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Exploring potassium-dependent GTP hydrolysis in TEES family GTPases
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a b s t r a c t

GTPases are important regulatory proteins that hydrolyze GTP to GDP. A novel GTP-hydrolysis mech-

anism is employed by MnmE, YqeH and FeoB, where a potassium ion plays a role analogous to the

Arginine finger of the Ras-RasGAP system, to accelerate otherwise slow GTP hydrolysis rates. In these

proteins, two conserved asparagines and a ‘K-loop’ present in switch-I, were suggested as attributes of

GTPases employing a K+-mediated mechanism. Based on their conservation, a similar mechanism was

suggested for TEES family GTPases. Recently, in Dynamin, Fzo1 and RbgA, which also conserve these

attributes, a similar mechanism was shown to be operative. Here, we probe K+-activated GTP hydrolysis

in TEES (TrmE-Era-EngA-YihA-Septin) GTPases – Era, EngB and the two contiguous G-domains, GD1

and GD2 of YphC (EngA homologue) – and also in HflX, another GTPase that also conserves the same

attributes. While GD1-YphC and Era exhibit a K+-mediated activation of GTP hydrolysis, surprisingly

GD2-YphC, EngB and HflX do not. Therefore, the attributes identified thus far, do not necessarily predict

a K+-mechanism in GTPases and hence warrant extensive structural investigations.
c© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

GTPases or G-proteins are ubiquitously found in all the domains

of life and regulate several key biological processes. This regulation

is provided by a G-domain that facilitates GTP binding and its subse-

quent hydrolysis to GDP. Although, GTPases are divided into several

families based on the associated function, the G-domain is widely

conserved [1–3]. The residues required for GTP binding and hydroly-

sis are provided by conserved motifs G1 (GxxxxGKS/T or P-loop), G2

(T), G3 (DxxG) and G4 (NKxD) [4]. In accordance to their biological

activity, G-proteins could be grouped into two classes: conventional

G-proteins and G-proteins activated by nucleotide dependent dimer-

ization. The first class comprises the Ras superfamily GTPases, while

the second class includes a number of GTPases with varied biological

functions: The latter are characterized by low affinity for nucleotides

and distinct modes of dimerization [5].

GTP hydrolysis mechanisms have been well studied in classical

GTPases such as Ras and hetero-trimeric Gα-proteins. In these, the

intrinsic hydrolysis rates are usually slow. Therefore, GAPs (GTPase

Activiating Proteins), by providing a positively charged residue such

as an arginine, accelerate hydrolysis rates; this arginine, termed ‘Argi-

nine finger’ together with a conserved Gln (from Switch-II/G3) in the
Abbreviations: TEES, TrmE-Era-EngA-YihA-Septin; HAS-GTPases, Hydrophobic

Amino acid Substituted for catalytic glutamine-GTPases; Era, E. coli ras; EngA, Essential

Neisseria gonorrhoeae GTPase
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G-domain, form a part of the catalytic machinery to stabilize the tran-

sition state and hence lower the activation energy barrier [6,7].

