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Abstract

Actin Crosslinking Domain (ACD) is produced by several life-threatening Gram-negative pathogenic bacteria as part of larger
toxins and delivered into the cytoplasm of eukaryotic host cells via Type I or Type VI secretion systems. Upon delivery, ACD
disrupts the actin cytoskeleton by catalyzing intermolecular amide bond formation between E270 and K50 residues of actin,
leading to the formation of polymerization-deficient actin oligomers. Ultimately, accumulation of the crosslinked oligomers
results in structural and functional failure of the actin cytoskeleton in affected cells. In the present work, we advanced in our
understanding of the ACD catalytic mechanism by discovering that the enzyme transfers the gamma-phosphoryl group of
ATP to the E270 actin residue, resulting in the formation of an activated acyl phosphate intermediate. This intermediate is
further hydrolyzed and the energy of hydrolysis is utilized for the formation of the amide bond between actin subunits. We
also determined the pH optimum for the reaction and the kinetic parameters of ACD catalysis for its substrates, ATP and
actin. ACD showed sigmoidal, non-Michaelis-Menten kinetics for actin (K0.5 = 30 mM) reflecting involvement of two actin
molecules in a single crosslinking event. We established that ACD can also utilize Mg2+-GTP to support crosslinking, but the
kinetic parameters (KM = 8 mM and 50 mM for ATP and GTP, respectively) suggest that ATP is the primary substrate of ACD
in vivo. The optimal pH for ACD activity was in the range of 7.0–9.0. The elucidated kinetic mechanism of ACD toxicity adds
to understanding of complex network of host-pathogen interactions.
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Introduction

Actin is a ubiquitous and highly conserved eukaryotic protein

intrinsically involved in numerous vital processes in living cells.

Many pathogenic bacteria, viruses, and parasites evolved to

produce highly specific toxins that selectively target host’s actin

cytoskeleton to disrupt its cellular functions and/or usurp actin to

pathogens’ benefit. Among those toxins is the Actin Crosslinking

Domain (ACD). ACD was first discovered as a part of

Multifunctional Autoprocessing Repeats-in-Toxin (MARTX) [1]

and VgrG1 [2] toxins of Vibrio cholera and later found in MARTX

toxins of Gram-negative pathogenic bacteria Vibrio vulnificus [3]

and Aeromonas hydrophila [4]. Depending on the carrier toxin, ACD

can be delivered to the cytoplasm of the host cell via either Type I

(MARTX) [5,6] or Type VI (VgrG1) [2] secretion systems. Both

ACD containing toxins of V. cholerae contribute to inflammatory

diarrhea, prolonged colonization of the small intestine and

lethality in experimental mouse models [7–10], suggesting that

ACD has generally evolved as a factor compromising the host’s

immune system.

The only known target of ACD in the host cell is actin. ACD

catalyzes a covalent crosslinking of monomeric actin to yield

oligomers of various sizes [11]. We have shown that the energy of

Mg2+-ATP is required for this reaction [12] and that the resulting

oligomers are crosslinked via an amide bond between the K50 and

E270 residues on adjacent actin subunits [13]. Because the K50

and E270 residues are separated by , 20 Å in actin filament [14–

17], zero-length crosslinking by ACD sterically interferes with

actin polymerization, ultimately resulting in actin cytoskeleton

disassembly and cell rounding [11].

ACD of MARTX and VgrG1 toxins have no significant

sequence homology to other proteins and the structure of the

enzyme is not known. However, a mutagenesis-based analysis of

residues substantial for catalysis revealed distant homology of the

ACD active site to that of the glutamine synthetase (GS) family of

enzymes [18]. GS enzymes are ligases that utilize ATP to activate

the c-carboxyl group of glutamate via formation of a high-energy

intermediate glutamyl phosphate [19]. Upon a nucleophilic attack

by ammonia, c-glutamyl phosphate forms a transition-state

complex that, after a subsequent release of the phosphate group,

results in the formation of glutamine [20]. Because the outcome of

the reaction catalyzed by GS enzymes resembles the ACD-

catalyzed actin crosslinking (except in that the substrates of ACD

are large protein molecules), it was speculated that these groups of

enzymes may utilize a similar enzymatic mechanism (18).

Mutation analysis of ACD revealed that only a small subset of

residues critical for the GS catalyzed reactions are conserved in

ACD (18). These conserved residues, that are indispensable for

actin crosslinking by ACD, correspond to those that are involved

in the coordination of both Mg2+ and ATP in the GS catalytic site
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[18]. Neither the analogous residues implicated in binding to the

nucleotide alone, nor those interacting with the substrates

glutamine and ammonia in GS, are essential for ACD catalysis,

suggesting that the mechanisms of the two reactions may differ

substantially and, therefore, call for in depth investigation.

In the present study, we have employed mutagenesis on actin

and radioactive [c-32P]ATP tracing to decipher the mechanism by

which energy of ATP is utilized for actin crosslinking by ACD. In

addition, we analyzed kinetic parameters of the actin crosslinking

reaction catalyzed by V. cholerae ACD. The determined kinetic

characteristics imply that ACD should be well saturated by the

cellular concentrations of Mg2+-ATP; and physiological fluctua-

tions in the cellular concentrations of monomeric actin may have

only a minor influence on the crosslinking rate. Our results

demonstrate that GTP, when present at physiologically relevant

concentrations, can also be utilized by ACD to fuel the cross-

linking reaction. Importantly, we discovered that the thermody-

namically unfavorable formation of an amide bond between actin

subunits is coupled to the transfer of the c-phosphoryl group from

Mg2+-ATP/GTP to E270 residue. We found that the hydrolysis of

this acyl phosphate derivative is linked to the covalent crosslinking

of the activated E270 to the K50 residue of another actin

molecule.

