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Summary
Bacteria use a variety of mechanisms during infection to ensure their survival including the
delivery of virulence factors via a type III secretion system into the infected cell. The factors
exhibit diverse activities that in many cases mimic eukaryotic mechanisms used by the host to
defend against infection. Herein we describe a class of effectors that use posttranslational
modifications, some reversible and others irreversible, to manipulate host signaling systems to
subvert the host response.

Introduction
During the course of their interaction with a host, bacteria deliver a wide variety of secreted
proteins that modulate eukaryotic signaling pathways. Gram-negative bacteria harbor one or
more of a variety of secretion systems including the type III secretion system (T3SS) that
creates a conduit between the cytoplasm of the bacterial and eukaryotic cells for direct
delivery of effector proteins into the host cell cytoplasm [1]. The T3SS effectors mimic or
capture an endogenous eukaryotic activity and use it to target eukaryotic signaling pathways.
Effectors remain quiescent in the pathogen due to a lack of substrate or necessary cofactor,
or through the binding of a chaperone while in the bacterium [2,3]. Some effectors are able
to attenuate signaling mediated by post-translational modifications (PTM) on eukaryotic
proteins. Herein, we discuss type III secreted effectors that modulate several eukaryotic
PTMs and how elucidating their mechanisms of action have contributed to our
understanding of not only bacterial pathogenesis, but to eukaryotic signaling as a whole.

ADP-ribosylation
Exotoxins from several bacteria have been demonstrated to disrupt host cell signaling
through the ADP-ribosylation of Rho family GTPases (figure 1A) [4]. ExoS from
Pseudomonas aeruginosa was more recently identified as a type III secreted effector with
both GTPase activating protein (GAP) and ADP-ribosyltransferase (ADP-RT) domains [5].
A type III effector from Vibrio parahaemolyticus, VopT, shows 44% identity to the ADP-
RT domain of ExoS and also targets Ras both in vivo and in vitro, but lacks the GAP domain
observed in ExoS [6]. The Aeromonas salmonicida effector AexT contains ExoS-
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homologous GAP and ADP-RT domains. Unlike the Pseudomonas effector, both domains
of AexT act on the small Rho GTPases Rho, Rac1 and Cdc42, resulting in actin
depolymerization and cell rounding. This is the first effector described that has ADP-RT and
GAP activities both directed at actin depolymerization [7]. AexT joins a number of effectors
that contain multiple enzymatic activities in one protein, and, in this case, both are directed
at actin polymerization [7].

AMPylation
The recent characterization of VopS from Vibrio parahaemolyticus uncovered another novel
post-translational modification while ascribing an activity to the filamentation induced by
cyclic AMP (fic) domain, a catalytic domain found in a variety of species ranging from
bacteria to eukaryotes. Yarbrough, et al, showed VopS induces cytotoxicity and cell
rounding through the loss of actin cytoskeleton integrity. Upon translocation into the host
cytoplasm, VopS catalyzes the addition of adenosine 5′-monophosphate (AMP) to a
conserved threonine residue on Rho-family guanosine triphosphatases (GTPases), including
Rho, Rac, and Cdc42 (figure 1B). This PTM called AMPylation blocks the interaction of the
Rho GTPases with downstream signaling molecules necessary for actin assembly [8]. This
was the first example of the use of AMP as a stable posttranslational modification on
eukaryotic proteins. In the 1960′s, Stadtman and colleagues observed the reversible
modification of AMP onto a tyrosine residue in a bacterial glutamine synthetase protein
[9,10]. Subsequent structure and enzymatic studies demonstrate that the modification of
glutamine synthase by AMP allows for the enzyme to remain in a more active conformation
[11]. This activity was rediscovered when it was shown that the fic domain of IbpA, a
secreted factor from Histophilus somni, as well as the fic domain of the eukaryotic protein
Huntingtin yeast-interacting protein E (HYPE), are able to AMPylate Rho GTPases on a
tyrosine residue, instead of the threonine AMPylation previously observed with VopS [12].
The tyrosine AMPylation modification is reversible in vitro with the addition of a
promiscuous phosphodiesterase [12].

