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Abstract:



Actin crosslinking toxins produced by Gram-negative bacteria represent a small but unique class of bacterial protein toxins. For each of these toxins, a discrete actin crosslinking domain (ACD) that is a distant member of the ATP-dependent glutamine synthetase family of protein ligases is translocated to the eukaryotic cell cytosol. This domain then incorporates a glutamate-lysine crosslink between actin monomers, resulting in destruction of the actin cytoskeleton. Recent studies argue that the function of these toxins during infection is not destruction of epithelial layers, but rather may specifically target phagocytic cells to promote survival of bacteria after the onset of innate immune defenses. This review will summarize key experiments performed over the past 10 years to reveal the function of these toxins.
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1. Bacterial Protein Toxins with an Actin Crosslinking Domain


1.1. Overview of actin targeting toxins


Many toxins have been characterized that disrupt the eukaryotic actin cytoskeleton. These include fungal and marine small molecule toxins that bind to actin to prevent actin polymerization [1,2]. Other bacterial proteins toxins and effectors can alter the normal regulation of cytoskeletal assembly, by directly or indirectly modifying the activity of small Rho family GTPases [3]. Finally, toxins have been identified that covalently modify actin itself, for example by the addition of an ADP-ribosyl group that then prevents its incorporation into F-actin [4,5].



Studies over the past ten years have been directed toward characterizing a distinct mechanism to disrupt actin filament assembly by covalently crosslinking actin monomers. The crosslinks can be introduced repetitively to form long chains of dysfunctional actin that cannot be incorporated into F-actin filaments, resulting in irreversible destruction of the host cell cytoskeleton [6].




1.2. Discovery of the actin crosslinking domain of MARTXVc


An actin crosslinking toxin was first discovered in current pandemic strains of the human diarrheal pathogen Vibrio cholerae [6]. When added to mammalian cells in culture, V. cholerae was shown to secrete a factor that induced rapid cell rounding, ultimately resulting in loss of all polymerized actin [6,7]. When actin in V. cholerae-treated cells was monitored by western blotting as a potential target for covalent modification, it was noted that all the monomeric actin in the cell disappeared within 180 min of addition of bacteria and actin was detected as higher weight molecular forms. The change in the electrophoretic mobility of actin corresponded to the formation of dimers, trimers, and higher order oligomers, revealing that actin in V. cholerae-treated cells had been crosslinked into chains [6].



This actin crosslinking activity depended upon the gene rtxA, the largest gene of the V. cholerae genome [6,7] and actin crosslinking activity was found to be widely present among both clinical and environmental isolates of V. cholerae [8,9,10,11]. The protein encoded by rtxA, now referred to as the Multifunctional, Autoprocessing RTX toxin of V. cholerae (MARTXVc), is the founding member of a new family of toxins [12]. The MARTX toxins are a grouping of toxins that are all large in size (>350 kDa) and are secreted from the bacteria by dedicated Type I secretion systems. Conserved features of all MARTX toxins include N- and C-terminal glycine rich repeats and an autoprocessing cysteine protease. These conserved structural elements are proposed to function in toxin translocation to deliver one to five effector domains found in the central region of the toxins to the eukaryotic cell cytosol [12].



To identify the specific effector of MARTXVc responsible for actin crosslinking, subfragments of V. cholerae rtxA gene were ectopically expressed in epithelial cells as fusions to GFP and GFP-positive cells were visualized for rounding. Cells transfected with DNA corresponding to amino acids 1963-2375 of the rtxA gene (according to the original annotation by Lin et al. [7]) resulted in cell rounding and cells were confirmed to contain crosslinked actin by western blotting. This region was thus designated the actin crosslinking domain, or ACD [13], and it is now recognized as an effector delivered by autoprocessing of the large MARTXVc toxin [14].




1.3. Other proteins with actin crosslinking domains


Subsequent to the discovery of the ACD within MARTXVc, two other MARTX toxins have been identified by protein sequence analyses that also carry ACD effectors. Genomic sequencing of Aeromonas hydrophila strain ATCC 7966T revealed this pathogen associated with disease in invertebrates and an emerging pathogen in humans has a gene for a MARTX toxin that includes an ACD effector [12,15]. By contrast, genomic sequencing of human pathogenic Biotype 1 V. vulnificus strains revealed they also encode a MARTX toxin [16,17], but this toxin was not associated with actin crosslinking and did not have an ACD [13,18]. However, an environmental V. vulnificus Biotype 2 strain isolated from a diseased eel was found to carry a gene for a second MARTX toxin on the pR99 virulence plasmid (MARTXR99) and this toxin included an ACD [19] (Figure 1). At this time, neither of these ACDs have been confirmed biochemically to be functional for actin crosslinking.


