods and environments, we compared nucleotide specificity of 

the cytosolic N-terminus of FeoBs (NFeoBs) originated from various bacterial strains 

including Escherichia coli (EcNFeoB), Streptococcus mutans (SmNFeoB), Staphylococcus 
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aureus (SaNFeoB), Bacillus cereus (BcNFeoB), Salmonella enterica serovar Typhimurium 

(StNFeoB) and Pseudomonas aeruginosa (PaNFeoB). Interestingly, bacterial NFeoBs were 

clearly divided into two groups possessing solely GTP-dependent or both ATP- and GTP-

dependent hydrolases (Fig. 1). Like E. coli, S. Typhimurium and P. aeruginosa exhibited 

only GTP hydrolytic activity. However, the NFeoB activities of S. aureus, S. mutans, and 

B. cereus, which are Gram-positive strains, were specific to both ATP and GTP, and their 

ATP preference was even higher than that of NFeoBs from V. cholerae or H. pylori (refer 

to Shin et al. [3]). While catalytic efficiency for ATP could not be determined at saturating 

conditions due to the high absorbance of substrate in V. cholerae and H. pylori NFeoBs, the 

values for ATP in S. mutans, S. aureus and B. cereus NFeoBs could be determined (6.18 

× 10−5, 3.63 × 10−5 and 2.13 × 10−5 s−1μM−1, respectively). These results indicated that 

individual bacterial FeoBs may utilize different energy-generating sources involving ATP 

and GTP for ferrous iron transport.

Two groups of bacterial FeoBs exhibit different potassium-dependent activation

GTPase activity of FeoB in E. coli is stimulated by potassium, which may bind at a site 

adjacent to the GTP-binding pocket [12,13]. Unlike E. coli NFeoB, GTPase and ATPase 

activities of V. cholerae NFeoB are not stimulated by potassium [3]. To test whether 

different nucleotide specificity reflects divergent monovalent cation-dependent activation, 

we analyzed ATP and GTP hydrolytic activities of bacterial FeoBs with addition of 200 

mM Li+, Na+, K+, NH4
+, or Rb+. As expected, the GTP-specific group containing E. coli, 

S. Typhimurium and P. aeruginosa NFeoBs showed much higher GTPase activity with the 

addition of 200 mM KCl compared with sodium ions or no additional salt (Fig. 2A, B). Rb+ 

and NH4
+, which have similar or larger ionic radii to K+, also significantly stimulated the 

GTPase activity of NFeoBs. No ATPase activity of EcNFeoB, StNFeoB and PaNFeoB in the 

presence of monovalent cations was observed, even with the addition of potassium.

Similar to V. cholerae FeoB, the NTP-specific group containing SmNFeoB, SaNFeoB, and 

BcNFeoB did not exhibit monovalent cation preference for its nucleotide hydrolysis activity 

(Fig. 2C). GTPase activity of these NFeoBs was higher without addition of any monovalent 

cations (P < 0.01 by one-way ANOVA for SmNFeoB and BcNFeoB) or was unaffected 

by monovalent cations (P = 0.24 for SaNFeoB). However, ATPase activity of the NFeoBs 

was similar in the presence or absence of these ions (P = 0.54, 0.45, and 0.55 by one-way 

ANOVA for SmNFeoB, SaNFeoB, and BcNFeoB, respectively). These findings suggested 

structural differences in the active sites between the GTP-specific and NTP-specific groups. 

Also, these differences implied that additional residues besides the G-protein motifs may 

play important roles in nucleotide hydrolysis followed by in vivo iron transport.