In the last several years, variations to this canonical GTP hy-

drolysis mechanism have been noted. These encompass variations

in the Arginine finger and the catalytic Gln; the latter is found

in HAS-GTPases (Hydrophobic Amino acid Substituted for catalytic

glutamine-GTPases) [8]. A noteworthy difference in catalytic machin-

ery was brought out by structural and biochemical studies on MnmE,

wherein the role of the catalytic Gln is taken over by a Glu (present in

a helix α2 following the G3 motif) and a water molecule. Surprisingly,

MnmE does not require a GAP and instead a K+ substitutes for the role

of an Arginine finger in stabilizing the transition state of the reaction

(see supplementary Fig. S1) [9]. A K+-mediated stimulation of GTP

hydrolysis was subsequently shown for GTPases, YqeH [10], FeoB and

RbgA [11]. Besides GTPases, ATPases like GroEL, Hsc70 and YchF too,

display a K+-mediated stimulation of ATP hydrolysis; of these, YchF

is unique in bearing a high sequence similarity to GTPases [13–15]. In

dynamin, a member of large GTPase family, the role of the catalytic

glutamine is taken over by the carbonyl group of Thr65 and the back-

bone nitrogen of Gly139. The catalytic water is further oriented by a

secondary water molecule, which acts as a bridge between the Gln40

side chain and the carbonyl oxygen of Gly139. Surprisingly, in case of

dynamin, not only K+ but also Na+ was shown to substitute for the

Arginine finger. In these, K+/Na+ are stabilized by the carbonyl groups

of two glycine residues in the switch 1 region and Ser41 in the P-loop

[16].
Structural and biochemical studies on MnmE and later on FeoB

identified the determinants of K+-mediated mechanism as two con-

served Asn residues – one in the P-loop (G1) and another following it

vier B.V. All rights reserved.
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Fig. 1. Multiple sequence alignment of TEES family GTPases. Primary sequences of re-

spective GTPases were retrieved from NCBI database and were subjected to multiple

sequence alignment (MSA) using clustalX [2]. The region spanning G1 and G2 is shown.

Residues suggested to coordinate the potassium ion and stabilizing the K-loop, are high-

lighted in red. K-loop (indicated) adopts a conformation optimal to coordinate the K+

ion. Switch I region is indicated by a red bar above the sequences and a conserved Thr

from G2 is highlighted in blue. Conserved residues suggested to confer K+ dependent

stimulation of GTP hydrolysis in TEES family of proteins were identified based on this

alignment (For interpretation of reference to colour in this figure legend, the reader is

referred to the web version of this article.).
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2.3. Nucleotide binding assays

Nucleotide binding assays were conducted with a fluorescently la-

belled nucleotide analogue (Jena Biosciences). Typically, an N-methyl-

2′/3′-O-anthraniloyl (mant) fluorophore group attached to the nu-

cleotide was excited at 355 nm (slit width of 5 nm) and the emission
(GxxN xGKSxLxN); and the presence of an insertion termed K-loop

in Switch-I (G2). Similarly a conserved Asn in yeast Fzo1 [17] an

Ser [16] in dynamin present in the P-loop, were found to be stabi

lize the metal ion (K+/Na+) stimulating GTP hydrolysis. Based on th

conservation of these features, it was further suggested that GTPase

of the TEES family, i.e. TrmE/MnmE, FeoB, EngA, Era, YihA/EngB an

Septins, would also follow a similar K+-mediated mechanism (see Fig

1) [4]. Members of the TEES family mediate diverse cellular functions

MnmE regulates tRNA modification, FeoB a transmembrane protei

is responsible for ferrous ion uptake, EngA, Era and EngB are involve

in ribosome assembly, while Septins are structural proteins require

for cell division and compartmentalization.

To verify if these features are the hallmark of K+ utilizing GTPases

we investigated GTP hydrolysis in TEES family GTPases Era, Eng

and YphC (Bacillus subtilis homologue of EngA). YphC is a uniqu

GTPase with two contiguous G-domains GD1 and GD2 (termed GD1

YphC and GD2-YphC, from here on). Employing these, GTP hydrolysi

was probed in GD1-YphC and GD2-YphC, independently. Surprisingly

only Era and GD1-YphC, but not EngB and GD2-YphC showed stimu

lation of GTP hydrolysis in presence of K+. Additionally, HflX, whic

is not a member of the TEES family, but conserves the aforesaid at

tributes, was also investigated. It did not show a K+-mediated stim

ulation of GTP hydrolysis, either. This study allows us to conclud

that currently identified attributes are not accurate indicators of K+

mediated GTP hydrolysis, and detailed structural and mechanistic in

vestigations would be needed to comprehensively identify attribute

characteristic to GTPases employing a K+-mediated mechanism.
2. Materials and methods