Figure 1. Actin crosslinking toxins. Scaled diagrams of the five known and putative actin crosslinking toxins. MARTX toxins of V. cholerae (MARTXVc), A. hydrophila (MARTXAh), and V.vulnificus Biotype 2 virluence plasmid pR99 (MARTXR99). Conserved MARTX repeat regions (grey) are predicted to converge at the eukaryotic plasma membrane to form a pore through which the centrally-located effectors are translocated. After translocation, the cysteine protease domain (CPD) initiates autoprocessing to release effectors, including the actin crosslinking domain (ACD-red), Rho-inactivation domain (RID-purple) [24], α/β hydrolase effector (α/β-green), Mcf conserved effector of unknown function (Mcf-orange), and Pastuerella multocida toxin conserved effector of unknown function (PMT C1/C2-brown)[12]. Note that MARTXR99 has a duplication of the Mcf effector. V. cholerae VgrG-1 is an effector of the V. cholerae VAS T6S system. The Vgr conserved domain (Vgr-pink) forms part of the translocation apparatus for transfer of the ACD across the phagosomal membrane after engulfment by phagocytes. Vibrio sp. AND4 hypothetical protein AND4_00045 is a putative stand-alone actin crosslinking toxin that is potentially an effector of an unknown transport apparatus.



[image: Toxins 01 00123 g001]






A second protein encoded by V. cholerae was also found to have an ACD [13]. This protein, VgrG-1, is a bacterial effector that is secreted from V. cholerae dependent upon a Type 6 secretion (T6S) system [20]. The first domain of the protein belongs to the VgrG family, a group of proteins required to form a structural element of the T6S apparatuses [21]. VgrG-1 is unusual among the Vgr proteins because it is an “evolved VgrG” with an attached second domain that is delivered to the cell cytosol and carries effector function, in this case, an ACD that has been demonstrated experimentally to have actin crosslinking activity [22] (Figure 1).





The final putative actin crosslinking toxin is hypothetical protein AND4_00045 identified in the draft genome of environmental Vibrio sp. AND4 isolated directly from the Andaman Sea in Thailand. Unlike the MARTX toxins or VgrG-1, this protein is a stand-alone actin crosslinking protein with no other associated domain for translocation [23]. Thus, if it is an effector used for pathogenesis of aquatic animals, it must be translocated directly to the eukaryotic cell cytosol, possibly by a Type III or T6S system also identified in the draft genome.





2. Characterization of the Actin Crosslinking Activity


2.1. ACD directly crosslinks actin


Early models of the mechanism of actin crosslinking recognized that crosslinking could occur either directly, in which the ACD is the catalytic enzyme, or indirectly, by activation of an unknown host cell protein with this activity [6]. To demonstrate direct action, the ACD portion of MARTXVc was purified as a fusion with the N-terminus of Anthrax Toxin Lethal Factor (LFN). LFN has been shown previously to mediate cytosolic delivery of heterologous fusion proteins through pores formed by Anthrax Toxin Protective Antigen (PA) [25,26]. This approach facilitated pretesting the LFNACD for biochemical activity in the cytosol of mammalian cells after delivery by PA, prior to initiating experiments to establish in vitro crosslinking [27].



Subsequent experiments showed that LFNACD does crosslink actin both in vivo after delivery by PA, as well as in vitro when added to eukaryotic cell lysates. Further refinement of the crosslinking reaction revealed the in vitro reaction is catalytic and progresses to completion in less that 10 min. This crosslinking occurs under reaction conditions composed of only purified actin, ATP, and Mg2+, indicating that no other proteins or cellular co-factors are required for crosslinking of actin by the ACD; and thus, ACD itself is the catalytic enzyme [27].