Materials and Methods

Actin Purification
Skeletal muscle actin (Ca2+-ATP G-actin) was prepared from

acetone powder from frozen rabbit skeletal muscles (obtained from

Pel-Freez Biologicals) as described [21] and stored in G-buffer

(5.0 mM TRIS, pH 8.0, 0.2 mM Ca2+-ATP, 5.0 mM b-mercap-

toethanol) on ice for 2 weeks or flash frozen in liquid nitrogen for

prolonged storage.

Construction of E270Q, E270D and K50C yeast actin mutants

was described previously [13]. Mutant actins were purified using

DNase I affinity chromatrography as described [22,23].

Recombinant Protein Expression and Purification
ACD plasmid encoding residues 1965–2409 of V. cholera

MARTX toxin was a gift from Dr. Satchell (Northwestern

University). Recombinant ACD and gelsolin segment 1 were

expressed in the BL21(DE3) strain of E.coli (Novagen, EMD

Millipore) and purified as described [11,24].

Preparation of Nucleotide-free Actin and AMP-PNP-actin
Nucleotide-free actin was prepared as described previously [25].

To prepare AMP-PNP-actin, Ca2+-ATP G-actin was treated twice

with Dowex 162, 50–100 mesh ion exchange resin (Acros

Organics) (25% bed-volume to sample volume) to remove free

nucleotides [25]. The remaining ATP bound to actin was

hydrolyzed to ADP by adding hexokinase (20 units/ml) and D-

glucose (2.0 mM) and incubating for 30 minutes on ice. ADP in

the actin nucleotide cleft was then substituted with a non-

hydrolysable ATP analog, adenosine 59-(b,c-imido)triphosphate

(AMP-PNP), by adding a 20 fold molar excess (0.5 mM) of the

latter and incubating for additional 30 minutes on ice. Actin with

AMP-PNP in the nucleotide cleft was then passed through a gel

filtration spin column (Zeba; Invitrogen) equilibrated in nucleo-

tide-free buffer to remove free nucleotides and dextrose. Imme-

diately after, Latrunculin B was added and actin was supplemen-

ted with 2.0 mM MgCl2.

ACD-catalyzed Crosslinking
Unless specified otherwise, ACD-catalyzed crosslinking was

performed in a buffer containing 2.0 mM MgCl2, 0.2 mM EGTA,

0.5 mM ATP and either 10 mM HEPES, pH 7.5 or 10 mM

TRIS, pH 8.0. Actin was pre-incubated with 1.5 molar excess of

either Latrunculin B or gelsolin segment 1 for at least 15 minutes

prior to initiation of crosslinking to prevent polymerization and

inhibit nucleotide exchange. ACD is inactive in the absence of

Mg2+ [11], therefore, crosslinking was initiated by either adding

ACD (0.025–0.05 mM) to actin containing MgCl2, or by addition

of MgCl2 (2.0 mM) to a mixture of actin and ACD. All reactions

were performed at 24uC and the crosslinking was stopped within

1–3 minutes of initiation by adding SDS-PAGE sample buffer.

Crosslinked actin species were resolved on 7.5% SDS-gels and

stained with Coomassie Brilliant Blue R-250. Densitometry was

performed using Perfection V600 EPSON scanner and ImageJ

image-processing software (http://rsb.info.nih.gov/ij/). The rates

of ACD activity in a single experiment were expressed in mmoles of

bonds formed per minute per mmole of the enzyme.

pH Dependence of ACD Activity
The pH dependence of ACD activity was assessed using 50 mM

solutions of the following buffers: citrate pH 5.0; MES pH 5.0–

6.0; MOPS pH 7.0–8.0; HEPES pH 7.0–8.0; TRIS pH 7.0–9.0;

TRICINE pH 8.0; TAPS pH 8.0–9.0; glycine pH 9.0–11.0; and

universal Teorell-Stenhagen buffer over a broad range of pH [26].

Kinetic Parameters of ACD Crosslinking
All kinetic analyses were performed with purified recombinant

ACD. Purity of the isolated ACD was higher than 95% as

determined by densitometry of Coomassie-stained SDS-gels.

Kinetic parameters of ACD for actin were measured in the

presence of increasing concentrations of actin (0–100 mM)

complexed with Latrunculin B at constant concentration of ATP

(1.0 mM). To determine kinetic parameters of ACD for ATP and

GTP, the reactions were carried out with saturating concentra-

tions of actin (100 mM) in the presence of gelsolin segment 1

(120 mM) to prevent ATP release from the nucleotide-binding cleft

of actin. The actin/gelsolin segment 1 mixture was passed through

two cycles of 15-minute incubation with Dowex resin to remove

free ATP from the solution. Increasing concentrations of the

nucleotides (GTP or ATP) were added and the crosslinking

reaction was initiated by the addition of 2.0 mM MgCl2. The

initial rates of ACD activity were plotted versus actin or nucleotide

concentrations; and the KM/K0.5 and Kcat values were determined

by fitting the experimental curves to a classical or modified

(Equation 2) Michaelis-Menten equation.