2.1. Site directed mutagenesis

Asn to Ala point mutants YphC-N13A, YphC-N185A and Era-N18A,

were generated to abrogate K+ binding in GD1-YphC, GD2-YphC and

Era, respectively. Site directed mutagenesis was performed using the

overlapping PCR technique. Amplicons were synthesized by Pfu DNA

polymerase (Fermentas) using appropriate primers containing the de-

sired mutation along with the full length primer (Table S1) of the cor-

responding genes. Wild type genes coding for the proteins were used

as templates. Amplicons were then digested with NdeI and HindIII

restriction endonucleases and cloned into pQE2 expression vector.

Mutations were confirmed by DNA sequencing.

2.2. Cloning, expression and purification of proteins

DNA sequences corresponding to wild type YphC, GD1-YphC, GD2-

YphC and EngB were PCR amplified from the Bacillus subtilis genome

(Table S1) using pfu DNA polymerase (Fermentas). Similarly, wild
type era was amplified using the E. coli genome. Amplified product

were digested with NdeI and HindIII restriction endonucleases an

were further cloned into pQE2 expression vector (Qiagen). E. coli hfl

was cloned and purified as described earlier [18].

E. coli DH5α competent cells were transformed with the recom

binant plasmids for overexpressing the proteins. Cells were grow

in LB medium containing 100 μg of ampicillin per ml at 37 ◦C un

til OD600 reached to ∼0.6, induced with 0.2 mM isopropyl-β-D

thiogalactopyranosid (IPTG) and incubated for 8–10 h at 22 ◦C. Th

cells were harvested by centrifugation at 5000 x g and resuspende

in lysis buffer (50 mM Tris–Cl buffer (pH 7.5)), 0.3 M NaCl, 5% (v/v

glycerol, 0.5 mg/ml Lysozyme and 100 μg/ml of Hiscocktail (sigma

and lysed by 5 cycles of freeze–thaw procedure. This was followe

by DNase and RNase treatment (5 μg/ml) for 1 h at 4 ◦C and lysate

thus obtained were centrifuged at 35,000 x g at 4 ◦C for 1 h in 50 m

oak-ridge tubes (Sorvall Evolution SS-34 rotor). Clarified supernatan

was loaded on a 5 mL Global His-trap affinity column (Amersham

pre-equilibrated with 5 CV of binding buffer B (50 mM Tris–HCl (pH

8.0) at 4 ◦C, 300 mM NaCl, 5% glycerol 2 mM β-mercaptoethanol

The column was washed with 10 CV of washing buffer containing 5

mM Tris–Cl (pH 8.0), 300 mM NaCl, 10 mM Imidazole and 1 mM DTT

Proteins were then eluted using an imidazole linear gradient (0–50

mM in buffer B). Fractions containing the protein were analyzed b

SDS–PAGE and further subjected to size exclusion chromatograph

using superdex 200 column (Amersham). The proteins were elute

with elution buffer (20 mM Tris–Cl (pH 8.0), 150 mM NaCl, 1 mM

DTT). Nucleotide free proteins were then prepared as described ear

lier [19]. Briefly, purified proteins were subjected to extensive dialysi

in 50 mM Tris–HCl buffer (pH 7.5), 150 mM NaCl, 1 mM DTT and

mM EDTA. The buffer was exchanged with 20 mM Tris–Cl (pH 8.0

150 mM NaCl, 1 mM DTT and the concentration was estimated usin

BCA assay (Sigma). Aliquots were made, flash frozen in liquid nitroge

and stored at −80 ◦C until required.

