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SUMMARY

Pathogens exploit several eukaryotic signaling pathways during an infection. They have
evolved specific effectors and toxins to hijack host cell machinery for their own benefit.
Signaling molecules are preferentially targeted by pathogens because they globally regulate
many cellular processes. Both viruses and bacteria manipulate and control pathways that
regulate host cell survival and shape, including MAPK signaling, G-protein signaling, signals
controlling cytoskeletal dynamics, and innate immune responses.
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1 INTRODUCTION

Viruses and bacteria both produce proteins that hijack cel-
lular signaling machinery to ensure their survival despite
the constant negative pressure of their hosts’ innate and
adaptive immune systems. Studies of these have not only
revealed methods by which microbial pathogens cause
infectious disease, but also provided critical insights into
mechanisms of cellular regulation, particularly in the case
of viral oncoproteins (see Box 1). They also yielded valuable
tools for dissecting mechanisms involved in regulating
signaling.

These proteins help a pathogen achieve its goals of sur-
vival, replication, and virulence. For example, they may
induce a slow cell death to allow time for replication or
cause a rapid cell death so that the pathogen avoids engulf-
ment. Alternatively, they may manipulate the actin cyto-
skeleton to prevent or accelerate phagocytosis by the host.
In the case of viral oncoproteins, they may hijack the cell
cycle machinery to promote virus replication.

Here, we do not attempt to be comprehensive, but pro-
vide representative examples of how pathogens manipulate
host cell signaling, emphasizing the virulence factors pro-
duced by bacterial pathogens (Table 1). Targets for these
virulence factors include GTPases and their regulators that

control the cytoskeleton and vesicular trafficking, kinase
cascades involved in intra- and extracellular signaling, and
ubiquitin-dependent pathways that regulate signal stability
or dictate other outputs.

Bacteria produce different types of virulence factors.
Note that these are not always proteins—they may also be
peptides or small molecules—but here we confine our dis-
cussion to proteins. The first type, called a toxin, is secreted
by the pathogen at high concentration and delivered into
the host cytoplasm by a variety of mechanisms, including
endocytosis or via protein pores formed by the bacterial
toxin itself (Fig. 1) (Henkel et al. 2010). Cholera toxin from
Vibrio cholerae, for example, is an enzyme that enters the
cell by endocytosis and ADP-ribosylates the as subunit of
the heterotrimeric Gs protein. This modification prevents
as from hydrolyzing GTP, locking it into an active state that
constitutively stimulates its downstream effector, adenylyl
cyclase (see Sassone-Corsi 2012). In the intestinal epithe-
lium, the elevated levels of cyclic AMP (cAMP) generated
cause an efflux of chloride ions and water, resulting in
severe diarrhea and dehydration. Pertussis toxin produced
by Bordetella pertussis, which causes whooping cough, by
contrast, ADP ribosylates the ai subunit of the heterotri-
meric Gi protein so that it remains in the GDP-bound state
and cannot be activated by upstream signals. The modified

BOX 1. VIRAL ONCOPROTEINS

Studies of viruses have provided critical biological insights into the signal transduction mechanisms of host cells. More than a
century ago, Peyton Rous described Rous Sarcoma Virus (RSV) as a transforming agent that induces solid tumors in chickens.
Although this discovery was met with some skepticism at the time, researchers in the 1970s and 1980s isolated and sequenced the
viral non-receptor tyrosine kinase-encoding v-src gene as the genetic element that causes tumor formation. In fact, v-src was the
first retroviral oncogene discovered, and this discovery helped define the first proto-oncogene in the vertebrate genome (c-Src, now
known simply as Src). Further investigations into oncoviruses also revealed v-Abl, the retroviral oncoprotein from the Abelson
murine leukemia virus (A-MuLV). Like v-src, v-Abl encodes a nonreceptor tyrosine kinase that is genetically and functionally
related to the ABL gene in mammals. In humans, the translocation involving chromosomes 22 and 9 (known as the Philadelphia
chromosome) causes the first exon in ABL1 to be replaced by sequences from the BCR gene, resulting in expression of the BCR–
ABL fusion protein. This genetic translocation results in abnormally high levels of BCR–ABL kinase activity, leading to chronic
myeloid leukemia (CML) and a subset of acute lymphocytic leukemia (ALL). Biochemical and structural studies led to one of the
successful medicinal treatments for cancer: a specific, small molecule kinase inhibitor referred to as imatinib or GLEEVAC.

Studies of the transforming activity of murine sarcoma viruses were also particularly influential in stimulating work that
elucidated small G-protein signaling in human cancer. In the 1960s, the first Ras (for Rat sarcoma) genes were identified as
transduced oncogenes expressed by the Harveyand Kirsten strains of acutely transforming murine retroviruses. More than a decade
later, researchers discovered that these viral Ras proteins interface with guanine nucleotide signaling mechanisms through an
intrinsic GTPase activity. Several human genes were subsequently found to display sequence homology to viral Ras. The identi-
fication of RAS as the first human transforming gene set off a global research initiative aimed at discovering the molecular
mechanisms of small G proteins.