2.2. Requirement of G-actin, ATP, and Mg2+ for actin crosslinking


Polymerization of monomeric G-actin into F-actin filaments is dependent upon hydrolysis of ATP [28] and occurs in the presence of 2 mM Mg2+. Hence, the requirement of Mg2+ and ATP during the in vitro crosslinking reaction was initially thought to indicate that actin must be polymerized to be crosslinked. However, it was shown that crosslinking in vitro progressed efficiently when actin was locked as monomeric G-actin by association with latrunculin or kabiramide C or by modification with tetramethyl red [29]. Similarly, actin crosslinking progressed in vivo after addition of MARTXVc-producing V. cholerae to cells that were pretreated with cytochalasin or latrunculin to inhibit actin polymerization [27,30]. By contrast, stabilization of F-actin in vitro by the addition of phalloidin or in vivo using dolastatin 11 inhibited the efficiency of actin crosslinking [27,29]. These data indicated that G-actin, not F-actin, is the substrate for ACD in the crosslinking reaction. Furthermore, these data support that the requirement for ATP and Mg2+ during ACD-mediated actin crosslinking is not to drive actin polymerization.



Interestingly, by contrast to studies with MARTXVc, crosslinking of actin in macrophages due to VgrG-1 was completely blocked by cytochalasin. However, this inhibition was not due to the ACD of VgrG-1 requiring polymerized actin instead of monomeric actin; rather it revealed a requirement for the bacteria to be phagocytosed before the VgrG-1 effector could be delivered to the cytosol by T6S [21]. Next, to account for the requirement of ATP and Mg2+ in the crosslinking reaction, it was considered if the ACD itself is an ATPase. During an in vitro crosslinking reaction, inorganic phosphate (Pi) is released in a dose dependent manner such that one molecule of ATP is used for each crosslink introduced. This ATP hydrolysis is not due to polymerization of actin, but is an essential aspect of the crosslinking reaction itself [29] (see Figure 2).


Figure 2. Crosslink introduced between actin side chains. Schematic shows E270 and K50 side chains originating from two different actin monomers with dashed box indicating H2O molecule lost during the ligation reaction. Lower equation depicts the predicted phosphotransfer based on the mechanism for formation of γ-glutamylcysteine from glutamic acid and cysteine.
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2.3. Most G-actin binding proteins do not inhibit the crosslinking reaction


It is well-recognized that in the living cell, G-actin does not exist in a free form and is typically bound to one of the several actin binding proteins (ABPs) [31]. Remarkably, prior association of actin with the common ABPs profilin, thymosin-β4, and gelsolin did not have any noticeable effect on actin crosslinking by ACD. Among the ABPs tested, only DNaseI completely blocked the formation of actin oligomers, and cofilin partially inhibited. These data show that in vivo, crosslinking of actin by MARTXVc likely progresses without interference of most ABPs [29].



Furthermore, actin crosslinking can occur when actin is previously crosslinked to itself. As G-actin is the substrate for crosslinking, higher order oligomers could arise by continued addition of G-actin monomers to longer chains or by the joining of oligomers. It was found that actin dimers disappear during crosslinking at ~4 fold slower rate than the monomers. This result indicated that although ACD-crosslinked oligomers can be further joined to form higher order species, the efficiency of the reaction diminishes with increased size of oligomers [29]. Thus, the formation of long crosslinked actin chains may occur predominantly by addition of monomers to linked oligomers.





3. The Chemical Nature of the Crosslink


The chemical crosslink introduced into actin has been solved and shown to be an isopeptide linkage between glutamate 270 on one actin monomer with lysine 50 on a second actin monomer (Figure 2).





No other crosslinks are introduced and mutation of these residues within actin prevented crosslinking entirely, both in vitro and in vivo [32]. The crosslinked residues occur in flexible loops of actin in regions isolated away from binding sites for latrunculin, kabiramide C, and ABP binding sites. Lysine 50 is a residue on the DNaseI binding loop accounting for the lack of crosslinking when actin was pre-associated with DNaseI [29,32].



As seen in the crystal structure of the dimerzied form of crosslinked actin (PDBID: 3CJC), the two actin molecules are tilted with respect to the normal alignment of polymerized actin. When added to a crosslinking reaction, the altered structure cannot facilitate addition of new monomers such that dimerized actin competes with monomeric actin in F-actin growth and halts further polymerization [32]. Thus, actin crosslinking ultimately rounds cells both by actively blocking growth of actin filaments and by depleting the G-actin pool.




4. The Catalytic Mechanism Is Similar to Glutamate Synthetases


Given the novel nature of the crosslink in actin, it is not surprising that little information regarding the mechanism of catalysis could be derived using bioinformatic analyses.







Protein alignments using the primary peptide sequence of the ACDs identified only that ACD proteins are highly conserved, but showed no homology to other known or hypothetical proteins, suggesting actin crosslinking by an ACD may be restricted to the Vibrionaceae bacteria (Figure 3).