Two groups of bacterial FeoBs show different divalent metal-dependent activation

In general, divalent cations, especially magnesium ions, are required for proper NTP 

hydrolytic activity by coordinating β- and γ-phosphates [20]. These metal ions differ in 

the extent of their interactions with the nucleic bases and in their coordination within a 

specific enzyme conformation [21]. To investigate interactions involving metal ions with the 

ATP and GTP bases coordinated within FeoB, we compared the effects of divalent metal 

ions on NTP hydrolytic activity of each bacterial NFeoB.
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Without addition of potassium, the ATPase or GTPase activity in the group of GTP-specific 

NFeoBs was not stimulated by any metal ions (Fig. S1). The ATPase activity of PaNFeoB 

was high with Mn2+, but the difference was not statistically significant (by one-way 

ANOVA, P = 0.15). With the addition of potassium, the GTPase activity of the GTP-specific 

NFeoBs was accelerated by Mg2+ or Mn2+ (Fig. 3A, B). In particular, Mn2+ showed slightly 

higher activation compared to Mg2+ (P < 0.01 for StNFeoB and PaNFeoB; P = 0.16 for 

EcNFeoB by Student’s t-test).

Interestingly, the group of NTP-specific NFeoBs indicated different divalent metal-

dependent activation to the GTP-specific NFeoBs, even for the GTPase activity (Fig. 3C, 

D). It is noted that the NTPase assay of NFeoBs in this group was conducted without 

addition of KCl because their activities were not dependent on monovalent cations. Unlike 

the acceleration of GTP hydrolysis by Mg2+ or Mn2+ as shown in the GTP-specific group, 

the activity of the dual nucleotide-specific group was affected by addition of only Mg2+. 

Its ATPase activity was stimulated by Mg2+ or Ca2+. From these results, we inferred that 

the NTP-specific group differs from the GTP-specific group not only in its possession of 

ATPase activity, but also in the catalytically productive conformation of the active sites.

Mutation of Asn11 alters nucleotide-specificity of bacterial NFeoBs

Asn11 is a conserved asparagine residue in bacterial FeoBs, as well as in potassium-

dependent G-proteins [12]. This residue is critical for the coordination of potassium at 

the nucleotide-binding site and subsequent potassium-dependent activation [13]. However, 

in this study, the NTP-specific NFeoBs were not stimulated by any specific monovalent 

cations. Therefore, we hypothesized that mutation of Asn11 may result in loss of GTP 

hydrolysis activity but not ATP hydrolysis.

To test whether Asn11 mediates potassium binding in the groups of bacterial FeoBs, we 

mutated Asn11 to alanine in the GTP-specific E. coli NFeoB (EcNFeoB-N11A) and the 

NTP-specific S. mutans NFeoB (SmNFeoB-N11A) and analyzed their nucleotide hydrolysis 

specificity and cation dependence (Fig. 4). As expected, EcNFeoB-N11A mutant exhibited a 

drop in GTPase activity (decreased by 13.4-fold for catalytic efficiency compared to the wild 

type). Its ATPase activity was same as the activity of the wild type. However, in contrast to 

EcNFeoB-N11A, SmNFeoB-N11A mutant was shown to display similar GTPase activity to 

that of the wild type, whereas its ATPase activity was significantly diminished (decreased by 

6.8-fold for catalytic efficiency compared to the wild type).

In order to discern if the altered nucleotide specificity also affects mono- and di-valent 

cation dependence, we compared the effects of cations on NTPase activity of wild type 

and N11A mutants of EcNFeoB and SmNFeoB. As shown in Fig. 4, GTP hydrolysis 

of the EcNFeoB mutant was significantly diminished compared to wild type, but the 

cation dependence profile, including monovalent and divalent cations, was unchanged. The 

NTPase activity of SmNFeoB, as one of the NTP-specific NFeoBs, was not stimulated by 

any monovalent cations but, interestingly, the N11A mutant became more dependent on 

potassium. There was no difference in the profile of divalent cation dependence between the 

wild type and mutant of SmNFeoB. Taken together, these results suggested that potassium 

dependence is a key determinant for the nucleotide specificity in FeoB, and changing 
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a single amino acid associated with potassium binding was able to alter the nucleotide 

specificity.