Interestingly, the major downstream substrate of Ras signal transduction is Raf kinase, encoded by the cellular homolog of the v-
raf oncogene expressed by the murine retrovirus 3611-MSV. Under normal conditions, binding of extracellular ligands such as
growth factors, cytokines, and hormones to cell-surface receptors activates Ras, and this initiates Raf activation. Indeed, both lie
downstream from the EGF receptor, which also has a viral oncogene homolog, v-erbB. Thus, not only has research on viral
oncogenes been an entry point into the molecular genetics of cancer, but it has also revealed critical links between infectious
disease mechanisms and eukaryotic signal transduction.
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GDP-bound ai is no longer able to bind to adenylyl cyclase
and inhibit production of cAMP. Pertussis toxin causes
major trauma in airways during infection because signaling
pathways are constitutively activated and results in abnor-
mally high levels of insulin and histamine sensitivity. These
toxins have proven very useful for the elucidation of mo-
lecular signaling by G-protein-coupled receptors (GPCRs)
and their downstream signaling partners.

Another type of virulence factor, called an effector,
is a protein that is directly translocated from bacteria into
the host cell by specialized needle-like delivery systems,

including the type III and type IV secretion systems
(T3SS and T4SS, respectively) (Fig. 1) (Hayes et al. 2010).
The effectors are made in the bacterium but appear to be
inactive because of association with a chaperone, lack of
appropriate substrate, and/or absence of eukaryotic acti-
vators. After delivery into the eukaryotic host, the effectors
display very potent activities that manipulate signal trans-
duction pathways. Many of these activities mimic an en-
dogenous activity of the host.

The first such effectoranalyzed at the molecular levelwas
YopH (Yersinia outer protein H) from Yersinia, the causal

Table 1. Bacterial toxins and effectors and their targets

Pathogen Toxin Effector Target Activity

Vibrio cholerae Cholera toxin Gas ADP ribosylation
Vibrio cholerae EF edema factor Calmodulin Adenylate cyclase
Vibrio cholerae LF lethal factor MKK1,2 Metalloprotease
Bordetella pertussis Pertussus toxin Gai ADP ribosylation
Clostridium botulinum C3 botulin toxin Rho GTPases ADP ribosylation
Escherichia coli CNF1 Rho GTPases Deamination
EPEC/EHEC O157:H7 Tir Actin Recruits NCK adaptor
EPEC/EHEC O157:H7 Map Rho GTPases GEF
EPEC/EHEC O157:H7 EspFu N-WASP Activator of N-WASP
EPEC/EHEC O157:H7 EspG p21-activated kinase (PAK) Activator of PAK
EPEC/Burkholderia spp. Cif/CBHP Ubiquitin, Nedd8 Ubiquitylation inhibitor
Yersinia spp. YopH p130Cas Tyrosine phosphatase
Yersinia spp. YopE Rho-like GTPases GAP
Yersinia spp. YopT Rho GTPase Cysteine protease
Yersinia spp. YpkA Gaq, Rho GTPases Ser/Thr kinase, GDI
Yersinia spp. YopJ MAPKKs, IKK-b Ser/Thr acetyltransferase
Vibrio parahaemolyticus VopA/p MAPKKs Ser/Thr/Lys acetyltransferase
Vibrio parahaemolyticus VopS Rho-GTPases AMPylation
Vibrio parahaemolyticus VPA0450 Phosphatidylinositol 4,5-bisphosphate Lipid phosphatase
Vibrio parahaemolyticus VopL Actin Actin nucleator
Histophilus somni IbpA Rho GTPases Ampylation
Legionella pneumophila DrrA/SidM Rab1b AMPylation, GEF
Legionella pneumophila SidD Rab1b DeAMPylation
Legionella pneumophila AnkX Rab1b Phosphocholination
Shigella spp. OspF MAPK Phosphothreonine lyase
Shigella spp. IpgD Phosphatidylinositol 4,5-bisphophate Lipid phosphatase
Shigella spp. IpaH9.8 Ste7 MAPK E3 ubiquitin ligase
Shigella spp. IpgB2 Rac1 and RhoA GEF
Salmonella spp. SopB Phosphatidylinositol 4,5-bisphophate Lipid phosphatase
Salmonella spp. SopE Cdc42 and Rac GTPases GEF
Salmonella spp. SptP Small GTPase GAP, tyrosine phosphatase
Pseudomonas aeruginosa ExoS Small GTPases ADP ribosylation, GAP
Listeria monocytogenes ActA Arp2/3, actin Activator of Arp2/3
Viral effector
Vaccinia virus A36R Actin Adaptor recruits Nck and Grb2
Adenovirus E1B-55K p53, Mre11, BLM helicase Ubiquitin ligase adaptor
Adenovirus E4orf6 p53, Mre11, BLM helicase Ubiquitin ligase adaptor
Papillomavirus E6 E6-AP, p53 E3 ubiquitin ligase
KSHV RTA IRF-7 E3 ubiquitin ligase
Gammaherpesviruses K3 and K5 MHC class 1 E3 ubiquitin ligase
Herpes simplex virus 1 ICP0 PML E3 ubiquitin ligase
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agent of the Plague (also known as the Black Death) (Guan
and Dixon 1990). This protein contains an unregulated,
highly active tyrosine phosphatase domain linked to a
leader sequence that both guides its translocation from the
bacterium into the host cell and determines its localization
after delivery. YopH is translocated into eukaryotic cells
through the Yersinia T3SS and proceeds to focal adhesions,
where it dephosphorylates critical phosphorylated tyrosine
residues on protein substrates including p130Cas and Fyb
(see Devreotes and Horwitz 2012). The resulting dephos-
phorylated focal adhesion complex disassembles and, there-
fore, is unable to promote phagocytosis of the bacterial
pathogen. YopH is a typical bacterial effector for the follow-
ing reasons.