Figure 3. Alignment of ACD amino acid sequences from actin crosslinking toxins. Alignment was generated with CLUSTALW using MacVector 9.5.2 software based on sequences available at NCBI PubMed with accession numbers: V. cholerae VgrG1 ACD (NP_231059.1); Vibrio sp. AND4_00045 ACD (ZP_02197558.1); V. cholerae (Vc) MARTX ACD (AAD21057.1); A. hydrophila (Ah) MARTX ACD (YP_855898.1); and V. vulnificus Biotype 2 virulence plasmid pR99 MARTX ACD (YP_001393065.1). Red boxes indicate residues identified by genetic analysis as important for crosslinking with the star indicating the glutamic acid required for phosphotransfer. Black arrows represent predicted beta-strands that might form a glutamine synthetase ligase-like active site (see Figure 4).
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Without sequence-based information to inform research strategies, the catalytic mechanism was probed by a random genetic approach to identify essential amino acids within the ACD [33]. This analysis revealed that glutamic acid 1990 of MARTXVc is absolutely essential for actin crosslinking while mutation of six other residues resulted in decreased actin crosslinking efficiency. No other important residues were identified. A structural alignment algorithm revealed these residues could be mapped against the conserved catalytic site of proteins in the glutamine synthetase family of ATP-dependent protein ligases. Modeling ACD using the crystal structure of γ-glutamylcysteine synthetase (GshA) from Escherichia coli [34] revealed that E1990 likely participates in the transfer of the γ-phosphate from ATP to actin glutamate 270 side chain to activate the ligation reaction with lysine 50, resulting in release of Pi (Figure 2). Thus, actin crosslinking to link glutamate to lysine occurs by a ligation reaction similar to that required to attach ammonia to glutamate to form glutamine or cysteine to glutamate to form γ-glutamylcysteine [33]. Given the strong conservation of important residues among the five identified ACDs (Figure 3), it is reasonable to predict that all ACDs will crosslink actin by an identical mechanism.




5. Phagocytic Cells as the Primary Target of ACD


The predominance of work studying the action of actin crosslinking has been conducted using epithelial cells in culture. However, the role of these toxins in disease progression is unclear because, particularly for cholera disease, there is limited epithelial damage. Recent studies have been directed toward understanding whether actin crosslinking toxins more specifically target innate immune cells. MARTXVc, in conjunction with other secreted factors, has been demonstrated to be important to prevent clearance of the bacteria from the small intestine [35,36]. This effect of toxin expression on the ability of the bacteria to persist suggests MARTXVc effectively blocks clearance by slowing or completely deactivating phagocytosis of the bacteria. Consistent with this model, the virulence plasmid that encodes MARTXR99 promotes survival of V. vulnificus Biotype 2 strains in eel whole blood suggesting it may inactivate phagocytes [19]. Furthermore, the actin crosslinking Type VI secretion effector VgrG-1 from V. cholerae crosslinks actin within phagocytic macrophages and amoebae, but not epithelial cells [20,21]. Finally, A. hydrophilia has been demonstrated to evade phagocytosis, although this may be as much or more related to its T6S system and associated actin ADP-ribosylating effector [5,37]. Thus, it seems possible that the function of the actin crosslinking toxins could be to directly block bacterial engulfment by phagocytic cells to evade clearance from the site of infection. This has been experimentally demonstrated for the function of VgrG-1 proteins and infection data suggest other actin crosslinking toxins may function in similar capacity to facilitate colonization and disease [38].







Acknowledgements


K.J.F.S is funded by an Investigator in Pathogenesis of Infectious Diseases Award from the Burroughs Wellcome Fund and by the National Institutes of Health Awards AI051490 and AI072461.




References


	1. 
Espina, B.; Rubiolo, J.A. Marine toxins and the cytoskeleton: pectenotoxins, unusual macrolides that disrupt actin. FEBS J. 2008, 275, 6082–6088. [Google Scholar] [CrossRef] [PubMed]

	2. 
Natori, S. Cytochalasins-actin filament modifiers as a group of mycotoxins. Dev. Toxicol. Environ. Sci. 1986, 12, 291–299. [Google Scholar] [PubMed]

	3. 
Aktories, K.; Barbieri, J.T. Bacterial cytotoxins: Targeting eukaryotic switches. Nature Rev. 2005, 3, 397–410. [Google Scholar]

	4. 
Richard, J.F.; Petit, L.; Gibert, M.; Marvaud, J.C.; Bouchaud, C.; Popoff, M.R. Bacterial toxins modifying the actin cytoskeleton. Int. Microbiol. 1999, 2, 185–194. [Google Scholar] [PubMed]