Nucleotide preference of bacterial NFeoBs is not affected by temperature

Bacteria colonize different environments in terms of nutrient sources, energy, and 

temperature throughout their lifecycle [22,23]. Some bacterial enzymes, such as a multidrug 

ABC transporter (PatA/PatB) from Streptococcus pneumoniae and an ABC transporter 

(CvaB) from E. coli, show adjustment of nucleotide preference for their activity at different 

temperatures [23,24]. Therefore, we decided to investigate the effect of temperature on 

the nucleotide specificity of bacterial NFeoBs (Fig. 5). All of the NFeoBs, except for 

SmNFeoB-N11A, showed enhanced GTP as well as ATP hydrolytic activity with increasing 

temperature. Accordingly, the percent ratio of ATPase versus GTPase activities was 

not significantly changed. Exceptionally, B. cereus NFeoB revealed increased preference 

for ATP than GTP with decreasing temperature. B. cereus has the ability to grow at 

temperatures between 4 to 5 and 10°C [25]. It is speculated that B. cereus FeoB may change 

its nucleotide specificity during adaptation to cold environments.

Phylogenetic analysis and sequence alignment of bacterial FeoBs

Sequence alignment of the cytosolic domain of prokaryotic FeoB proteins showed that the 

residue at position 148 in V. cholerae (Ser148) can be separated into either polar (serine, 

asparagine, and glutamine) or nonpolar (valine and isoleucine) amino acids in the aligned 

sequences [3]. E. coli FeoB, a member of the GTP-specific group, has valine in this position, 

whereas V. cholerae and H. pylori, members in the dual nucleotide-specific group, have 

serine instead. Based on the findings in the current study, we conducted phylogenetic 

analysis of NFeoBs as well as whole FeoB proteins and compared amino acid sequences.

As shown in Fig. S2, both the cytosolic domain and whole FeoB sequences of GTP-specific 

bacteria were grouped as gamma-proteobacteria, while NTP-specific bacteria were present 

in various bacterial phyla. It is noteworthy that the protein sequence of V. cholerae FeoB, 

a gamma-proteobacterium, is situated between the two groups in accordance with its lower 

ATP hydrolytic activity compared to the activity of SmNFeoB, SaNFeoB, and BcNFeoB. 

In order to investigate conservation of the serine residue in the G5 motif, we aligned 

protein sequences of FeoBs with respect to the G-protein motifs (Fig. 6). In contrast to 

our speculation surrounding serine conservation in the NTP-specific group, SaNFeoB and 

BcNFeoB have valine, as does E. coli FeoB, ruling out the possible conservation of serine 

for ATP hydrolysis. Alternatively, we found conservation of alanine in the NTP-specific 

group (Ala149 in VcNFeoB) and serine as the corresponding residue in the GTP-specific 

group (Ser150 in EcNFeoB).

To confirm the sequence similarity and alanine conservation in the NTP-specific group, 

we purified the cytosolic domain of L. monocytogenes FeoB (LmNFeoB) as a possible 

candidate of the dual nucleotide-specific group and analyzed its enzymatic properties (Fig. 

7). LmNFeoB exhibited ATP hydrolysis activity similar to the activity of VcNFeoB, but 

not as much as other gram-positive bacterial FeoBs. Its GTPase activity was higher than 

other monovalent cations but did not increase greatly with potassium compared to the 
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activity of the GTP-specific FeoBs. This result implied that the sequence similarity and 

conserved alanine in the G5 motif may be determinants of nucleotide specificity. However, 

these attributes are not necessarily required for the ATP-dependent activity and associated 

potassium dependence and hence warrant extensive structural investigations.