1. Although an extremely active enzyme, YopH has no
effect on the pathogen itself, owing to the lack of a
substrate.

2. The YopH protein contains information in its amino-
terminal domain for both secretion by the T3SS appa-
ratus and localization in the infected host.

3. YopH contains a potent activity that efficiently targets
and destroys the Achilles heel of a process, in this case,
phagocytosis, by targeting focal adhesions that are reg-
ulated by phosphorylated tyrosine residues.

4. YopH plays a critical role in virulence.

Below, we describe several other pathogenic effectors
that show these general characteristics, breaking them
down by the signaling pathways they target.

2 CORRUPTION OF MAPK SIGNALING

Mitogen-activated protein kinase (MAPK) signaling path-
ways are cascades of kinases that sequentially activate
each other by phosphorylation (Morrison 2012). A MAPK
kinase kinase (MAPKKK) activates a MAPK kinase
(MAPKK), which, in turn, activates a MAPK, and there
are multiple family members at each stage. Pathogens target
these signaling pathways because they regulate many types
of cellular behaviors, including cell proliferation, innate im-
mune responses, cell migration, apoptosis, and autophagy.

Type III
secretion
system

Type I, II
secretion
system

Type IV
secretion
system

Toxin

Effectors DNA

Host

Bacterium

Figure 1. Bacterial secretion systems. Bacteria use several different mechanisms to secrete molecules into the
extracellular space and to translocate molecules into a host cell. Toxins, including peptides and proteins, are typically
secreted through a type I or II secretion system. Effectors are translocated through a type III or IV secretion system,
whereas DNA is only transferred through the type IV secretion system.
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2.1 Bacillus anthracis Lethal Factor Hydrolyzes
the MAPKK MKK1/2

Bacillus anthracis, the causal agent of Anthrax, releases a
multi-subunit complex called anthrax toxin, composed of
protective antigen (PA), edema factor (EF), and lethal factor
(LF) (Collier 2009). The toxin binds via PA to either anthrax
toxin receptor 1 or 2 on the surface of the host cell. After
uptake by receptor-mediated endocytosis and acidification
of the resulting endosome, EF and LF are released into the
cytoplasm. The calcium-binding protein calmodulin binds
to cytoplasmic EF, causing a change in conformation that
generates an active enzyme that produces cAMP from cel-
lular ATP. The excess cAMP globally disrupts signaling by
binding and activating downstream effectors, such as
cAMP-dependent kinase (PKA). Cytoplasmic LF is an ac-
tive metalloprotease that cleaves the amino-terminal exten-
sions from MAPKKs MKK1 and MKK2, producing kinases
that can no longer interact with their substrates to activate a
proliferative response (Fig. 2). Both of the toxins have an
irreversible toxic effect on the infected cell.

2.2 Yersinia YopJ Acetylates MAPKK/IKKb
Activation Loop

Yersinia ssp. have a very efficient strategy for disrupting the
innate immune response and promoting apoptosis in in-
fected cells, using one molecule, YopJ (also termed YopP).
This effector is injected directly into the host’s cytoplasm

through a T3SS. YopJ blocks all of the MAPK pathways and
the NF-kB pathway by preventing the activation of all
MAPKKs and IKKb (but not IKKa) (Fig. 2) (Orth et al.
1999; Hao et al. 2008; Morrison 2012; Staudt 2012). The
activity of this 32-kDa effector remained elusive for many
years because it contains a catalytic triad similar to that
in some cysteine proteases, specifically clan CE proteases,
which include adenoviral proteases and ubiquitin-like
protein proteases (Orth et al. 2000). However, a classical
biochemical approach finally revealed that YopJ does not
cleave MAPKKs or any other substrate; instead, it modifies
MAPKKs with a small acetyl moiety. This acetyltransferase
activity requires an intact catalytic triad and uses acetyl-
CoA to modify serine and/or threonine residues in the ac-
tivation loops of MAPKKs and IKKb, generating a novel
posttranslational modification that competes with phos-
phorylation (Mittal et al. 2006; Mukherjee et al. 2006).