All Asn to Ala mutants (YphC-N13A, YphC-N185A and Era-N13A

were overexpressed and purified as above, except that size exclusio

chromatography was not performed and fractions containing the pro

tein after imidazole gradient elution, were collected and buffer wa

exchanged with 20 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1 mM DT

using (Millipore Amicon) ultra centrifugation filter tubes.
at 448 nm was monitored between 400 nm and 600 nm (slit width

of 10 nm) using a spectrofluorimeter (Perkin Elmer). To measure the

emission spectra for protein mant-nucleotide complexes, reactions

were carried out in 150 μl reaction mixtures in buffer F containing 50

mM Tris–Cl (pH 7.5), 150 mM NaCl, 5 mM MgCl2 and 5 mM DTT. Pro-

tein complexes were prepared by incubating 0.8 μM of the respective

proteins with 0.4 μM mant–nucleotides in Buffer F at room temper-

ature for 10 min. For studying protein mantGDP·AlFx·M+ complex (M

= metal), 200 mM of M+ (i.e. NaCl or KCl) and 5 μM of NaF and 500

nM of AlCl3 were added to the reaction mixture.

2.4. GTP hydrolysis assays

Catalytic efficiency of the wild type and mutant proteins were

probed by performing GTP hydrolysis using radioactive [α32P]-GTP.

The assays were performed in a buffer containing 50 mM Tris–Cl (pH

7.5), 5 mM MgCl2, 1 mM DTT and traces of radiolabelled GTP with

200 μM GTP and 10 μM of protein. For stimulation of GTP hydrolysis,

200 mM of M+ (NaCl, KCl, NH4Cl, RbCl and CsCl) were used. Reac-

tion mixture (10 μl) was incubated at 30 ◦C for 1 h and the reaction
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was stopped by the addition of 1 M formic acid. Separation of hy-

drolyzed GDP was performed on thin layer chromatography (TLC).

For this, samples were centrifuged and 5 μl of reaction mixture was

spotted on a polyethyleneimine-coated TLC plate (Merck), resolved

in 1.5 M KH2PO4 (pH 3.4) buffer. PEI-TLC plates were subjected to

autoradiography to detect the formation of [α32P]-GDP. Autoradio-

grams were obtained and spots corresponding to GDP were scraped

from the TLC plate, and the counts (cpm) were measured using a

scintillation counter (Perkin Elmer).

3. Results

3.1. K+ dependent acceleration of GTP hydrolysis by Era and GD1 of

YphC

An alternative GTP hydrolysis mechanism driven by potassium

ions was found operative in GTPases MnmE, YqeH and FeoB, [9–11].

More recently in RbgA, Fzo1 and Dynamin, either K+ or Na+ ions were

found to stimulate GTP hydrolysis [12,16,17]. This mechanism is in

contrast to the well known mechanism employed by classical GT-

Pases like Ras, which utilize an ‘Arginine finger’ from an interacting

GAP protein to stabilize the transition state and facilitate GTP hy-

drolysis [6]. Interestingly, Scrima and Wittinghofer elucidated that

in MnmE, a potassium ion performs a role analogous to the Arginine

finger. The crystal structure of MnmE bound to the transition state

analogue, GDP·AlF3, showed that the K+ occupies a position equiva-

lent to the terminal atoms of the Arginine finger. It is held in place by

interactions with backbone atoms of residues contributed by a loop

termed the ‘K-loop’, which is present between conserved motifs G1

and G2 or in switch-I of the G-domain. Later, YqeH was also found

to utilize a K+ dependent mechanism [10]. Concurrently, structural

studies on FeoB revealed that it also utilizes a similar mechanism for

GTP hydrolysis [11]. In this study, the authors proposed that the K+

mediated mechanism is conferred by the K-loop and two conserved

asparagines (GxxNxGKSxLxN; x-represents any residue) in or near the

P-loop; this Asn is substituted by a Ser in case of dynamin [16]. These

Asn residues and the K-loop were suggested as features characteristic

of K+ mediated activation in TEES family GTPases.