Growth Curves of Yeast Actin Mutants
S. cerevisiae strains expressing wild type (WT) or E270Q, E270D

and K50C actin mutants were grown from fresh colonies in YPD

medium overnight. The cell suspensions were diluted to 0.1 A600

and grown in a 96-well plate (Greiner) covered with Thermal Seal

RT2 film (Bioexpress) punched with a needle for aeration. Cell

densities (A600) were monitored by Infinite M1000Pro (Tecan

Group Ltd.) plate reader using the following parameters:

temperature –30uC; kinetic cycle (duration) –12 h; kinetic intervals

–30 min; absorbance – wavelength 600 nm, 25 flashes, 100 ms

settle time; orbital shaking – twice for 890 s, with amplitude

6 mm, 120 rpm. Growth curves were plotted as A600 versus time.

ACD Activates E270 on Actin by Its Phosphorylation
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Autoradiographic Analysis
5 mM K50C and 10 mM E270Q and E270D yeast actin

mutants were incubated with 0.1 mM ACD in the presence of

2.0 mM MgCl2 and 50 mM (40 pCi/ml) of [c-32P]ATP. Reactions

were stopped by the addition of SDS-PAGE sample buffer and the

proteins were loaded promptly and resolved by SDS-gel electro-

phoresis. Gels were rinsed, dried between layers of cellophane film

in a BioRad gel-drying apparatus, and exposed to phosphor

screens (Molecular Dynamics). After 4–16 h exposure, the screens

were scanned and analyzed using a variable scanner Typhoon

Trio (GE Healthcare). When desired, dry gels were soaked in

water, separated from cellophane and stained with Coomassie

Brilliant Blue R-250.

Results

pH-dependence of the ACD Activity
The initial rate of actin crosslinking by ACD was analyzed using

a variety of buffers in the pH range of 5.0–11.0. ACD activity

exhibited a typical bell-shaped pH dependence profile with broad

optimum at pH 7.0–9.0, decreasing to 35% of the peak activity at

pH 6.5 and to 55% at pH 9.5 (Figure 1). Therefore, the pH

optimum for ACD is well within the physiological range of

cytosolic pH.

Kinetic Parameters of Actin Crosslinking with ACD for
ATP

Michaelis-Menten constants of enzyme/substrate pairs de-

termined under carefully controlled in vitro conditions provide

valuable information for understanding the efficiency of catalysis

under in vivo conditions. The catalysis by ACD is a three-substrate

Figure 1. pH-dependence of the ACD activity. (A) Crosslinking of rabbit skeletal actin (5.0 mM) by ACD (0.025 mM; 1:200 molar ratio to actin) was
assessed in 50 mM buffers of various pH and plotted against the corresponding pH values. The initial rates of ACD activity were normalized and
expressed as percent of the reaction rate in TRICINE buffer at pH 8.0. (B) Representative SDS-gel of actin crosslinking in the Teorell-Stenhagen buffer
system at various pH values. Single, double, and triple asterisks denote actin monomer, dimer, and trimer, respectively. (C) Quantitation of ACD
activity in universal Teorell-Stenhagen buffer system reveals typical bell-shaped pH dependence. Error bars in A and C represent standard errors of
means; n = 3.
doi:10.1371/journal.pone.0045721.g001

ACD Activates E270 on Actin by Its Phosphorylation

PLOS ONE | www.plosone.org 3 September 2012 | Volume 7 | Issue 9 | e45721



enzymatic reaction that involves Mg2+-ATP and two actin

molecules. The determination of the KM of ACD for ATP

requires the nucleotide to be present in a wide range of

concentrations while the concentration of another substrate, actin,

must saturate the enzyme. This is a technically challenging task

because ATP is an integral part of actin structure that defines its

conformational stability [25,27], and therefore must be supplied

together with actin in the bound state. We have shown previously

that in the absence of free ATP in solution, ACD can efficiently

utilize ATP leaking from the complex [12]. To circumvent this

obstacle, we employed the ability of gelsolin segment 1 to block the

nucleotide exchange from the actin cleft upon interaction with

actin [12,28]. Free ATP was then completely removed from the

solution via two cycles of incubation with Dowex ion exchange

resin [25].

Under near-saturating concentrations of actin, the initial rates

of crosslinking plotted versus concentrations of ATP had typical

hyperbolic Michaelis-Menten dependence (Figure 2) with a KM of

7.861.4 mM in the absence of salt (Table 1). Changing salt

conditions did not significantly affect the KM (7.261.0 mM in the

presence of 100 mM NaCl; Table 1), suggesting that the binding

of the nucleotide to ACD is not substantially altered by the ionic

strength. Due to the intrinsic instability of ACD, the Kcat of the

reaction varied significantly between different experiments and

enzyme preparations and therefore measurements had to be

conducted simultaneously to gain quantitatively comparable data.

In a representative experiment, the Kcat dropped from

449.2617.7 down to 223.265.2 mmole bonds6min216mmole21

of ACD in the absence and in the presence of 100 mM NaCl,

respectively (Table 1).

GTP as a Substrate for ACD
With cellular concentrations in the range of 0.1–0.5 mM [29],

GTP is the second most abundant energy molecule in the cell after

ATP and the most structurally similar to ATP nucleoside

triphosphate. Therefore, we tested the ability of ACD to utilize

GTP as a source of energy for actin crosslinking. In the

experimental setup similar to one described above for ATP, we

found that GTP can fuel the crosslinking reaction catalyzed by

ACD with a mean KM of 49.965.9 mM (Figure 3A). Kcat was

determined to be 26.662.7 mmole bonds6min216mmole21 of

ACD.