These findings revealed a new paradigm for signaling,
in which serine and threonine residues could be substrates
for acetylation (Mukherjee et al. 2007). So how is the cat-
alytic triad of a presumed protease used for acetylation? In
fact, YopJ acetyltransferases and clan CE cysteine proteases
are both proposed to use the same catalytic “ping-pong”
mechanism (Fig. 3). Acetyltransferases containing a cata-
lytic triad react with acetyl-CoA to form a covalent acetyl-
enzyme intermediate and release CoA. They then bind
their substrate and transfer the acetyl group to the sub-
strate’s attacking nucleophile. Cysteine proteases use the

Stimulus

Antiapoptosis
machinery

MAPKKK

MAPKK

MAPK NF-κB

Cytokine
induction

IKKβ

MAPKKK

YopJ

LF

OspF

VopA/P

Figure 2. Corruption of MAPK and NFkB signaling pathways by bacterial effectors. Yersinia YopJ is an acetyltrans-
ferase that acetylates and inhibits MAPKK and IKKb activation by blocking phosphorylation. Similarly, Vibrio
VopA/P blocks activation of MAPKK. Lethal factor (LF) from B. anthracis, the causal agent of Anthrax, is a
metalloprotease that inhibits MAPKK by proteolysis. OspF is a phosphothreonine lyase that irreversibly dephos-
phorylates MAPK by elimination of a phosphate group from activated MAPK.
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same mechanism to form a covalent acyl-enzyme interme-
diate, release the carboxy-terminal peptide, and then use a
second substrate, water, to attack the acyl-enzyme covalent
intermediate to complete the hydrolase reaction. Acetyl
transferases do not allow water in the catalytic site; other-
wise, these enzymes would simply hydrolyze the essential
metabolite acetyl-CoA.

During an infection, signals for host survival and apop-
tosis are induced. In the presence of YopJ, the default
pathway will always be death because YopJ blocks the NF-
kB survival pathway. By inhibiting signaling pathways that
alert the immune system and induce survival signals, YopJ
attenuates the immune response to Yersinia during infec-
tion. In contrast, VopA/P, a YopJ relative from the seafood-
borne pathogen Vibrio parahaemolyticus that causes food
poisoning, inhibits MAPK signaling pathways but not the
NF-kB pathway (Fig. 2) (Trosky et al. 2004). Additionally,
VopA/P acetylates not only the activation loop of MAPKKs
but also a conserved lysine residue in the catalytic loop of
MAPKKs that is required for coordination of the g-phos-
phate of ATP (Trosky et al. 2007). This inhibits the binding
of ATP but not ADP, resulting in an inactive kinase. During
infection by V. parahaemolyticus, VopA/P efficiently blocks
proliferative pathways while allowing activation of survival
pathways. Our understanding of this infectious process is in
its infancy; thus the activities of the other secreted effectors
will need to be uncovered to shed light on the importance

of VopA/P inhibition. Note that this type of serine/threo-
nine acetylation has not yet been observed as an endoge-
nous protein modification in eukaryotes.

2.3 Shigella OspF Irreversibly Eliminates a Phosphate

Shigella, the causal agent of bloody dysentery, contains the
T3SS effector OspF, which is a phosphothreonine lyase that
translocates to the host nucleus upon infection. This en-
zyme eliminates a phosphate group from a phosphothreo-
nine residue in the activation loop of the MAPKs ERK1 and
ERK2 by b-elimination of the hydroxyl moiety, an unprec-
edented reaction mechanism for removing a phosphate
from a protein, which generates dehydroalanine (Fig. 2)
(Li et al. 2007). This irreversible dephosphorylation inhib-
its ERK-mediated activation of downstream mitogen- and
stress-activated kinase 1 (MSK1) and MSK2, thereby pre-
venting phosphorylation of histone H3 on S10. This mod-
ification is a prerequisite for chromatin reorganization and
priming of transcription-factor-binding sites in NF-kB-
regulated promoters (Newton and Dixit 2012). Initial stud-
ies supported the hypothesis that OspF works to diminish a
proinflammatory response during a Shigella infection, but
other studies implicate an OspF-mediated inhibition of a
negative-feedback loop to partially activate immune signal-
ing, which may create an advantageous environment for
this intracellular pathogen.
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Figure 3. Catalytic triads: same chemistry, different substrates. Yersinia YopJ is proposed to use a ping-pong
mechanism whereby its catalytic cysteine attacks acetyl-CoA to form a covalent acetyl-enzyme intermediate, fol-
lowed by a subsequent attack by its second substrate, a hydroxyl on MAPKK, to transfer the acetyl group to MAPKK.
A cysteine protease uses the same mechanism with a peptide to form a covalent acetyl-enzyme intermediate. The
second substrate in this reaction is water and leads to cleavage of a peptide bond.
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3 MANIPULATION OF G-PROTEIN SIGNALING