Therefore, presence of the two conserved Asn residues and K-

loop (Fig. 1) in TEES family GTPases, YphC (EngA homologue in B.

subtilis), Era and EngB prompted us to investigate whether a similar

mechanism is operative in these. GTP hydrolysis was assayed using

radiolabelled GTP, in presence of various metal ions (Section 2.4). As

anticipated, YphC shows a significantly stimulated GTP hydrolysis in

presence of KCl, RbCl and NH4Cl (Fig. 2A).

We further probed whether both GD1 and GD2 or only one of these

invoke K+ dependent stimulation of GTP hydrolysis. For this, individ-

ual G-domains GD1-YphC and GD2-YphC were generated and were

similarly employed in GTP hydrolysis assays. Interestingly, only GD1-

YphC, but not GD2-YphC, shows a K+ dependent stimulation (Fig. 3A).

Incidentally, GD1 is also known to exhibit a higher GTP hydrolysis rate

than GD2 [20]. A similar K+ dependent acceleration of GTP hydroly-

sis was also observed for Era; like with EngA, NH4Cl and RbCl, but

not NaCl or CsCl, accelerate GTP hydrolysis (Fig. 2B). In contrast, GTP

hydrolysis by EngB, is not influenced by metal ions (Fig. 3B). These

results indicate that despite the conservation of elements, regarded

necessary for K+ mediated mechanism, in the primary sequences, not

all TEES family GTPases exhibit the anticipated stimulation in pres-

ence of K+. To verify this, another GTPase, HflX that conserves these

elements but is not a member of TEES family was also employed for

GTP hydrolysis assays. HflX, does not show K+ dependent stimulation

of GTP hydrolysis, either (Fig. 3C).

Fig. 2. Potassium stimulates GTP hydrolysis of YphC and Era. KCl, RbCl and NH4Cl stimu-

late GTP hydrolysis significantly, whereas NaCl and CsCl do not. A) An autoradiogram

showing the hydrolysis of GTP to GDP by YphC, in presence of the indicated salts, along

with a control that lacks any protein is shown. Amount of GTP hydrolysed in presence of

salts was quantified and represented as fold stimulation (GTP hydrolysis by the protein

in the absence of any salt represents 1-fold). The experiments were repeated thrice

and error bars are shown. (B) GTP hydrolysis by Era was monitored similarly as in (A).

Fig. 3. Potassium dependent GTPase activity in EngB, HflX and the two G domains GD1

and GD2 of YphC. Individual G domains, GD1-YphC and GD2-YphC were generated and

used to determine the effect of K+ and Na+ ions on GTP hydrolysis by the two domains,

like in Fig. 2. (A) An autoradiogram showing the hydrolysis of GTP to GDP by GD1-YphC

(left panel) and GD2-YphC-(right panel) in presence of 200 mM NaCl and 200 mM KCl,

along with a control devoid of protein. Amount of GTP hydrolyzed in presence of salts

was quantified (from the above autoradiograms) and represented as fold stimulation

considering GTP hydrolysis in presence of Na+ to be 1-fold. The experiments were

repeated thrice and error bars are shown. GTP hydrolysis assays were conducted as

above, for (B) EngB and (C) HflX.