	5. 
Suarez, G.; Sierra, J.C.; Erova, T.E.; Sha, J.; Horneman, A.J.; Chopra, A.K. A type VI secretion system effector protein VgrG1 from Aeromonas hydrophila that induces host cell toxicity by ADP-ribosylation of actin. J. Bacteriol. 2010, 192, 155–168. [Google Scholar] [PubMed]

	6. 
Fullner, K.J.; Mekalanos, J.J. In vivo covalent crosslinking of actin by the RTX toxin of Vibrio cholerae. EMBO J. 2000, 19, 5315–5323. [Google Scholar] [PubMed]

	7. 
Lin, W.; Fullner, K.J.; Clayton, R.; Sexton, J.A.; Rogers, M.B.; Calia, K.E.; Calderwood, S.B.; Fraser, C.; Mekalanos, J.J. Identification of a Vibrio cholerae RTX toxin gene cluster that is tightly linked to the cholera toxin prophage. Proc. Natl. Acad. Sci. USA 1999, 96, 1071–1076. [Google Scholar]

	8. 
Chow, K.H.; Ng, T.K.; Yuen, K.Y.; Yam, W.C. Detection of RTX toxin gene in Vibrio cholerae by PCR. J. Clin. Microbiol. 2001, 39, 2594–2597. [Google Scholar] [PubMed]

	9. 
Cordero, C.L.; Sozhamannan, S.; Satchell, K.J. RTX toxin actin cross-linking activity in clinical and environmental isolates of Vibrio cholerae. J. Clin. Microbiol. 2007, 45, 2289–2292. [Google Scholar] [PubMed]

	10. 
Dalsgaard, A.; Serichantalergs, O.; Forslund, A.; Lin, W.; Mekalanos, J.; Mintz, E.; Shimada, T.; Wells, J.G. Clinical and environmental isolates of Vibrio cholerae serogroup O141 carry the CTX phage and the genes encoding the toxin-coregulated pili. J. Clin. Microbiol. 2001, 39, 4086–4092. [Google Scholar] [PubMed]

	11. 
Rahman, M.H.; Biswas, K.; Hossain, M.A.; Sack, R.B.; Mekalanos, J.J.; Faruque, S.M. Distribution of genes for virulence and ecological fitness among diverse Vibrio cholerae population in a cholera endemic area: tracking the evolution of pathogenic strains. DNA Cell Biol. 2008, 27, 347–355. [Google Scholar] [PubMed]

	12. 
Satchell, K.J. MARTX: Multifunctional-autoprocessing RTX toxins. Infect. Immun. 2007, 75, 5079–5084. [Google Scholar] [PubMed]

	13. 
Sheahan, K.L.; Cordero, C.L.; Satchell, K.J. Identification of a domain within the multifunctional Vibrio cholerae RTX toxin that covalently cross-links actin. Proc. Natl. Acad. Sci. USA 2004, 101, 9798–9803. [Google Scholar]

	14. 
Prochazkova, K.; Shuvalova, L.A.; Minasov, G.; Voburka, Z.; Anderson, W.F.; Satchell, K.J. Structural and molecular mechanism for autoprocessing of MARTX Toxin of Vibrio cholerae at multiple sites. J. Biol. Chem. 2009, 284, 26557–26568. [Google Scholar] [PubMed]

	15. 
Seshadri, R.; Joseph, S.W.; Chopra, A.K.; Sha, J.; Shaw, J.; Graf, J.; Haft, D.; Wu, M.; Ren, Q.; Rosovitz, M.J.; Madupu, R.; Tallon, L.; Kim, M.; Jin, S.; Vuong, H.; Stine, O.C.; Ali, A.; Horneman, A.J.; Heidelberg, J.F. Genome sequence of Aeromonas hydrophila ATCC 7966T: jack of all trades. J. Bacteriol. 2006, 188, 8272–8282. [Google Scholar] [PubMed]

	16. 
Chen, C.Y.; Wu, K.M.; Chang, Y.C.; Chang, C.H.; Tsai, H.C.; Liao, T.L.; Liu, Y.M.; Chen, H.J.; Shen, A.B.; Li, J.C.; Su, T.L.; Shao, C.P.; Lee, C.T.; Hor, L.I.; Tsai, S.F. Comparative genome analysis of Vibrio vulnificus, a marine pathogen. Genome Res. 2003, 13, 2577–2587. [Google Scholar] [PubMed]