Among the Ras superfamily of small G proteins, the Ras,
Rho, and Ran subfamilies primarily regulate cell division/
differentiation, cytoskeleton remodeling, and nuclear im-
port, respectively (Takai et al. 2001; Yaffe 2012). Members
of the Arf and Rab subfamilies facilitate many aspects of
intracellular trafficking (Takai et al. 2001). As in the case of
heterotrimeric G proteins, nucleotide binding regulates
small G proteins: GTP-bound small G proteins are in an
active conformation, and GDP-bound small G proteins are
in an inactive conformation. Unsurprisingly, they are im-
portant targets of viral and bacterial virulence factors, as
are the guanine-nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) that regulate them
(Yaffe 2012). Indeed, the diverse regulatory processes they
control make them prime targets, allowing pathogens to
subvert host machinery in order to mediate cellular attach-
ment and entry and promote growth, replication, and dis-
semination of the pathogen within the harsh environment
of the host. There is an impressive list of secreted virulence
factors that mimic or modify the behavior of host small G
proteins (Table 1).

3.1 Bacterial Guanine-Nucleotide Exchange
Factor (GEF) Mimics

The pathogenic strategy underlying the subversion of small
G proteins during infection depends on the bacterial life
cycle. For example, Salmonella, the causal agent of typhoid
fever, is intracellular and deploys bacterial GEF proteins

such as SopE and SopE2 to activate actin polymerization,
which facilitates internalization of the bacterium into
host cells. SopE directly activates the Cdc42 and Rac small
G proteins to induce membrane ruffling at the site of
Salmonella invasion (Fig. 4) (Hardt et al. 1998). SopE2
(Salmonella spp.), BopE (Burkholderia pseudomallei), and
CopE (Chromobacterium violaceum) are similar to SopE. A
second class of bacterial GEFs shares very low sequence
similarity (,15%) with one another, but all contain an
invariant WxxxE motif (Alto et al. 2006; Huang et al.
2009). This extends the group of pathogens that directly
activate host small G proteins to the facultative intracellular
pathogens Shigella spp. and the extracellular Attaching/
Effacing (A/E) Escherichia coli pathogens, including entro-
hemorrhagic E. coli O157:H7 (EHEC O157:H7) and en-
teropathogenic E. coli (EPEC).

Bioinformatics analyses reveal that SopE-type and
WxxxE-type bacterial GEFs share no overall sequence sim-
ilarity, yet both classes adopt a conserved V-shape structure
and promote the exchange of guanine nucleotides by pre-
senting conserved acidic and amide residues necessary for
stabilization of switch I and switch II regions on the target
small G proteins (Buchwald et al. 2002; Upadhyay et al.
2008; Huang et al. 2009). However, unlike many forms of
pathogenic mimicry, the bacterial GEFs are functional
mimics that have structures completely different from those
of their eukaryotic counterparts. Indeed, they resemble
neither the eukaryotic Dbl-homology (DH) domain nor
the dock homology region 2 (DHR2) domain proteins,
the two major classes of eukaryotic Rho-family GEFs.
Nevertheless, both bacterial and eukaryotic GEFs induce
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Figure 4. Multilevel regulation of small G proteins by bacterial effectors. Small G proteins cycle on and off
membranes, exchange guanine nucleotides (GDP to GTP) for activation, hydrolyze GTP for inactivation, and
stimulate downstream signaling pathways. Bacterial pathogens have evolved toxins and effector proteins to usurp
nearly every aspect of small G-protein function, using molecular mimicry as well as novel stimulatory and inhibitory
mechanisms.
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similar nucleotide-free transition states essential for gua-
nine-nucleotide exchange. The catalytic loops of bacterial
GEFs are important for making contacts with the switch I
and switch II regions of the host small G proteins. Recent
studies have shown that these loops are flexible and that
proper orientation is important for small G-protein recog-
nition and activation (Klink et al. 2010). Reorientation of
the catalytic loop may therefore be a mechanism for bacte-
rial GEFs to control host small G-protein activity in re-
sponse to bacterial or host stimuli.