3.2. Role of K+ in stabilizing the transition state

Crystal structures of Ras and Gα-proteins elucidated that the tran-

sition state is stabilized through an Arginine finger supplied either in

cis or in trans. Also, AlF3 in complex with GDP (GDP·AlF3) mimics the

transition state. Here, AlF3 occupies the position of the γ-phosphate

of GTP [7]. Interestingly, in MnmE, which utilizes K+ to accelerate

GTPase activity, it has been shown that K+ stabilizes and facilitates

stronger binding of GDP·AlF3 complex and acts as a GTPase Activat-

ing Element (GAE), analogous to the Arginine finger, to neutralize the

developing negative charge developed during catalysis [9]. Encour-

aged by the finding that YphC and Era also utilize K+ to stimulate

GTP hydrolysis (Fig. 2), we investigated whether K+ acts as a GAE and

similarly enhances GDP·AlFx binding in these proteins. Fluorescently

labelled N-methyl-2′/3′-O-anthraniloyl nucleotides-GDP (mGDP) in

presence of AlFx and different monovalent salts was assayed for bind-

ing. Proteins were first incubated with mGDP and an increased fluo-

rescence (compared to that with mGDP alone) was observed. Addition

of AlCl3 and NaF, that form AlFx and in turn the mGDP·AlFx transition

state mimic, did not show a further increase in fluorescence. How-

ever, when K+ were added to this mixture, fluorescence emission in-

creased substantially, indicating the formation of a stable transition

state complex in YphC-WT. The same was not seen in presence of Na+

(Fig. 4A). Similarly, GD1-YphC showed increased mGDP fluorescence



176 Abu Rafay et al. / FEBS Open Bio 2 (2012) 173–177

Fig. 4. K+ ion stabilizes the transition state. Nucleotide binding assays, employing flu-

orescent N-methyl-2’/3’-O-anthraniloyl nucleotides GDP (mGDP) were carried out to

assay stabilization of the transition state mimic mGDP·AlFx in presence of monovalent

ions KCl and NaCl. (A) The emission spectra, monitored at 380–600 nm, show that the

presence of K+ ions enhances the binding of the transition state analogue (mGDP·AlFx)

in full length YphC-WT (spectra 6), while Na+ does not show a similar effect (spectra

5). (B) GD1-YphC shows a similar trend in enhancing the binding of the transition state

analog only in the presence of K+, (C) while GD2-YphC does not display a similar trend.

(D) Era too shows significant binding of mGDP·AlFx in presence of K+, but not with Na+.

in the presence of AlFx and K+, but not in presence of Na+ (Fig. 4B). In

contrast, but in concurrence with the GTP hydrolysis assays, where K+

accelerates GTP hydrolysis only in GD1-YphC, but not in GD2-YphC,

increase in fluorescence in presence of KCl/NaCl and AlFx was not

observed when GD2-YphC was employed (Fig. 4C).

Along the same lines, mGDP binding assays with Era also illustrate

an increase in fluorescence, reflecting the formation of a stabilized

transition state in presence of K+ and AlFx, but not Na+ and AlFx (Fig.

4D). Overall, these results reveal a K+ dependent stimulation of GTPase

activity due to the stabilization of the transition state by potassium

ions, for YphC and Era proteins of the TEES family.

3.3. P- loop Asn is essential for K+ mediated stimulation of GTP

hydrolysis

The catalytically important K+ is stabilized by number of interac-

tions, as seen in the crystal structure of MnmE. In this structure, the K+

is held in place due to interactions from three different regions: first

is the α and β phosphates of GTP/GDP, interactions from backbone

atoms of residues in the K-loop, and an important interaction medi-

ated by the side chain carbonyl oxygen of a conserved Asn226 of the P-

loop (GxxNxGKS/T) [9]. Similarly, analogous residues, Asn11, Asn169

and Ser41 from the P-loops of FeoB,YqeH and dynamin were inferred

to stabilize the K+. Mutational studies involving mutants N226K in

MnmE, the equivalent N11A in FeoB [11], or N169L in YqeH [10]

and S41A [16] resulted in either a significantly compromised (72% in

MnmE) or completely abolished K+ dependent GTPase activity (for

FeoB and YqeH). A similar Asn is present in the P-loops of YphC and

Era, too. In order to ascertain whether it is critical for K+ dependent

stimulation of GTPase activity in these proteins, we generated Asn

to Ala mutants, YphC-N13A (i.e. in the P-loop of GD1), YphC-N185A

(i.e. in the P-loop of GD2) and Era-N18A, and assayed for their ability

to bind and hydrolyze GTP. As anticipated, for YphC-N13A and Era-

N18A mutant, potassium dependent acceleration of GTPase activity

was completely abolished (Fig. 5A and C). Whereas, in line with the ob-

servation that GD2 does not utilize potassium mediated mechanism,

the YphC-N185A mutant displayed a K+ stimulated GTPase activity

like the wild type YphC, which is contributed by GD1-YphC (Fig. 5B).