Bioinformatic analysis revealed that fic domains are part of a larger superfamily called the
fido domain [13]. Sequence and structural analysis of the fic domain revealed that a
conserved motif with a similar tertiary domain was found in doc domains and the type III
secreted effector AvrB, though this effector lacks the conserved fic motif (HPFx[D/
E]GN[G/K]R). Thus, fido domains likely evolved from a common ancestor. As is common
of type III effectors, VopS is predicted to have usurped the fic signaling mechanism to
modulate host cell signaling during infection [13].

PTMs by effectors with catalytic triads
A number of diverse activities are observed with effector proteins that contain a catalytic
triad, including proteolysis, deSUMOylation, and acetylation. These families of enzymes
align with clans of cysteine proteases [14]. The activity exhibited by these various enzymes
is dictated by the specificity for their substrates. All enzymes are predicted to use a ping-
pong mechanism that involves the production of a covalent enzyme intermediate, as
described in detail by Mukherjee et al [15].

Ulp1 peptidase—The Clan CE Family C48 of proteases includes effectors that are
structurally similar to eukaryotic isopeptidases that hydrolyze the bond between SUMO and
the protein that it modifies [14]. Hicks and Galan discuss these effectors in detail in an
accompanying review (Ref).

YopJ-like acetyltransferases—YopJ-like effectors from a number of bacterial
pathogens contain a catalytic triad (histidine, aspartate/glutamate, and cysteine) similar to
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that found in cysteine proteases, and have predicted secondary structure similar to Clan CE
Family C55 proteases [14,16]. In contrast to the isopeptidase found in Clan CE Family C48,
this family of enzymes contains no ubiquitin like protein docking domains [17]. YopJ was
shown to use its catalytic triad to inhibit MKKs in the MAPK pathways and IKK-beta in the
NF-kB pathway by using acetyl-CoA as a substrate to acetylate the critical serine or
threonine residues on the activation loop of these kinases (figure 2A) [15,18]. For the
transferase reaction to occur, water must be excluded from the active site [15]. Based on
these biochemical observations, it is predicted that all the YopJ-like proteins will act as
acetyltransferases and not as hydrolases. This novel acetyltransferase activity directly
competes with serine-threonine phosphorylation, preventing activation of the covalently
modified kinases [15,18]. A genetic screen later showed the hydrophobic face of the
conserved G helix was critical for YopJ binding and acetylation of the activation loop of
Pbs2, the yeast homolog of MKK [19].

Subsequently, another member of the YopJ family, VopA (VopP) from Vibrio
parahaemolyticus, was shown to be an acetyltransferase that exclusively modifies the family
of MKKs thereby inhibiting the MAPK pathways [20]. Although the substrates are not
known for other members of this family, the requirement of an intact catalytic triad is
established for Salmonella AvrA, Ralstonia PopP1, Pseudomonas HopZ, Xanthomonas
AvrRxv and XopJ and Aeromonas AopP [14].

Papain-like proteases—The Yersinia effector YopT has a papain-like cysteine protease
fold (Clan CA Family C1) [14] with the conserved catalytic triad. YopT hydrolyzes the
peptide backbone of Rho GTPases at the N-terminal side of the lipid-modified cysteine
releasing an isoprenoid cysteine methyl ester and a soluble but catalytically active Rho
protein (figure 2B) [21] that inefficiently activates downstream substrates resulting in actin
cytoskeleton disruption [22]. Cleavage of RhoA by YopT in cultured macrophages disrupts
phagocytic cups as well as the podosomal adhesion structures required for chemotaxis [23].
It has been proposed that translocation of YopB and YopD to the membrane trigger Rho
activation, stimulating actin polymerization thereby allowing pore formation and
translocation of other effectors. Once in the cell, YopT ends this process by cleaving Rho
GTPases to remove them from the membrane, while YopE acts as a RhoGAP to inhibit
further actin signaling cascades [24].