3.2 Bacterial GTPase-Activating Protein
(GAP) Mimics

Many pathogens have evolved proteins that directly engage
small G proteins and stimulate GTP hydrolysis, thus turn-
ing the molecular switch off. A key example of this activity
is the YopE protein from Yersinia pseudotuberculosis (Fig.
4). YopE has in vitro GAP activity toward RhoA, Rac1, and
Cdc42 (Black and Bliska 2000; Von Pawel-Rammingen
et al. 2000; Andor et al. 2001). It engages the small G pro-
teins directly and presents a critical arginine residue (R144)
that stabilizes the b phosphate of the GTP moiety, thus
increasing the hydrolytic rate. In fact, mutant bacteria ex-
pressing YopE (R144A) that lacks GAP activity are incapa-
ble of inducing cytotoxicity. During a Yersinia infection,
YopE works in concert with YopH to prevent phagocytosis
by the host cell. The former effector induces collapse of the
actin cytoskeleton and rounding of the host cell, whereas
the latter effector disassembles focal adhesions (see above).

Salmonella spp. subvert host small G proteins to gain
entry into normally nonphagocytic cells, such as intestinal
epithelial cells. It induces its own engulfment by injecting
proteins like SopE that reorganize the actin cytoskeleton
(discussed above). The type III secreted SptP protein uses a
tyrosine phosphatase activity and Rho-GTPase GAP activ-
ity in order to return the cytoskeleton back to a preinvasion
state (Fu and Galan 1999; Stebbins and Galan 2000). Much
like YopE from Yersinia, SptP from Salmonella has an “ar-
ginine finger” that induces efficient GTP hydrolysis by
small G proteins. Interestingly, the temporal shift in activity
between actin-polymerization-promoting factors such as
SopE and actin inhibitors such as SptP is dictated by ubiq-
uitin-dependent degradation (Kubori and Galan 2003).
Degradation of SopE allows SptP to rapidly inhibit non-
specific Rho-family GTPase signaling, thus preventing spu-
rious actin assembly so that immune cells no longer detect
intracellular Salmonella.

Finally, Pseudomonas, an opportunistic, extracellular
pathogen associated with severe infection in cystic fibrosis
patients and burn patients, expresses the effector protein
ExoS, which contains two catalytic domains that inhibit

small G proteins. The first is an ADP-ribosyltransferase
domain that transfers ADP-ribose from NAD+ to R41 of
several Ras-like small G proteins (Coburn et al. 1989; Co-
burn and Gill 1991). This activity uncouples signaling by
preventing GEF-mediated activation of small G proteins.
The second is a GAP domain that potently inactivates sev-
eral host small G proteins (Goehring et al. 1999). Whereas
many bacterial effector proteins have evolved to specifically
target a particular small G protein, ExoS functions to per-
turb the activation of multiple GTP-binding proteins and
thus the signal transduction pathways they control (Hen-
riksson et al. 2002). Together, the down-regulation of small
G-protein signaling by bacterial GAPs dampens actin cy-
toskeleton dynamics at the bacterium–host interface.

3.3 A Yersinia Protease Destroys the Small G-Protein
Membrane Anchor

The Yersinia effector protein YopT can disrupt the actin
cytoskeleton, causing rounding up of host cells, and there-
by inhibit phagocytosis (Fig. 4) (Iriarte and Cornelis 1998).
YopT is a cysteine protease that cleaves amino-terminally to
the prenylated cysteine residue in RhoA, Rac, and Cdc42
(Shao et al. 2002, 2003). This liberates Rho proteins from
the membrane and irreversibly inhibits signaling to the
actin cytoskeleton. YopT is similar to papain proteases
and recognizes basic amino acid residues upstream of
the cleavage site as well as both the GDP-bound and
GTP-bound forms of RhoA. Thus, cleavage does not de-
pend on the conformational state of the small G-protein.
When RhoA is no longer tethered to the membrane, actin-
mediated cytoskeletal responses during infection are effec-
tively thwarted.

3.4 Yersinia YpkA: A Kinase and a GDI

Another Yersinia effector protein that regulates host mem-
brane remodeling is YpkA. This three-domain effector con-
tains an amino-terminal kinase domain, central guanine
nucleotide dissociation inhibitor (GDI) domain, and a
carboxy-terminal actin-binding domain (Juris et al. 2000;
Prehna et al. 2006). YpkA preferentially phosphorylates the
active GTP-bound form of theaq heterotrimeric G-protein
subunit at position S47 (Navarro et al. 2007). This modi-
fication prevents aq from binding GTP, thereby inhibiting
its activity and the subsequent membrane remodeling that
would otherwise enhance uptake of bacteria. Interestingly,
mice with deficiencies in aq function have increased bleed-
ing times and defective platelet activation, which is a hall-
mark of the Plague (Offermanns et al. 1997).