In this experiment the nucleotide release from the actin cleft was

blocked with gelsolin segment 1, and free ATP was removed from

the solution before the addition of GTP. If GTP from solution

could replace ATP in the nucleotide cleft of actin, this would cause

an influx of ATP into the solution making it available for ACD.

This would generate ambiguity in the interpretation of our results.

However, the above scenario is unlikely given that the affinity of

actin to GTP is ,500 to 12,000 times lower than to ATP [30,31].

Nonetheless, we eliminated any potential uncertainty by com-

pletely removing ATP from actin using two separate approaches.

In the first set of experiments we used an established method to

prepare nucleotide-free actin by hydrolyzing all ATP to AMP with

apyrase in the presence of 50% sucrose to protect actin from

denaturation [25]. Using nucleotide-free actin as a substrate for

ACD, we observed the accumulation of crosslinked actin species

upon addition of either ATP or GTP, but not in the absence of the

nucleotides (Figure 3B). The activity of ACD in this experiment

was low and the accumulation of oligomers ceased within two

minutes, likely due to the rapid decomposition of extraneously

added nucleotides by apyrase. Therefore, in the second set of

experiments ATP was hydrolyzed to ADP with hexokinase, the

activity of which depends on the presence of D-glucose and can

therefore be easily controlled. To further eliminate possible traces

of ATP, we replaced ADP in the nucleotide binding cleft of actin

with AMP-PNP and removed the excess of the latter from the

solution. Addition of Mg2+-GTP to AMP-PNP-actin supported the

crosslinking of actin, albeit less efficiently than the addition of

Mg2+-ATP (Figure 3C). In both experiments (Figures 3B and 3C)

the lack of actin crosslinking by ACD in the absence of the

extraneous nucleotides confirms the complete removal of ATP

Figure 2. Kinetic parameters of actin crosslinking by ACD for
ATP. (A) SDS-gel analysis of ACD-catalyzed crosslinking of rabbit
skeletal actin (100 mM) in the presence of increasing concentrations of
ATP. Single and double asterisks denote actin monomer and dimer,
respectively. (B) The initial rates of actin crosslinking were plotted versus
increasing concentrations of ATP (0–1000 mM). ACD activity was
normalized in all experiments and expressed in percent of Kcat for
each reaction. Lines represent fits to classical Michaelis-Menten
equation. Error bars represent standard errors of means.
doi:10.1371/journal.pone.0045721.g002

Table 1. Kinetic parameters of ACD for ATP.

Salt concentration Kcat* KM (mM)

No salt 449.2617.7 7.861.4

100 mM NaCl 223.265.2 7.261.0

*Kcat is expressed in mmole bonds6min216mmole21 of enzyme.
KM and Kcat values were determined by fitting the initial rates of accumulation
of actin oligomers (dimers and trimers) to classical Michaelis-Menten equation;
errors were obtained from least squares analyses of the fits.
doi:10.1371/journal.pone.0045721.t001
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from actin. Altogether, these experiments explicitly demonstrate

that GTP is an alternative substrate for ACD.

Kinetic Parameters of Actin Crosslinking with ACD for
Actin

In contrast to a hyperbolic dependence of the initial crosslinking

rates on the concentrations of ATP and GTP, the rate of

crosslinking has a sigmoidal non-Michaelis dependence on the

concentration of actin (Figure 4). This result is in agreement with

our previous finding that actin participates in the crosslinking

reaction as two different substrates: one actin molecule is the

donor of the side chain carboxyl group of E270 and another

molecule is the donor of the primary amine group of K50 [13].

These residues are located respectively in the hydrophobic and the

DNase I loops, which are separated on the actin molecule by

,46 Å. Therefore, by varying actin concentration we simulta-

neously change the concentration of both substrates. In a simplified

form, the crosslinking of two actin molecules by ACD can be

described as follows:

Ez 2A < E2A ? EzP ð1Þ

where E is ACD, A is actin, and P is a crosslinked actin dimer. A

re-derivation of the Michaelis-Menten equation under these

conditions yields a modified expression, identical in appearance

to a Hill equation:

V0~
Vmax

: A½ �2

kz A½ �2
ð2Þ

It is easy to recognize that
ffiffiffi

k
p

has the physical meaning of the

actin concentration at half-maximal rate (
ffiffiffi

k
p

= K0.5). The

experimental curves fit well to this equation, resulting in a mean

K0.5 of 30.961.9 mM (Figure 4). Typical Kcat and K0.5 data

obtained in a representative experiment under different salt

conditions are shown in Table 2. The K0.5 of ACD for actin is at

or below the concentration of G-actin in most eukaryotic cells

[32], suggesting that ACD activity is close to optimal under wide

range of cellular conditions.

Formation of Glutamyl Phosphate is an Intermediate
Step of the Catalysis

Energetically unfavorable formation of an amide bond between

carboxyl and amine groups is typically coupled to the splitting of

an ATP phosphoanhydride bond resulting in the activation of

a carboxyl group via attachment of inorganic phosphate,

pyrophosphate, or AMP [33]. We have shown previously that

hydrolysis of Mg2+-ATP is required for actin crosslinking by ACD

and that inorganic phosphate (Pi) is released in the course of amide

bond formation between inter-strand E270 and K50 actin residues

[12,13]. Therefore, mutagenesis on E270 and K50 residues of

actin allows the separation of the donors of the carboxyl and

amine groups into two discrete protein entities.