DISCUSSION

The Feo ferrous iron transporter has major roles in bacterial survival and virulence 

in mammalian hosts. Despite its importance, mechanistic details of the iron transport 

process, including the source of energy involved, remain unanswered. In this study, we 

showed that bacterial FeoBs are present as two distinct groups which possess either sole 

GTPase or NTPase activity (Fig. 1). This difference in nucleotide specificity altered the 

requirements for monovalent and divalent cations (Figs. 2 and 3). Mutation of Asn11, 

having a role in potassium-binding and potassium-dependent GTP hydrolysis, abolished 

potassium-dependent GTPase activation in E. coli. However, the same mutation in S. mutans 
did not act on GTPase activity. Instead, S. mutans FeoB largely lost its ATPase activity 

resulting from the mutation (Fig. 4). Sequence analysis suggested a possible association of 

alanine in the G5 motif for the NTP-specificity in FeoBs (Fig. 6).

Two groups of bacterial FeoBs classified by nucleotide specificity

The Feo system was first identified as an ATPase based on sequence alignments with 

those of other ATP-utilizing enzymes, further supported by ATP hydrolysis inhibitor studies 

[6,26,27]. However, in 2002, Marlovits et al. showed that E. coli FeoB contains a guanine-

nucleotide-specific binding site which is required for efficient ferrous iron uptake through 

the FeoB-dependent system [11]. Since then, FeoB has been widely considered to be a 

GTPase. In our previous study, we demonstrated for the first time that V. cholerae FeoB 

possesses ATP as well as GTP hydrolysis activities. This ATPase activity was sufficient 

for functional ferrous iron transport in V. cholerae. Here, we expanded the coverage of the 

bacterial FeoBs, especially present in foods and environments, to elucidate the biochemical 

characteristics of NFeoBs. On the contrary that most studies of bacterial FeoBs have focused 

on their GTPase activity, our results pointed out that the sole GTP-specific FeoBs are 

limited to gamma-proteobacteria while bacterial species in broader phyla have NTP-specific 

FeoBs (Fig. 1 and S2). In addition, we also found that V. cholerae FeoB, one of the 

gamma-proteobacteria studied in our previous research, is situated between the two groups 

in accordance with its lower ATP hydrolytic activity compared to the activity of other 

NTP-specific FeoBs.

Requirement of monovalent cations for FeoB NTPase activity

P-loop nucleoside triphosphatases (NTPases) represent the most common protein fold in 

cellular organisms [20]. The P-loop domains are characterized by two conserved motifs, 

known as the Walker A and B motifs, where the N-terminal β-strand and α-helix form an 

elongated flexible loop for binding the NTP’s phosphate chain [28]. These domains are 

typically activated by an arginine “finger” or sometimes by monovalent cations, especially 

potassium. The arginine “finger” promotes GTP hydrolysis by rotating the α-phosphate with 

respect to β- and γ-phosphates towards an eclipsed conformation, which may lower the 
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activation energy barrier produced by the repulsion between the oxygen atoms of all three 

phosphate groups [29,30].

The potassium-dependent P-loop NTPases including TEES (TrmE-Era-EngA-YihA-Septin) 

GTPases, YchF and FeoB have been suggested to possess an ancestral trait subsequently 

replaced by reliance on arginine fingers [20,31,32]. Two conserved asparagines in the 

P-loop, another following it (GxxNxGKSxLxN), and an insertion of a specific potassium-

binding ‘K-loop’ in Switch I are suggested as attributes of GTPases employing a potassium-

mediated mechanism [29]. FeoB conserves these attributes, implying that the potassium-

mediated mechanism may be operative. In the present study, we showed that FeoBs are not 

necessarily potassium-dependent, although FeoBs have highly conserved attributes (Fig. 2). 

Rafay et al. reported that some enzymes having the attributes of potassium-mediated GTP 

hydrolysis do not use potassium to accelerate GTP hydrolysis [29]. It still remains unclear 

whether a universal catalytic mechanism can be applied to all P-loop NTPases since there 

is continuum of transition states in the multitude of GTP-binding proteins [20,33]. From 

further detailed structural and mechanistic investigations of bacterial FeoBs, we expect to 

provide more comprehensive understanding of the catalytic mechanisms of the different 

P-loop NTPases.