Many other type III effectors belong to this papain family of cysteine proteases, although the
activities of some of these effectors remain elusive. For the group of cycle inhibiting factors
(Cif), the catalytic site was not readily apparent from the primary sequence but revealed
after solving the structure of the protein [25]. These factors containing diverse primary
sequence appear to play a role in halting the cell cycle and inducing actin rearrangements
during infection. Of interest is that these papain-like proteins belong to a superfamily of
proteins that include acetyltransferases and transglutaminases, all of which use a catalytic
triad to coordinate the cysteine for nucleophilic attack during hydrolysis or transfer [15,25].

Dephosphorylation – Protein Tyrosine Phosphatase
Yersinia YopH (Yop51), an essential virulence factor, contains a protein tyrosine
phosphatase domain and modulates the innate immune response to infection by preventing
phagocytosis of extracellular bacteria by macrophages through the disruption of focal
adhesion complex formation (Figure 3A) [3]. Also, this effector down regulates the
respiratory burst while blocking T cell signaling activation and initiation of the adaptive
immune response [26,27]. Recently, the Salmonella effector SptP that contains a protein
tyrosine phosphatase domain was shown to dephosphorylate host machinery to help
establish an intracellular niche for replicating Salmonella [28].
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Dephosphorylation – Inositol Polyphosphate Phosphatase
SopB, a type III effector required for virulence of Salmonella, has homology to mammalian
inositol polyphosphate phosphatases. SigD, a SopB homolog, has homology to the SAC1
domain of the mammalian phosphatidylinositol phosphatase synaptojanin. Mutation of
conserved residues within this region decreased or abrogated the phosphatase activity of
SigD [29]. SigD mediated the rapid loss of PI(4,5)P2 from the invaginated regions of
membrane ruffles during infection of Hela cells. Infection with a sigD deletion strain
resulted in a delay of membrane fission, indicating SigD mediated hydrolysis of PI(4,5)P2
may be important for the formation of the Salmonella containing vacuoles (SCV) [30].
Additionally, SopB-mediated PI(3)P accumulation on the SCV was required for establishing
a replicative niche in the host cell cytoplasm [31].

During infection, sustained activation of Akt, a serine-threonine kinase that is activated by
binding PI(3,4)P2 and PI(3,4,5)P3, blocks apoptosis in a SopB-dependent manner [32]. SigD
was shown to be sufficient for Akt activation [33]. The ability of SopB/SigD to have potent
activity against PI(3,4)P2 and PI(3,4,5)P3 when these moieties are required for Akt
localization and activation is likely a result of subcellular localization.

The main enzymatic activity of SopB was shown to be the dephosphorylation of PI(4,5)P2 to
PI(4)P and PI(5)P (figure 3B). Accumulation of these PIPs on the SCV may result in fusion
with Rab5 containing vesicles. This recruits Vps34, a type III PI3-kinase, to the SCV and
phosphorylates PI to PI(3)P on the SCV outer leaflet. Rab5 accumulates on the SCV during
infection, and RNAi depletion of Vps34 led to the loss of PI(3)P on the SCV. Accumulation
of PI(5)P at the membrane ruffles led to local activation of PI3-kinases or down-regulation
of endogenous phosphatases, resulting in accumulation of PI(3,4)P2 and PI(3,4,5)P3 at the
sight of membrane ruffling [34].

Phosphorylation
The Yersinia protein kinase (YpkA) has two distinct domains. The N-terminal domain has
homology to eukaryotic serine/threonine protein kinases and localizes YpkA to the plasma
membrane while the C-terminal domain acts as a guanidine nucleotide dissociation factor
(GDI) [35]. The kinase domain requires binding of actin, a eukaryotic cofactor, to become
active and deletion of the C-terminal twenty amino abolishes this interaction with actin [36].

YpkA kinase inhibits Gαq signaling pathways observed during infection by phosphorylating
a conserved serine residue on the diphosphate-binding loop of Gαq and impairs nucleotide
binding by Gαq through steric hindrance (figure 3C). The inactivation of Gαq affects
multiple downstream targets, including Phospholipase C-β (PLC-β) and Rho GTPases [37].
PLC-β is an activator of NADPH oxidase, and disruption of this pathway may lead to loss of
generation of superoxide radicals [38]. The GDI domain of YpkA alters levels of actin stress
fibers and blocks activation of RhoA and Rac1[39]. The YpkA-mediated disruption of the
actin cytoskeleton both by GDI and kinase activities likely inhibits phagocytosis of Yersinia
by macrophages during infection [36].