Since actin is an essential protein for yeast, functional

performance of yeast actin mutants in vivo can be evaluated by

analyzing the growth rate of yeast strain that expresses a mutant as

its only actin. We analyzed the growth of yeast strains expressing

K50C, E270Q and E270D actin mutants to test their ability to

substitute WT actin in yeast cell growth. S. cerevisiae strains

expressing K50C and E270Q showed growth rates comparable to

that of the WT strain, whereas the E270D expressing cells

plateaued at a lower density (Figure S1). Therefore, the K50C and

E270Q actin mutants effectively replace WT actin in yeast cells

suggesting that these mutations do not substantially affect the

structure and functions of actin.

To track the fate of inorganic phosphate that is released in the

course of crosslinking, we conducted the ACD catalyzed reaction

with purified K50C, E270Q, and E270D actin mutants in the

presence of radioactive [c-32P]ATP. In agreement with our

previous report [13], neither of the individual mutants produced

crosslinked species in the presence of ACD, whereas mixing of two

individual mutants together in the same reaction resulted in the

formation of a dimer, but not of higher crosslinked species

(Figure 5). Most importantly, autoradiographic analysis of SDS-

gels showed incorporation of radioactive [c-32P]Pi into the K50C

actin mutant, but not in E270Q or E270D mutants (Figure 5B).

This data suggest that ACD specifically catalyzes the transfer of Pi

from ATP to intact E270, whereas even conservative substitution

of glutamate to aspartate completely abolishes the translocation of

the phosphoryl group.

Hydroxylamine is not reactive towards phosphorylated Ser,

Thr, or Tyr residues, but selectively reacts with acyl-phosphates

with a formation of acyl hydroxamate [34]. To verify that the

phosphorylation occurs at an acyl (glutamyl) residue, hydroxyl-

amine was added to K50C actin that was pre-incubated with ACD

for 15 minutes and then denatured with SDS sample buffer.

[c-32P]Pi was completely removed from actin after 15 min

incubation in the presence of 100 mM hydroxylamine as

confirmed by SDS-gel radiography analysis (Figure 6A). Further-

more, under native conditions hydroxylamine also inhibited

crosslinking of actin by ACD (Figure 6B), albeit to a limited

degree.

Discussion

In the present work, we established the mechanism by which the

energy of ATP is utilized for actin crosslinking by the V. cholerae

ACD toxin and determined the kinetic parameters and pH

optimum for this reaction.

Our findings provide evidence that ACD utilizes the energy of

Mg2+-ATP/GTP for activation of the E270 residue of actin. This

activation occurs via formation of a high-energy glutamyl

phosphate intermediate, which is subsequently hydrolyzed upon

formation of an amide bond with the K50 residue of another actin

molecule. This was confirmed by the observed removal of the

radioactive phosphate from E270 of one actin monomer (K50C

mutant) upon its crosslinking to the K50 residue of another actin

molecule (E270Q mutant) (Figure 5B). A similar mechanism is

utilized by the GS family of enzymes, which activate glutamic acid

Figure 3. GTP is a substrate for ACD. (A) ACD activity rates were determined and plotted versus increasing GTP concentrations (0–1000 mM).
Lines represent fits to classical Michaelis-Menten equation. Error bars represent standard errors of means; n = 2. (B) SDS-gel analysis of ACD-catalyzed
crosslinking of nucleotide-free actin (30 mM) in the absence of free nucleotides or in the presence of 1.0 mM of either GTP or ATP. Single, double, and
triple asterisks denote actin monomer, dimer, and trimer, respectively. (C) SDS-gel analysis of ACD-catalyzed crosslinking of AMP-PNP-actin (20 mM) in
the absence of free nucleotides or in the presence of 1.0 mM of either GTP or ATP. Asterisk denotes actin monomer, arrowhead – hexokinase, bracket
– crosslinked actin species. Note that no crosslinking of actin was observed in the absence of ATP or GTP added both in (B) and (C). Limited extent of
crosslinking in the presence of GTP reflects a lower Kcat and higher KM of ACD for this substrate. Rabbit skeletal actin was used in (A)–(C).
doi:10.1371/journal.pone.0045721.g003
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via formation of a high-energy acyl phosphate intermediate

[35,36] and whose active sites share a distant sequence similarity

with the putative ACD catalytic center [18]. Therefore, ACD is

a ligase that first phosphorylates one actin subunit and then

crosslinks it to another subunit.

Hydroxylamine-mediated removal of the incorporated [c-32P]-

phosphoryl group under denaturing conditions further confirmed

that phosphorylation occurs at an acyl residue. However under

native conditions, the hydroxylamine-induced inhibition of the

ACD-catalyzed reaction was only slightly more efficient than that

caused by NaCl (Figure 6). This observation suggests that most of

the observed inhibition originated from the ionic strength of the

hydroxylamine/HCl solution, which was neutralized by the

addition of near-equal concentration of NaOH. We speculate

Figure 4. Kinetic parameters of rabbit skeletal actin crosslinking with ACD for actin. (A) and (B) Representative SDS-gels of ACD
crosslinking reactions with increasing concentrations of actin (2.5–100 mM) in the absence (A) or presence of 100 mM NaCl (B). (C) The initial rates of
actin crosslinking by ACD were plotted versus increasing concentrations of actin. Plot shows composite normalized rate of ACD activity versus actin
concentrations attained at different salt conditions (0 and 100 mM NaCl). Lines represent fits to modified Michaelis-Menten equation (Equation 2).
Error bars represent standard errors of means; n = 4.
doi:10.1371/journal.pone.0045721.g004

Table 2. Kinetic parameters of ACD for actin under various
salt conditions.