Furthermore, fluorescent nucleotide binding assays, with the transi-

tion state mimic mGDP·AlFx in the presence of Na+ and K+, suggest

Fig. 5. Mutating P-loop asparagines in YphC and Era, abolishes K+ ion dependent stimu-

lation of GTP hydrolysis and transition state stabilization. A conserved Asn in the P-loop,

critical for coordinating the K+ ion, was mutated to alanine in YphC and Era to create

YphC-N13A (of GD1), YphC-N185A (of GD2) and Era-N18A mutants. GTP hydrolysis

in presence of various ions (indicated in the insets) were measured using [α32P]-GTP.

Autoradiograms show the hydrolysis of GTP to GDP, in presence of various salts (as

indicated), by (A) YphC-N13A, (B) by YphC-N185A and (C) by Era-N18A. In all cases,

a control devoid of protein was included. Fluorescent mGDP binding assays, as in Fig.

4, were carried out for (D) YphC-N13A (E) YphC-N185A and (F) Era-N18A. Unlike with

wild type proteins (Fig. 4), in these, enhanced binding of the transition state mimic

mGDP·AlFx in the presence of KCl is not observed for YphC-N13A and Era-N18A. This

is in line with the observations that Yphc-GD1 and Era use a K+ dependent stimulation

of GTP hydrolysis.

that YphC-N13A and Era-N18A mutants do not show an increase in

nucleotide binding but show an unexpected decrease in binding (Fig.

5D and F); as anticipated, YphC-N185A mutant behaves like the wild

type protein (Fig. 5E) since GD1-YphC continues to bind the transi-

tion state analogue. This suggests that the mutation of the conserved

P-loop Asn to Ala, compromises K+ binding and hence abolishes the

stimulation of GTP hydrolysis, indicating an important role for this

residue in coordinating the K+ at the active site of these proteins, like

for MnmE, YqeH, FeoB and dynamin.

4. Discussion

The emergence of a novel class of GTPases, like the HAS-GTPases

that carry a hydrophobic residue in lieu of the Gln, suggested that

newer mechanisms, other than that seen for classical GTPases such

as Ras and Gα-like-proteins, to hydrolyze GTP must exist; a few pos-

sibilities were proposed [8] and indeed, recent studies on a variety of

HAS-GTPases verified these. The K+ mediated GTP hydrolysis mech-

anism, exhibited by GTPases MnmE, YqeH, FeoB, RbgA, dynamin and

more recently YchF (an ATPase of the Obg family GTPases) [9–12]

is an emerging alternative theme by which GTP may be hydrolyzed.

Structural and biochemical studies on MnmE, FeoB, and YqeH re-

vealed that a K+, hexacoordinated by a K-loop and two conserved

Asn residues around the P-loop, performs a role akin to the Arginine

finger, by stabilizing the transition state complex (Fig. S1) [9]. It was

specualted that a similar mechanism may exist in other members

of the TEES family. Here, we set out to investigate the same using

GD1-YphC, GD2-YphC, Era and EngB as candidate GTPases that con-

serve the aforesaid attributes suggested for GTPases employing a K+

mediated mechanism (Fig. 1). Surprisingly, such a mechanism was

observed only for GD1-YphC (and therefore for full length YphC pro-

tein) and for Era. In contrast, GD2-YphC and EngB do not seem to

exhibit a similar response in spite of the conserved Asn in the P-loop

and the presence of a K-loop. Recent reports on dynamin, Fzo1 and

RbgA that do not belong to the TEES family, but conserve these at-

tributes, reiterate that K+ stimulates GTP hydrolysis in these [12]: An

exception being, that in dynamins, Na+ also stimulate GTP hydroly-

sis, and a Ser in the P-loop substitutes for the conserved Asn of the

TEES family GTPases (Fig. 1). Intrigued by all these observations, we

probed HflX – another GTPase that conserves the aforesaid attributes,
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but does not belong to the TEES family. HflX does not exhibit a K+ me-

diated stimulation of GTP hydrolysis, either (Fig. 3C). These findings

bring forth the view that mere conservation of a P-loop Asn/Ser and

a K-loop are not reliable indicators of K+ stimulated GTP hydrolysis.