Effect of Asn11 mutation on FeoB NTPase activity

A conserved asparagine residue (Asn11 in EcNFeoB and SmNFeoB) is critical for 

coordination of the potassium ion and induction of a structural bend in the Switch I 

loop so that it caps the nucleotide binding site [12,34]. Biochemical analyses of NFeoB 

from S. thermophilus demonstrate that mutation of Asn11 abolishes potassium-binding and 

potassium-dependent activation [12]. Similar to results in S. thermophilus NFeoB, we found 

that EcNFeoB showed a decrease in its GTP hydrolysis activity by the mutation of Asn11 

to alanine (Fig. 4). However, in contrast to the N11A mutant of S. thermophilus FeoB, 

the cation-dependent activation was lost, and the EcNFeoB mutant retained its potassium-

accelerated activity. In addition to the EcNFeoB mutation, we found that the corresponding 

mutation of SmNFeoB altered its nucleotide specificity by diminishing ATP hydrolysis 

activity. Interestingly, this alteration also modified cation-dependent GTP hydrolysis. It is 

noteworthy that the sequence identity of S. mutans and S. thermophilus FeoB is 77.4 % 

and 77.3 % for NFeoB and whole FeoB, respectively. It is still unclear why the enzymatic 

properties of S. mutans and S. thermophilus FeoBs are different despite the high sequence 

similarity. Different reaction conditions or other differences among bacterial strains might 

affect enzymatic characteristics. L. monocytogenes FeoB showed unexpectedly lower ATP 

preference than other Gram-positive bacteria, although it has a highly similar protein 

sequence to those strains (Fig. 7). Further structural analysis and prediction of possible 

determinants will be required.

Requirement of divalent cations for FeoB NTPase activity

Our data suggested that two groups of bacterial FeoBs exhibit different divalent metal-

dependent activation (Fig. 3). While the GTP-specific FeoBs are either Mg2+- or Mn2+-

dependent, GTPase activity of the dual nucleotide-specific FeoBs is only Mg2+-dependent. 

In P-loop NTPases, Mg2+ is coordinated by a threonine from the G1 motif, two trans-waters, 
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and one oxygen atom each from the β- and γ-phosphates of the nucleotide [35]. Mg2+ 

and Mn2+ ions can replace each other in active centers of many enzymes, including DNA 

and RNA polymerases, phosphatases and kinases [36]. Structural comparison of Mg2+- and 

Mn2+-dependent enzymes indicates that both metal cations are bound in similar structural 

motifs [36]. However, Mg2+ is a harder Lewis acid than Mn2+, so Mg2+ is usually bound 

to oxygen, while Mn2+ is bound to nitrogen or sulfur atoms [36]. These differences 

may slightly change the environments of metal-binding sites, depending on the different 

nucleoside-specific groups. Hence, stimulation of ATP hydrolysis by addition of Ca2+ to the 

NTP-specific group members should be possible.

A role of G5 motif in FeoB nucleotide specificity

In our previous study on V. cholerae FeoB, we suggested that Ser148 and Asn150 in 

VcNFeoB may be candidates for residues that determine nucleotide specificity [3]. However, 

from the current results, it seems that these residues are not distinguishable between the two 

different nucleotide-specific groups. Instead, we found that the second amino acid residue 

in the G5 motif, which is serine (in the GTP-specific group; S150 in EcNFeoB) or alanine 

(in the NTP-specific group, A149 and A143 in VcNFeoB and SmNFeoB, respectively), is 

greatly conserved, at least among the bacterial strains tested in this study (Fig. 6).