Salt concentration Kcat* K0.5 (mM)

No salt 531.2662.0 26.065.6

100 mM NaCl 382.3678.8 40.263.4

100 mM KCl 162.6628.6 35.663.7

*Kcat is expressed in mmole bonds6min216mmole21 of enzyme.
K0.5 and Kcat values were determined by fitting the initial rates of accumulation
of actin oligomers (dimers and trimers) to modified Michaelis-Menten equation
(Equation 2); errors were obtained from least squares analyses of the fits.
doi:10.1371/journal.pone.0045721.t002

ACD Activates E270 on Actin by Its Phosphorylation

PLOS ONE | www.plosone.org 7 September 2012 | Volume 7 | Issue 9 | e45721



that the poor inhibitory effect of hydroxylamine under native

conditions reflects limited exposure of the phosphorylated E270 to

solvent during catalysis. This likely implies that the crosslinking

reaction proceeds via formation of a ternary complex between the

enzyme and two actin molecules.

The pH optimum for the ACD enzymatic activity (pH 7.0–9.0)

covers the entire physiological range of the cytosolic pH; but lower

activity of ACD can be expected under conditions of cellular

acidosis. In general, a pH-dependence of enzymatic reactions

reflects the ionization state of amino acid residues directly involved

Figure 5. Formation of glutamyl phosphate is intermediate, activation step of the ACD catalysis. (A) Schematic representation of the
ACD-catalyzed crosslinking of actin mutants. WT actin, as well as K50C, and E270K actin mutants are represented as surface contour images with
intact K50 and E270 residues colored in red and blue, respectively; actin subdomains are numbered 1–4. Crosslinking of WT actin produces chains of
oligomers, individual K50C and E270Q mutants produce no crosslinking, whereas their mixture produces dimers only. (B) Crosslinking of K50C and
E270Q or E270D yeast actin mutants in the presence of c-[32P]ATP was assessed by SDS-PAGE (left panel) and autoradiography (middle panel); right
panel represents the merged image of the Coomassie-stained gel and the autoradiograph. To ensure the complete crosslinking of K50C mutant
(5 mM), double amount of E270Q mutant (10 mM) was added; therefore, the remaining monomer in lane 5 of the Coomassie-stained gel is E270Q
actin. Notably, c-[32P]Pi is incorporated only into K50C mutant (lane 4) and is released upon its crosslinking to dimer (lane 5).
doi:10.1371/journal.pone.0045721.g005
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in catalysis and/or interaction with a substrate [26]. The sharp

drop of the rate of catalysis at pH below 7, as observed in our

experiments (Figure 1), may reflect changes in the ionization state

of histidine residues at the catalytic site, which agrees with the

finding that His2083 (numeration of the MARTXVc sequence)

plays important role in the ACD activity [18].

The enzymatic reaction catalyzed by ACD involves three

substrates: one molecule of Mg2+-ATP and two molecules of actin.

Given that the cellular ATP concentration (0.5–10 mM) [29] well

exceeds the KM of the enzyme for this substrate determined in the

present study (8 mM), we predict that ACD is generally well

saturated by ATP under a wide range of cellular conditions. Our

results indicate that ACD can also utilize GTP as a source of

energy for the actin crosslinking reaction (Figure 3). However,

considering substantially lower cellular concentration of GTP and

given that the KM of ACD for GTP (50 mM) is about 6 times

higher and the Kcat is almost 17 times lower than those parameters

observed for ATP, we can predict that GTP is only a secondary

substrate for ACD under physiological conditions.

Interestingly, the KM of ACD for ATP is at least several times

lower than those determined for GSs of various origins (33 mM –

1.85 mM; BRENDA - BRaunschweig ENzyme Database http://

www.brenda-enzymes.info/) [37]. Therefore, it is reasonable to

speculate that the high affinity of ACD for ATP is an essential

element of the pathogenic efficiency of this toxin under a variety of

cellular conditions.

The other substrate of ACD is actin. Notably, two actin

monomers participate in the crosslinking reaction as two different

substrates: i) the donor of the side chain carboxyl group of E270

and ii) the donor of the side chain primary amine group of K50

[13]. Although Equation 2 does not specify whether actin

molecules bind to the enzyme simultaneously, independently, or

sequentially, it provides a good fit for the experimental data

(within the 95% confidence interval) and allows the calculation of

the half-saturating concentration of actin for the crosslinking

reaction (K0.5 = 30 mM). These in vitro data agree with the

inhibition of actin crosslinking in cells treated with a filament-

stabilizing drug Dolastatin 11 and the potentiation of crosslinking

by a G-actin-sequestering drug Latrunculin B [11]. The concen-

tration of G-actin in most eukaryotic cells is in the range of 100 to

300 mM with only a few documented exceptions such as S. cerevisae

cells (0.01 mM) and Xenopus oocytes (12 mM) [32]. Two major G-

actin binding proteins in the cell - thymosin b4 and profilin - do

not interfere with actin crosslinking by ACD [12], suggesting that

the enzyme is typically saturated or nearly saturated by cellular

levels of G-actin. To exemplify, we can predict that actin

crosslinking by ACD will be very efficient in the phagocytic

immune cells, which appear to be the primary target for ACD-

containing VgrG1 toxin [10], as the concentration of monomeric

actin in these cells is in the 160–300 mM range [32,38].