Eliminylation
The Shigella effector OspF, a phosphothreonine lyase, specifically targets extracellular
signal-regulated kinases 1 and 2 (Erk1/2), p38, and c-Jun N-terminal kinase, after
translocation into a host cell. Mass spectrometry revealed that OspF mediates the β-
elimination of phosphothreonine by cleaving the bond between Cβ and the phosphate group
(figure 3D). The resultant dehydrobutyrine contains a double bond between Cα and Cβ, and
is irreversibly modified [40,41]. Determination of the crystal structure of SpvC, an OspF
family member from Salmonella, revealed the requirement for phosphorylation of both the
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threonine and tyrosine residues on the activation loop of MAPKs [42]. A general acid/base
mechanism occurs in which a proton is abstracted from Cα while the phosphate leaving
group undergoes β-elimination, resulting in the dehydrobutyrine residue [43]. Exclusion of
water from the active site of SpvC after substrate binding impedes hydrolysis of the
phosphate group, allowing the elimination reaction to occur [44]. The irreversible
dephosphorylation of MAPKs by bacterial phosphothreonine lyases aids in immune evasion
during infection. Cell biology studies have indicated that SpvC translocation into
macrophages in culture results in a down-regulation of cytokine release [45].

No eukaryotic phosphothreonine lyase homologues have been characterized to date. The
irreversible nature of the β-elimination reaction would prevent such an enzyme from
functioning in signaling pathways in which the target may need to be re-phosphorylated. It is
possible, however, that inactivated proteins in the cytosol could act as substrate traps,
sequestering downstream effectors and preventing further activity. The discovery of
dehydrobutyrine residues in uninfected eukaryotic tissues would point to the possibility of
endogenous lyases.

Conclusions
Bacterial pathogens have a large repertoire of mechanisms for modulating host cell
signaling. Many of these are used to establish a replicative niche, or to circumvent the innate
and adaptive immune response. Due to their potency, these effectors can also make excellent
molecular biology tools for the study of other cellular systems [46-49].

Bacterial type III secreted effectors show a diverse array of activities, some previously
characterized as posttranslational modifications commonly found in eukaryotic signal
transduction pathways. Others are novel and may yield new signaling mechanisms that are
present, but have not yet been observed in a eukaryotic cell. The further characterization of
these proteins will continue to enlighten the fields of bacterial pathogenesis as well as
eukaryotic signaling.
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Fig 1. Posttranslational modifications that attach cellular cofactors to their targets
A. ExoS modifies Ras GTPase by attaching ADP-ribose from NAD+, resulting in apoptosis
of the targeted cell, as well as blocking wound repair and phagocytosis of bacteria by
macrophages. B. VopS AMPylates Rho family GTPases by transferring adenosine
monophosphate from ATP to a threonine residue on the GTPase, blocking interaction with
downstream targets through steric hindrance.
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Figure 2. Posttranslational modifications by effectors with a catalytic triad
A. YopJ acetylates MAPK kinase on critical serine and threonine residues, blocking
phosphorylation and subsequent activation of downstream MAPK and NF-κB pathways. B.
YopT cleaves the C-terminal cysteine residue and attached isoprenoid group from Rho
family GTPases, causing mis-localization of the GTPase to the cytoplasm with a loss of
activity due to lack of substrate.
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Figure 3. Posttranslational modifications altering protein phosphorylation state
A. YopH dephosphorylates the tyrosine residue of multiple proteins at the cellular
membrane, resulting in loss of focal adhesion complexes and alteration of the actin
cytoskeleton blocking phagocytosis of extracellular bacteria. B. SopB alters multiple
signaling cascades through the dephosphorylation of inositol moieties at multiple
membranes in the host cell. C. YpkA inactivates Gαq by phosphorylating the diphosphate
loop, blocking nucleotide binding through steric hindrance leading to a loss of downstream
PLC-β and Rho GTPase activation. D. OspF mediates the irreversible β-elimination of a
phosphothreonine residue on MAPK to dehydrobutyrine with the release of inorganic
phosphate, blocking MAPK signaling.
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