The central GDI domain in YpkA from Yersinia directly
binds Rac1 and mimics the host GDI for Rho small G

N.M. Alto and K. Orth

8 Cite this article as Cold Spring Harb Perspect Biol 2012;4:a006114

 on November 23, 2023 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


proteins (Prehna et al. 2006). Consequently, Rac1 cannot un-
dergo GDP for GTP exchange and localization to the mem-
brane, where it would normally function in cell adhesion,
migration, and regulation of epithelial cell differentiation.

3.5 Bacterial Effectors Can Modify Small G Proteins

As indicated above, Rho family small G proteins are high-
value targets for bacterial effector proteins because they
control the eukaryotic cytoskeleton. Therefore, unsurpris-
ingly, some bacterial effector proteins not only mimic the
endogenous regulators but can posttranslationally modify
eukaryotic small G proteins (Etienne-Manneville and Hall
2002). C3 toxin from Clostridium botulinum, more gener-
ically known as botulinum toxin, has evolved the ability to
ADP-ribosylate and inactivate Rho-family small G pro-
teins, specifically RhoA, RhoB, and RhoC, on an invariant
N41 residue (Mohr et al. 1992). Treatment of adherent cells
with C3 toxin results in the disassembly of actin microfil-
aments and rounding up of cells (Chardin et al. 1989). N41
is located at the border of the switch I region of Rho-family
proteins, and ADP ribosylation induces close association of
the Rho small G protein with its cognate GDI, thereby
inhibiting cytosol-to-membrane cycling and preventing
activation by GEFs (Sehr et al. 1998). Bacteria with extra-
cellular life cycles, like E. coli, must avoid phagocytosis.
This can be accomplished through covalent modification
of Rho, Rac, and Cdc42. Specifically, cytotoxic necrotizing
factor 1 (CNF1) deamidates Q63 of Rho or Q61 of Rac and
Cdc42 (Flatau et al. 1997; Schmidt et al. 1997). By remov-
ing the functional amine group from the critical catalytic
glutamine residue, this renders the small G protein consti-
tutively active. Deamination-induced activation of these
small G proteins results in cell ruffling and the formation
of stress fibers, focal adhesions, and lamellipodia, as well
as extension of filopodia. These effects lead to unregulated
membrane protrusions that appear to inhibit normal
phagocytic events. An additional interesting feature of
CNF1 is its ability to rescue epithelial cells from apoptosis,
presumably prolonging the infectivity of the pathogenic
bacterium (Miraglia et al. 2007).

Another posttranslational modification used by bacterial
effectors is AMPylation, covalent attachment of AMP to a
hydroxyl side chain on a protein substrate (Woolery et al.
2010). In the 1960s, Earl Stadtman and colleagues found that
E. coli glutamine synthetase is regulated by glutamine syn-
thetase adenylyl transferase (GS-ATase), a bifunctional en-
zyme that catalyzes addition and removal of AMP from
glutamine synthetase. This results in inactivation and acti-
vation of the enzyme, respectively, which permits cellular
regulation of nitrogen metabolism (Brown et al. 1971).
VopS, a T3SS effector protein from V. parahaemolyticus,

which causes gastroenteritis due to consumption of contam-
inated raw seafood, has been found to AMPylate the con-
served threonine residue in the switch I region of Rho. The
AMPylated small G protein can no longer bind to down-
stream substrates such as PAK and rhotekin, which results in
disorganization of the actin cytoskeleton (Yarbrough et al.
2009). This benefits the pathogen because the host cell’s actin
assembly machinery is compromised, and it can no longer
induce phagocytosis.

Bacterial pathogens use AMPylators to disrupt host
signaling pathways to promote bacterial survival and rep-
lication (for review, see Woolery et al. 2010). IbpA secreted
from Histophilus somni, like VopS, also modifies RhoAwith
AMP but on a tyrosine residue instead of a threonine in the
switch I region (Worby et al. 2009). Both VopS and IpbA
proteins contain a Fic domain (Filamentation induced by
cAMP) that mediates this enzymatic activity. The Fic and
doc domains share a conserved HPFx[D/E]GN[G/K]R
motif, in which the invariant histidine residue is essential
for AMPylation activity in Fic proteins (Luong et al. 2010)
and cytotoxicity in doc (Garcia-Pino et al. 2008). Indeed,
the two domains are grouped in the same family and clas-
sified as FIDO domains based on structural similarities
(Kinch et al. 2009). Interestingly, Fic domains, found in
bacteria, archaea, and metazoans, are thought to function
as endogenous signaling elements and, therefore, are regu-
lated so as not to cause harm to the host (Kinch et al. 2009;
Engel et al. 2012). Indeed, 90% of Fic domains are regulated
by an inhibitory a-helix that prevents constitutive binding
of ATP, and binding of a specific substrate is predicted to
relieve this inhibition to allow AMPylation (Engel et al.
2012). AMPylators are comparable to kinases in that they
both hydrolyze ATP and reversibly transfer a part of this
metabolite onto a hydroxyl side chain of the protein
substrate.