A putative catalytic site of ACD, predicted based on a distant

sequence similarity with glutamine synthetases, contains a number

of glutamate and arginine residues as well as a histidine residue

[18]. In addition, both actin residues involved in crosslinking (K50

and E270), are charged under neutral pH suggesting that ionic

strength might have a significant impact on the reaction. Indeed,

increasing ionic strength with either NaCl or KCl, affects both

Kcat and K0.5 for actin by decreasing the former and moderately

increasing the latter (Table 2), suggesting that the reaction is

inhibited by salts via a complex mechanism that involves elements

of competitive and non-competitive inhibition.

In summary, the results of this work revealed hitherto unknown

details of the mechanisms of toxicity employed by life-threatening

ACD-producing pathogenic bacteria: Vibrio cholerae, Vibrio vulnificus,

and Aeromonas hydrophila. We found that the ACD-catalyzed actin

crosslinking proceeds via phosphorylation-mediated activation of

the E270 residue on one actin subunit coupled with its subsequent

linkage to the K50 residue on another actin molecule. Further-

more, the kinetic parameters of ACD catalysis determined in vitro

predict that ACD toxins exhibit optimal activity under the

physiological pH, nucleotide, and G-actin concentrations. There-

fore, the present study elucidates a highly unusual mechanism of

toxicity employed by the ACD toxins and thereby sets the

conditions for future interventions against this family of enzymes,

and for the development of ACD-based crosslinking tools for

cytoskeleton studies.

Figure 6. c-[32P]-phosphate removal by hydroxylamine. (A) K50C yeast actin was phosphorylated at E270 by ACD, treated with 100 mM
hydroxylamine, and analyzed by autoradiography. Note that c-[32P]Pi was completely removed from K50C after incubation with hydroxylamine. (B)
Inhibition of ACD crosslinking activity by hydroxylamine or NaCl. Error bars represent standard errors of means; n = 5. Statistical analysis was carried
out by 2-tailed Student’s t test (*2p,0.05).
doi:10.1371/journal.pone.0045721.g006
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Supporting Information

Figure S1 Growth curves of WT and K50C, E270Q, and
E270D yeast actin strains. Growth of yeast strains expressing

WT or mutated actin was monitored by A600 and plotted versus

time. Error bars represent standard deviations of means of twelve

replicates.

(TIFF)

Acknowledgments

We thank Dr. Zucai Suo for valuable discussion on this work and Dr.

Venkat Gopalan for kindly allowing us to use his radioactive facility.

Author Contributions

Conceived and designed the experiments: DSK EK. Performed the

experiments: DSK EK CK. Analyzed the data: DSK EK CK. Contributed

reagents/materials/analysis tools: DSK EK CK. Wrote the paper: DSK

EK.

References

1. Sheahan KL, Cordero CL, Satchell KJ (2004) Identification of a domain within

the multifunctional Vibrio cholerae RTX toxin that covalently cross-links actin.
Proc Natl Acad Sci U S A 101: 9798–9803.

2. Pukatzki S, Ma AT, Revel AT, Sturtevant D, Mekalanos JJ (2007) Type VI

secretion system translocates a phage tail spike-like protein into target cells where
it cross-links actin. Proc Natl Acad Sci U S A 104: 15508–15513.

3. Lee CT, Amaro C, Wu KM, Valiente E, Chang YF, et al. (2008) A common
virulence plasmid in biotype 2 Vibrio vulnificus and its dissemination aided by

a conjugal plasmid. J Bacteriol 190: 1638–1648.
4. Seshadri R, Joseph SW, Chopra AK, Sha J, Shaw J, et al. (2006) Genome

sequence of Aeromonas hydrophila ATCC 7966T: jack of all trades. J Bacteriol

188: 8272–8282.
5. Prochazkova K, Shuvalova LA, Minasov G, Voburka Z, Anderson WF, et al.

(2009) Structural and molecular mechanism for autoprocessing of MARTX
toxin of Vibrio cholerae at multiple sites. J Biol Chem 284: 26557–26568.

6. Fullner KJ, Mekalanos JJ (2000) In vivo covalent cross-linking of cellular actin by

the Vibrio cholerae RTX toxin. EMBO J 19: 5315–5323.
7. Olivier V, Salzman NH, Satchell KJ (2007) Prolonged colonization of mice by

Vibrio cholerae El Tor O1 depends on accessory toxins. Infect Immun 75:
5043–5051.

8. Fullner KJ, Boucher JC, Hanes MA, Haines GK 3rd, Meehan BM, et al. (2002)
The contribution of accessory toxins of Vibrio cholerae O1 El Tor to the

proinflammatory response in a murine pulmonary cholera model. J Exp Med

195: 1455–1462.
9. Olivier V, Queen J, Satchell KJ (2009) Successful small intestine colonization of

adult mice by Vibrio cholerae requires ketamine anesthesia and accessory toxins.
PLoS One 4: e7352.

10. Ma AT, Mekalanos JJ (2010) In vivo actin cross-linking induced by Vibrio

cholerae type VI secretion system is associated with intestinal inflammation. Proc
Natl Acad Sci U S A 107: 4365–4370.