	17. 
Kim, Y.R.; Lee, S.E.; Kim, C.M.; Kim, S.Y.; Shin, E.K.; Shin, D.H.; Chung, S.S.; Choy, H.E.; Progulske-Fox, A.; Hillman, J.D.; Handfield, M.; Rhee, J.H. Characterization and pathogenic significance of Vibrio vulnificus antigens preferentially expressed in septicemic patients. Infect. Immun. 2003, 71, 5461–5471. [Google Scholar] [PubMed]

	18. 
Kim, Y.R.; Lee, S.E.; Kook, H.; Yeom, J.A.; Na, H.S.; Kim, S.Y.; Chung, S.S.; Choy, H.E.; Rhee, J.H. Vibrio vulnificus RTX toxin kills host cells only after contact of the bacteria with host cells. Cell Microbiol. 2008, 10, 848–862. [Google Scholar] [PubMed]

	19. 
Lee, C.T.; Amaro, C.; Wu, K.M.; Valiente, E.; Chang, Y.F.; Tsai, S.F.; Chang, C.H.; Hor, L.I. A common virulence plasmid in biotype 2 Vibrio vulnificus and its dissemination aided by a conjugal plasmid. J. Bacteriol. 2008, 190, 1638–1648. [Google Scholar] [PubMed]

	20. 
Pukatzki, S.; Ma, A.T.; Sturtevant, D.; Krastins, B.; Sarracino, D.; Nelson, W.C.; Heidelberg, J.F.; Mekalanos, J.J. Identification of a conserved bacterial protein secretion system in Vibrio cholerae using the Dictyostelium host model system. Proc. Natl. Acad. Sci. USA 2006, 103, 1528–1533. [Google Scholar]

	21. 
Ma, A.T.; McAuley, S.; Pukatzki, S.; Mekalanos, J.J. Translocation of a Vibrio cholerae type VI secretion effector requires bacterial endocytosis by host cells. Cell Host Microbe 2009, 5, 234–243. [Google Scholar] [PubMed]

	22. 
Pukatzki, S.; Ma, A.T.; Revel, A.T.; Sturtevant, D.; Mekalanos, J.J. Type VI secretion system translocates a phage tail spike-like protein into target cells where it cross-links actin. Proc. Natl. Acad. Sci. USA 2007, 104, 15508–15513. [Google Scholar]

	23. 
Hagstrom, A.; Ferriera, S.; Johnson, J.; Kravitz, S.; Beeson, K.; Sutton, G.; Rogers, Y.-H.; Friedman, R.; Frazier, M.; Venter, J.C. Vibrio sp. AND4 1103602000423, whole genome shotgun sequence, direct submission. NCBI reference sequence NZ_ABGR01000041.1, 2007. [Google Scholar]

	24. 
Sheahan, K.L.; Satchell, K.J. Inactivation of small Rho GTPases by the multifunctional RTX toxin from Vibrio cholerae. Cell Microbiol. 2007, 9, 1324–1335. [Google Scholar] [PubMed]

	25. 
Milne, J.C.; Blanke, S.R.; Hanna, P.C.; Collier, R.J. Protective antigen-binding domain of anthrax lethal factor mediates translocation of a heterologous protein fused to its amino- or carboxy-terminus. Mol. Microbiol. 1995, 15, 661–666. [Google Scholar] [PubMed]

	26. 
Spyres, L.M.; Qa'Dan, M.; Meader, A.; Tomasek, J.J.; Howard, E.W.; Ballard, J.D. Cytosolic delivery and characterization of the TcdB glucosylating domain by using a heterologous protein fusion. Infect. Immun. 2001, 69, 599–601. [Google Scholar] [PubMed]

	27. 
Cordero, C.L.; Kudryashov, D.S.; Reisler, E.; Satchell, K.J. The actin cross-linking domain of the Vibrio cholerae RTX toxin directly catalyzes the covalent cross-linking of actin. J. Biol. Chem. 2006, 281, 32366–32374. [Google Scholar] [PubMed]

	28. 
Korn, E.D.; Carlier, M.F.; Pantaloni, D. Actin polymerization and ATP hydrolysis. Science 1987, 238, 638–644. [Google Scholar] [PubMed]

	29. 
Kudryashov, D.S.; Cordero, C.L.; Reisler, E.; Satchell, K.J. Characterization of the enzymatic activity of the actin cross-linking domain from the Vibrio cholerae MARTXVc toxin. J. Biol. Chem. 2008, 283, 445–452. [Google Scholar] [PubMed]