The residue in the G5 loop plays a key role in nucleotide affinity and GDP release 

rate [35,37]. Serine in the position causes a rapid intrinsic GDP release rate, while the 

corresponding alanine decelerates GDP release rate. This change is thought to result from 

altering the nucleotide-protein hydrogen-bonding pattern, displacing the nucleotide base, 

and imparting reduced GDP affinity. More specifically, when the position has alanine, an 

Asn residue interacts with the GDP O6 and N7 groups by hydrogen-bonding. Meanwhile, 

when the position has serine, the Asn residue is stabilized by electrostatic interactions with 

the hydroxyl group of the serine residue, leading to a weaker nucleotide-protein affinity for 

the GDP to be released [37]. ATP and GTP have different functional groups in their base, 

which are 6-amino purine in ATP and 2-amino 6-oxo purine in GTP. Based on structural 

information, it is speculated that alanine in the G5 motif compared to serine would provide a 

higher propensity for ATP to interact with amino acid residues in FeoB.

Structural implications of ATP and GTP binding with FeoBs

P-loop NTPases work as molecular switches between the GDP-bound “OFF” and the 

GTP-bound “ON” state [34]. When GDP is bound, the Switch I loop moves into its 

active conformation, then subsequently potassium ion promotes linking of alpha- and 

gamma-phosphates of the nucleotide triphosphate chain [20]. This leads to rotation of the 

gamma-phosphate group yielding an almost eclipsed, catalytically productive conformation 

of the nucleotide.

In this study, we propose: 1) adenine and guanine nucleotide bases may have different 

interactions with the G5 motif, and 2) the triphosphate groups of ATP and GTP may have 

different positional contacts with Switch I. Fig. 8 shows a positional view of GDP-binding 

in homology models of the SmNFeoB wild type and N11A mutant predicted from a crystal 

structure of S. thermophilus NFeoB (PDB ID: 3SS8). The guanine base contacts with 
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Asn113, Ala143, and Asp116. In particular, Ala143 and Asp116 provide GTP-specificity 

of the nucleotide by hydrogen-bonding with 2-amino and 6-hydroxy groups, whereas the 

adenine base (6-aminopurine) does not interact with these residues.

Changes in the purine-binding site can induce conformational modification in the FeoB 

structure. This leads to the different shapes of the triphosphate chain, affecting the catalytic 

activity of nucleotide hydrolysis, including interaction with switch regions, and coordination 

with attacking water molecules. In the present study, mutation of Asn11 caused alteration 

of the nucleotide specificity for SmNFeoB so as to be a sole GTPase. It is notable that the 

modification of a single amino acid residue beyond the purine base-binding site was able to 

change the entire nucleotide specificity of the protein.

Physiological implications of the two groups of FeoBs

Why might prokaryotic FeoBs possess these two distinct nucleotide specificities? Generally, 

Gram-positive bacteria are postulated as the earliest prokaryotes from which both 

archaebacteria and Gram-negative bacteria evolved [38]. In this study, we identified that 

Gram-positive and some Gram-negative bacterial FeoBs have the NTP-specificity, while a 

subset of gamma-proteobacteria appear to have lost the ability to use ATP. In addition, the 

cytosolic domain of FeoB is homologous to human Ras G-protein which is GTP-specific 

and thus has been referred to as a “living fossil” of this family of eukaryotic GTPases 

[39]. Based on these findings, we speculate that NTP-specific (or promiscuous nucleotide-

specific) FeoB might have emerged before the divergence of bacteria and archaea, then its 

substrate specificity might have been directed to GTP during the process of evolution.

Why, then, has the evolutionary process been directed to GTP-specific and subsequently 

potassium-stimulated hydrolysis activity? Iron transport into the cell is required to be 

tightly regulated. Meanwhile, the utilization, or at least binding, of purine nucleotides is 

highly energy-consuming for the iron transport system. In terms of the consideration of 

environmental habitats of the Gram-negative bacteria studied here, iron availability might be 

limited, and potassium availability might increase in the host environment.