In line with the observations for MnmE, YqeH, FeoB and YchF, Rb+

and NH4
+ having a similar ionic radii as K+ (K+ 138 pm, NH4

+ 144

pm, and Rb+ 152 pm) also efficiently accelerate GTPase activity in

GD1-YphC and Era. Whereas, Na+ with smaller radius (Na+ 102 pm)

and Cs+ with a larger radius (Cs+ 167 pm) were unable to accelerate

GTP hydrolysis (Fig. 2A and B). Nucleotide binding assays are also in

agreement with these observations. YphC-WT and GD1-YphC show

appreciable increase in binding the transition analogue GDP·AlFx in

presence of K+ (Fig. 4). In addition, and similarly as in MnmE, FeoB,

YqeH and (Ser in) dynamin, mutational analysis underscores the im-

portance of the conserved P-loop Asn in coordinating the K+ in YphC

and Era GTPases (Fig. 5).

It is noteworthy that for EngA, GD1 undergoes a drastic confor-

mational change depending upon the nucleotide bound state; it was

inferred that this conformational change is due to GTP hydrolysis by

GD1 [21]. Also, GTP hydrolysis at GD1 is a key factor that distinguishes

two distinct ribosome bound states of EngA, i.e. bound to 50S alone

or to 30S, 50S and 70S [22]. Together with the critical role of GD1 in

regulating the activity of the protein, and an exclusive requirement

of K+ for GTP hydrolysis in GD1 alone (but not in GD2), suggests an

important regulation mediated by K+ towards EngA’s role in ribosome

biogenesis. Further, since GD2 does not employ a K+ dependent mech-

anism, it may require a positively charged residue contributed by a

GAP like regulatory protein to drive GTP hydrolysis: Alternatively, a

novel mechanism may be employed in GD2. Also, realizing the two

ribosome bound states of EngA requires GD2 to be GTP bound [22].

Given the low GTP hydrolysis rate of GD2, the likely employment of

a mechanism distinct from that employed by GD1 (i.e. the K+ mech-

anism) appears meaningful. Therefore, it may be that triggering GTP

hydrolysis at GD2 is an event that occurs when ribosome biogenesis

is completed.

Although suggested before [9], this is the first experimental

demonstration of a K+ mediated mechanism in GD1-YphC and Era.

Together with the recent reports on Fzo1, Dynamin and RbgA, K+

mediated mechanism continues to emerge as an alternative theme.

Given this, primary sequence based prediction of GTPases employing

such a mechanism becomes important. In this context, an important

understanding brought out by this work is the finding that GD2-YphC,

EngB and HflX do not use K+ to accelerate GTP hydrolysis, although

they possess the suggested attributes of K+ mediated GTP hydrolysis.

Therefore, extensive biochemical and structural investigations are

necessary to unambiguously identify attributes unique to GTPases

employing a K+ mediated mechanism. Until then, it is difficult to rule

out K+/Na+ mediated GTP hydrolysis in GTPases, regardless of the

conserved Asn/Ser residues and/or the presence of K-loop in these

proteins.
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Note added in Proof: While this manuscript was under revision,

another work speculating GTPases likely employing a potassium de-

pendent mechanism, had appeared (Ash et.al. FEBS Lett. Volume 586,

Pages 2218-2224, July, 2012). Our study contradicts some of these

conclusions and indicates that the current indicators for the employ-

ment of potassium (or cation) dependent mechanism in GTPases, are

insufficient.
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