	30. 
Fullner, K.J.; Mekalanos, J.J. Genetic characterization of a new type IV pilus gene cluster found in both classical and El Tor biotypes of Vibrio cholerae. Infect Immun. 1999, 67, 1393–1404. [Google Scholar] [PubMed]

	31. 
Pollard, T.D.; Borisy, G.G. Cellular motility driven by assembly and disassembly of actin filaments. Cell 2003, 112, 453–465. [Google Scholar] [PubMed]

	32. 
Kudryashov, D.S.; Durer, Z.A.; Ytterberg, A.J.; Sawaya, M.R.; Pashkov, I.; Prochazkova, K.; Yeates, T.O.; Loo, R.R.; Loo, J.A.; Satchell, K.J.; Reisler, E. Connecting actin monomers by iso-peptide bond is a toxicity mechanism of the Vibrio cholerae MARTX toxin. Proc. Natl. Acad. Sci. USA 2008, 105, 18537–18542. [Google Scholar]

	33. 
Geissler, B.; Bonebrake, A.; Sheahan, K.L.; Walker, M.E.; Satchell, K.J. Genetic determination of essential residues of the Vibrio cholerae actin cross-linking domain reveals functional similarity with glutamine synthetases. Mol. Microbiol. 2009, 73, 858–868. [Google Scholar] [PubMed]

	34. 
Hibi, T.; Nii, H.; Nakatsu, T.; Kimura, A.; Kato, H.; Hiratake, J.; Oda, J. Crystal structure of gamma-glutamylcysteine synthetase: insights into the mechanism of catalysis by a key enzyme for glutathione homeostasis. Proc. Natl. Acad. Sci. USA 2004, 101, 15052–15057. [Google Scholar]

	35. 
Olivier, V.; Queen, J.; Satchell, K.J. Successful small intestine colonization of adult mice by Vibrio cholerae requires ketamine anesthesia and accessory toxins. PLoS One 2009, 4, e7352. [Google Scholar]

	36. 
Olivier, V.; Salzman, N.H.; Satchell, K.J. Prolonged colonization of mice by Vibrio cholerae El Tor O1 depends on accessory toxins. Infect. Immun. 2007, 75, 5043–5051. [Google Scholar] [PubMed]

	37. 
Suarez, G.; Sierra, J.C.; Sha, J.; Wang, S.; Erova, T.E.; Fadl, A.A.; Foltz, S.M.; Horneman, A.J.; Chopra, A.K. Molecular characterization of a functional type VI secretion system from a clinical isolate of Aeromonas hydrophila. Microbial Pathog. 2008, 44, 344–361. [Google Scholar]

	38. 
Satchell, K.J. Bacterial martyrdom: Phagocytes disabled by type VI secretion after engulfing bacteria. Cell Host Microbe 2009, 5, 213–214. [Google Scholar] [PubMed]





© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
VgrG1ACD ]
AND4ACD

VeACD

AhACD E
R99ACD

GKNY
VK 'l'
1

VK
INGL

VgrG1ACD
AND4ACD
VeACD
AhACD
R99ACD

VgrG1ACD
AND4ACD
VeACD
AhACD
R99ACD

VgrG1ACD
ANDSACD
VeACD
AhACD
R99ACD

KS
ROQK
RDE

KDLL
RDERF

251
253
251
251
251

VgrG1ACD
AND4ACD
VeACD
AhACD
R99ACD

314
316
314
314
314

VgrG1ACD
AND4ACD
VeACD
AhACD
R99ACD

VgrG1ACD
AND4ACD
VeACD
AhACD
R99ACD

377 1Q
378 TT
377 AT

E S|
E| l
E)
377 VAA
377 AV E

N
N

A

S|
K
K
K

HA sI

KAAVE
KNAINS
n v

;QRIP SL
rl
n|

DA
R
N
N
N
—-

QP
KA
Qs
T

Qs

AK| 1SAES TSATP 189
PN ASTEA EELK 189
SK TSIDA PEV 189
AN AARDG 1 189
SK. TATEA LEV 189
ASLTSA--E KELNA v M| 250
AATAEAGNY QDM » SE 252
I.ANAK.\'--T‘I‘ PAT Y AS rs 250
LSNMAN - -VQWEDAAT Y LAEGI 250
LANSNK - -HKEDDP EA FGLY ASEGFSEN 250
MK HIK P QEQSRY| 313
SSYVRKQILA SLKA SH A 315
SRYVRQQIAEKLEGTY E VG 313
RKLY SEQILATLKSAY. Y KFG 313
SRYVR TEKLKGSH E Y6 313
DKH S| QsY ‘I‘FT er KTV 376
RSSN TE| A L}s QA VP i
sveQ s SAS KA 376
DSKH s ARV PVSRRTI 376
sAQ SE, AKV SASRKAL 376
—
1\ GDAFDK SHR D SMN| VKEHNPQEWOQRN 1A 436
s) A QK EAKN| VMTQK PAEWD s 436
A ENRA SK H LMTQHAE 435
B AYRERQGL " VMANHAEA 435
A EXRA SK H LMTQY A DK! 435