The Feo system plays an important role in ferrous iron acquisition in numerous bacterial 

species. Our results clearly indicated that this family of transporters is more diverse 

and more specific, according to certain bacterial species. This demonstration of distinct 

enzymatic properties of prokaryotic FeoBs provides important insights into mechanistic 

details of the Feo iron transport process, as well as offering a promising species-specific 

anti-virulence target.
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Abbreviations

Feo ferrous iron transporter

Fur ferric-uptake regulator

GDI GDP dissociation inhibitor

NFeoB cytosolic N-terminus of FeoB

EcNFeoB Escherichia coli NFeoB

VcNFeoB Vibrio cholerae NFeoB

HpNFeoB Helicobacter pylori NFeoB

SmNFeoB Streptococcus mutans NFeoB

SaNFeoB Staphylococcus aureus NFeoB

BcNFeoB Bacillus cereus NFeoB

StNFeoB Salmonella enterica serovar Typhimurium NFeoB

PaNFeoB Pseudomonas aeruginosa NFeoB

LmNFeoB Listeria monocytogenes NFeoB
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Figure 1. 
Bacterial FeoBs are classified into two separate groups by nucleotide specificity. The 

reaction rates for E. coli (A), S. Typhimurium (B), P. aeruginosa (C), S. mutans (D), S. 
aureus (E), and B. cereus (F) FeoBs with ATP (●) and GTP (■) as substrate were measured 

as described in Materials and Methods. The error bars represent the standard deviation.
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Figure 2. 
Two groups of bacterial FeoBs show different potassium-dependent activation. While the 

GTPase activity of the GTP-specific group was highly stimulated by 200 mM potassium or 

ammonium ions (A), the NTP-specific group was not stimulated by cations (C and D). The 

GTP-specific group did not exhibit ATPase activity with addition of any cations (B). The 

enzyme reaction buffer alone (no salt) contained 5 mM MgCl2 and 10 mM NaCl. The error 

bars represent the standard deviation.

Shin et al. Page 16

Arch Biochem Biophys. Author manuscript; available in PMC 2023 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Two groups of bacterial FeoBs show different divalent metal-dependent activation. While the 

GTPase activity of the GTP-specific group was highly stimulated by 5 mM Mg2+ or Mn2+ 

ions (A), the NTP-specific group was stimulated only by Mg2+ for GTPase (C) and Ca2+ 

for ATPase (D). The GTP-specific group did not show ATPase activity with addition of any 

divalent ions (B). The enzyme reaction buffer contained either 10 mM NaCl and 200 mM 

KCl for the GTP-specific group (A and B), or only 10 mM NaCl for the NTP-specific group 

(C and D). The error bars represent the standard deviation.

Shin et al. Page 17

Arch Biochem Biophys. Author manuscript; available in PMC 2023 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Mutation of Asn11 alters nucleotide-specificity of bacterial FeoBs. The reaction rates for 

E. coli-N11A mutant (A) and S. mutans-N11A mutant (B) with ATP (● and ▼) and GTP 

(■ and ◆) as substrates were measured as described in Materials and Methods. Cation 

dependence profiles were not changed by the mutation in EcNFeoB (C), whereas the N11A 

mutant of SmNFeoB became more dependent on potassium (D). There was no difference 

in the profile of divalent cation dependence between the wild type and mutant in both 

EcNFeoB and SmNFeoB (E and F). (C and D) The enzyme reaction buffer alone (no salt) 
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contained 5 mM MgCl2 and 10 mM NaCl. (E and F) The enzyme reaction buffer contained 

either 10 mM NaCl and 200 mM KCl (E) or only 10 mM NaCl (F). The error bars represent 

the standard deviation.
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Figure 5. 
Nucleotide-specificity of FeoBs are not dependent on temperature. GTPase activity (A) and 