11. Cordero CL, Kudryashov DS, Reisler E, Satchell KJ (2006) The Actin cross-
linking domain of the Vibrio cholerae RTX toxin directly catalyzes the covalent

cross-linking of actin. J Biol Chem 281: 32366–32374.
12. Kudryashov DS, Cordero CL, Reisler E, Satchell KJ (2008) Characterization of

the enzymatic activity of the actin cross-linking domain from the Vibrio cholerae

MARTX Vc toxin. J Biol Chem 283: 445–452.
13. Kudryashov DS, Durer ZA, Ytterberg AJ, Sawaya MR, Pashkov I, et al. (2008)

Connecting actin monomers by iso-peptide bond is a toxicity mechanism of the
Vibrio cholerae MARTX toxin. Proc Natl Acad Sci U S A 105: 18537–18542.

14. Cong Y, Topf M, Sali A, Matsudaira P, Dougherty M, et al. (2008)

Crystallographic conformers of actin in a biologically active bundle of filaments.
J Mol Biol 375: 331–336.

15. Holmes KC, Angert I, Kull FJ, Jahn W, Schroder RR (2003) Electron cryo-
microscopy shows how strong binding of myosin to actin releases nucleotide.

Nature 425: 423–427.
16. Oda T, Iwasa M, Aihara T, Maeda Y, Narita A (2009) The nature of the

globular- to fibrous-actin transition. Nature 457: 441–445.

17. Fujii T, Iwane AH, Yanagida T, Namba K (2010) Direct visualization of
secondary structures of F-actin by electron cryomicroscopy. Nature 467: 724–

728.
18. Geissler B, Bonebrake A, Sheahan KL, Walker ME, Satchell KJ (2009) Genetic

determination of essential residues of the Vibrio cholerae actin cross-linking

domain reveals functional similarity with glutamine synthetases. Mol Microbiol

73: 858–868.

19. Eisenberg D, Gill HS, Pfluegl GM, Rotstein SH (2000) Structure-function

relationships of glutamine synthetases. Biochim Biophys Acta 1477: 122–145.

20. Wedler FC, Boyer PD (1972) Substrate binding and reaction intermediates of

glutamine synthetase (Escherichia coli W) as studied by isotope exchanges. J Biol

Chem 247: 984–992.

21. Spudich JA, Watt S (1971) The regulation of rabbit skeletal muscle contraction.

I. Biochemical studies of the interaction of the tropomyosin-troponin complex

with actin and the proteolytic fragments of myosin. J Biol Chem 246: 4866–

4871.

22. Kim E, Reisler E (2000) Intermolecular dynamics and function in actin

filaments. Biophys Chem 86: 191–201.

23. Grintsevich EE, Benchaar SA, Warshaviak D, Boontheung P, Halgand F, et al.

(2008) Mapping the cofilin binding site on yeast G-actin by chemical cross-

linking. J Mol Biol 377: 395–409.

24. Goldsmith SC, Guan JQ, Almo S, Chance M (2001) Synchrotron protein

footprinting: a technique to investigate protein-protein interactions. J Biomol

Struct Dyn 19: 405–418.

25. De La Cruz EM, Mandinova A, Steinmetz MO, Stoffler D, Aebi U, et al. (2000)

Polymerization and structure of nucleotide-free actin filaments. J Mol Biol 295:

517–526.

26. Bisswanger H (2004) Practical enzymology. Weinheim: Wiley-VCH. xv, 255 p.

27. Carlier MF (1990) Actin polymerization and ATP hydrolysis. Adv Biophys 26:

51–73.

28. Kudryashov DS, Reisler E (2003) Solution properties of tetramethylrhodamine-

modified G-actin. Biophys J 85: 2466–2475.

29. Traut TW (1994) Physiological concentrations of purines and pyrimidines. Mol

Cell Biochem 140: 1–22.

30. Iyengar MR, Weber HH (1964) The Relative Affinities of Nucleotides to G-

Actin and Their Effects. Biochim Biophys Acta 86: 543–553.

31. Wen KK, Yao X, Rubenstein PA (2002) GTP-yeast actin. J Biol Chem 277:

41101–41109.

32. Pollard TD, Blanchoin L, Mullins RD (2000) Molecular mechanisms controlling

actin filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol Struct

29: 545–576.

33. Lehninger AL, Nelson DL, Cox MM (2008) Lehninger principles of bio-

chemistry. New York: W.H. Freeman.

34. Lipmann F, Tuttle LC (1945) The detection of activated carboxyl groups with

hydroxylamine as interceptor. J Biol Chem 161: 415.

35. Tsuda Y, Stephani RA, Meister A (1971) Direct evidence for the formation of an

acyl phosphate by glutamine synthetase. Biochemistry 10: 3186–3189.

36. Weisbrod RE, Meister A (1973) Studies on glutamine synthetase from

Escherichia coli. Formation of pyrrolidone carboxylate and inhibition by

methionine sulfoximine. J Biol Chem 248: 3997–4002.

37. Schomburg I, Chang A, Schomburg D (2002) BRENDA, enzyme data and

metabolic information. Nucleic Acids Res 30: 47–49.

38. Weinstock JV, Kassab JT (1984) Angiotensin II stimulation of granuloma

macrophage phagocytosis and actin polymerization in murine schistosomiasis

mansoni. Cell Immunol 89: 46–54.

ACD Activates E270 on Actin by Its Phosphorylation

PLOS ONE | www.plosone.org 10 September 2012 | Volume 7 | Issue 9 | e45721