nav.xhtml


  toxins-01-00123


  
    		
      toxins-01-00123
    


  




  





media/file1.png
Actin Crosslinking
Domain

WARTX conserved MARTX conserved

MARTXy,
WARTX conserved Mef | _PMTC1C2_ CPD __MARTX consorved
MARTX,,
WARTX conserved MARTX consorved
MARTXggq

'AND4 00045





media/file2.png
M269. Q49
a (

HN [ " NH
| I i |
E270 H(IZ—CHZ—CHZ-CJIOH "?NH-CHTCHZ-CHZ—CHZ—Cl:H K50
o=C R ! c=0
3271/ \ D51

Actin-E270 + ATP—i>Actin—E270~® + ADP Z—P Actin-E270-K50-Actin +P;

Actin-K50





media/file7.png
E. coli GshA





media/file5.png
Vgré1ACD
AND4ACD
VeACD
AhACD
R99ACD

T P PK S A S ﬂ QRPPSL 63
EFE sz SHA S 63

K K VGl 63

EES BGS K N AGI 63
AS‘I' K » AGI 63

VgrG1ACD cxm KAAVE THET 1] QPEAPI 126
AND4ACD KNAINS EVLTKHIY KALSN 126
VeACD s TA v s KEETDHIN QSLPH 126
AhACD RE 9 s TRLS 126
R99ACD lh L ‘l“l‘ l G QSkLP 126
VgrG1ACD I SAES| VGV A TSA TPEL 189
AND4ACD ASTEA SMGV EELK 189
VeACD TSIDA MA T E| 'rs P v 189
AhACD AARDG VAV AEGS 189
R99ACD TATEA MA L EFGSSSSL 189
VgrG1ACD 190 Ks ASLTS.\--EN K MS, 250
AND4ACD 190 ROKFAATAEAGNY T SNTA S D SE IR S 252
VeACD 190 RDEFLANAKN -n‘ g ASEGFSPN 250
AhACD 190 an KDLLLSNMAN - -V QW LAEGI 250
R99ACD 190 @ SGLRDEELAN SNK - - HK[L s ASEGFS 250

VgrG1ACD 251 N MKHIK P QSRY 313
AND4ACD 253 E 'V RK LAS ASH A 315
VeACD 251 R R AEKLKGTY E Y G 313
ARACD 251 SEQILATLK SAY QNTY KFG 313
R99ACD 251 TEKLKGSH E Y6 313

VarG1ACD 314 PMKRK TV 376
AND4ACD 316 RKE - CA 1.1\ QA VPADRRKI 377
VeACD 314 n SASRKAT 376
AhACD 314 ARV PV SRRTI 376
R99ACD 314 AKV SASRKAL 376

QRN 1A 436

VgrG1ACD 377 1Q ES SYRDSMN VKEHNPQE

ANDSACD 378 TTE: AQKEAKN VMTQKPAEWDRITS 436

VeACD 377 I TE EXRA SK H TQHAEQWAK 435

ARACD 377 VAA AYRERQGL) H VMANHAEAWSQ 435
E| "

R99ACD 377 IV E A SK TQY ADKWAK 435






media/file3.png
M269. Q49
a (

HN [ " NH
| I i |
E270 H(IZ—CHZ—CHZ-CJIOH "?NH-CHTCHZ-CHZ—CHZ—Cl:H K50
o=C R ! c=0
3271/ \ D51

Actin-E270 + ATP—i>Actin—E270~® + ADP Z—P Actin-E270-K50-Actin +P;

Actin-K50





media/file0.png
Actin Crosslinking
Domain

WARTX conserved MARTX conserved

MARTXy,
WARTX conserved Mef | _PMTC1C2_ CPD __MARTX consorved
MARTX,,
WARTX conserved MARTX consorved
MARTXggq

'AND4 00045





media/file6.png
E. coli GshA