ATPase activity (B) of bacterial FeoBs was measured with 650 μM of each nucleotide at 

different temperatures. Nucleotide preference was calculated as a percentage ratio of ATPase 

activity divided by GTPase activity of each FeoB (C). The error bars represent the standard 

deviation.
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Fig. 6. 
Serine/alanine in the G5 motif is conserved in accordance with the nucleotide specificity 

of FeoB. Sequence alignment of the G5 motif from bacterial FeoB proteins illustrated a 

weak sequence conservation in the region. The second residue in the G5 motif (red box) is 

alanine in the NTP-specific group, or serine in the GTP-specific group. Bacterial strains in 

the analysis were selected based on publications where their FeoB was studied. A figure was 

prepared using ESPript web-based server (http://espript.ibcp.fr/ESPript/ESPript/) [17].
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Fig. 7. 
L. monocytogenes NFeoB possesses NTP-specific NTPase activity. The reaction rates for L. 
monocytogenes NFeoB (A) with ATP (● and ▼) and GTP (■ and ◆) as substrates were 

measured as described in Materials and Methods. LmNFeoB did not show dependence on 

any monovalent cations (B), similar to the dual nucleotide specific bacterial FeoBs. The 

enzyme reaction buffer alone (no salt) contained 5 mM MgCl2 and 10 mM NaCl. The error 

bars represent the standard deviation.
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Fig. 8. 
Binding pocket of SmNFeoB wild type (A) and N11A mutant (B) with GDP. In the 

PoseView diagram, black dashed lines indicate hydrogen bonds, salt bridges, and metal 

interactions. Green solid lines show hydrophobic interactions. Interactions were determined 

by geometric criteria, as previously described in [19].
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Table 1.

Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference

Strains

E. coli DH5α Cloning strain F−endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 φ80dlacZΔM15 Δ(lacZYA-
argF)U169, hsdR17(rK

−mK
+), λ−

[40]

E. coli BL21(DE3) Protein expression strain. : F−ompT hsdSB (rB
−, mB

−) gal dcm (DE3) [41]

Plasmids

pET21a Bacterial expression vector Novagen

pEcNFeoB pET21a carrying the cytosolic domain of E. coli FeoB This study

pSmNFeoB pET21a carrying the cytosolic domain of S. mutans FeoB This study

pEcNFeoB-N11A pEcNFeoB with a N11A mutation This study

pSmNFeoB-N11A pSmNFeoB with a N11A mutation This study
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Table 2.

Primers used for cloning and site-directed mutagenesis

Primer Sequence (5’–3’)

pEcNFeoB Forward:
GCAGCAGCACATATGATGAAAAAATTAACCATTGGCTTAATTG

Reverse:
TGCTGCTGCAAGCTTTACCGCAGTGGTGAAACGGCTGGGTTC

pStNFeoB Forward: GGAATTCCATATGATGAAAAAATTAACCATTGGTTTAattg

Reverse: CCCAAGCTTGACCGCCCTGGTGAAGCGGCTGG

pPaNFeoB Forward: GGGAATTCCATATGATGACCGCATTGACc

Reverse: CCCAAGCTTGAGCCATTGGGTCA

pSmNFeoB Forward: GCAGCACATATGATGACAGAAATTGCTTTGATTG

Reverse: TGCTGCAAGCTTAATTTTATCAGAAGCA

pSaNFeoB Forward: GCAGCAGCTAGCATGGAAAATTATTGTATTTTAGG

Reverse: TGCTGCAAGCTTTATTCTAGAGCTGAAATATTGCT

pBcNFeoB Forward: Reverse: CTAGCTAGCaTGAATAAGGTAGCTTTGCTA

pLmNFeoB Forward: GGGAATTCCATATGATGAGTCAAAATACATATTGCTTAC

Reverse: ACGCGTCGACGAGTTTATCGGATAGTGGAATA

pEcNFeoB-N11A Forward: AATTGGTGCCCCAAATTCTGGCAAGACAACG

Reverse: GCCAGAATTTGGGGCACCAATTAAGCCAATG

pSmNFeoB-N11A Forward: GGGAATCCCGCCAGCGGAAAGACAAGTTTA

Reverse: CTTTCCGCTGGCGGGATTCCCAATCAAAG
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