A more specialized Fic domain can use the substrate
CDP-choline, instead of ATP, in a phosphotransfer reac-
tion, producing small G proteins modified by a phos-
phocholine moiety (Mukherjee et al. 2011). Legionella,
causal agent of Legionnaires’ disease, produces the effector
AnkX, which contains an Fic domain that modifies Rab1 (a
host small G protein involved in membrane transport) at
its switch II region with phosphocholine. The modified
Rab1 is no longer recognized by the host GEF, connecdenn,
but can bind to and be activated by the Legionella GEF
DrrA. The inactivation and activation of Rab1 on Legion-
ella-containing vacuoles (LCVs) thus become dictated by
the pathogen by posttranslational modifications of Rab
GTPases.

The adenylyl transferase domain is part of the larger
nucleotidyl transferase domain family and, like Fic do-
mains, can catalyze AMPylation. It is characterized by a
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conserved Gx11DxD motif in which the aspartate residues
are essential for the AMPylation activity (Jiang et al. 2007;
Muller et al. 2010). This domain has been identified in more
than 1400 bacterial proteins among 685 bacterial species, of
which the large majority are proteobacteria (Finn et al.
2009).

DrrA (also known as SidM) is a virulence factor secret-
ed from Legionella, an intracellular pathogen that survives
in LCVs in the cell (Muller et al. 2010). Legionella uses a
T4SS to secrete proteins from the LCV into the host cell.
DrrA is composed of three domains: an amino-terminal
adenylyl transferase domain, a GEF domain, and a car-
boxy-terminal phosphatidylinositol-4-phosphate-binding
(P4M) domain (Murata et al. 2006; Brombacher et al.
2009). The first domain of DrrA very closely resembles
the carboxy-terminal adenylyl transferase domain of E.
coli GS-ATase and contains the conserved Gx11DxD motif
(Muller et al. 2010). The GEF domain is capable of cata-
lyzing the exchange of GDP for GTPon Rab1, which plays a
role in the regulation of vesicular transport from the endo-
plasmic reticulum (Murata et al. 2006). The P4M domain
anchors the effector to the cytoplasmic side of the LCV
membrane (Brombacher et al. 2009). DrrA hijacks Rab1
by locking it into its GTP-bound active state, using both
the DrrA GEF and adenylyl transferase domains. The GEF
domain exchanges GDP for GTP, and the adenylyl trans-
ferase domain AMPylates Y77 in the switch II region of
Rab1, which blocks its interaction with host GAPs, prevent-
ing the hydrolysis of GTP. AMPylated and prenylated GTP-
Rab1 localizes with DrrA and targets ER vacuoles to the
LCV (Muller et al. 2010). Another virulence factor from
Legionella, SidD, contains a deAMPylating activity, allow-
ing its recycling (Neunuebel et al. 2011; Tan and Luo 2011).
This protein is a phosphodiesterase that, on the basis of
structural analysis, resembles a protein phosphatase (Rig-
den 2011).

3.6 Bacterial Effectors Mimic Host Small G Proteins

Another strategy used by bacterial pathogens is to produce
proteins that mimic small G proteins themselves. EHEC
O157:H7 secretes the effector protein EspFu (also known
as TccP) in order to create actin-based pedestals, allowing
attachment of the bacterium to the intestinal epithelium
(Campellone et al. 2004; Garmendia et al. 2004). The Wis-
kott-Aldrich syndrome protein (WASP) family of actin nu-
cleators is normally regulated by Rac and Cdc42, which bind
to the Cdc42/Rac1-interaction-binding domain (CRIB)
motif within the G-protein-binding domain (GBD) of
N-WASP (Devreotes and Horwitz 2012). This releases
N-WASP from an autoinhibited conformation that de-
pends on interaction of the GBD and the verprolin-

homology, cofilin-homology, acidic (VCA) domain. Re-
markably, EspFu mimics a 17-residue stretch of the VCA
motif, thus competing for binding with the GBD, and there-
by constitutively activates N-WASP and activates down-
stream actin polymerization (Cheng et al. 2008; Sallee
et al. 2008).

EspFu is not the only bacterial effector to directly acti-
vate small G-protein substrates. A second EHEC O157:H7
effector, EspG, is an activator of class I PAK family serine/
threonine kinases (Selyunin et al. 2011). Under normal
circumstances, PAKs are responsible for regulating cyto-
skeletal dynamics and are activated by Rac1 or Cdc42 small
G proteins in a manner similar to the activation of N-WASP
discussed above. The PAKs contain an amino-terminal
autoinhibitory domain and a carboxy-terminal kinase do-
main. Binding of activated Cdc42 or Rac1 to the CRIB
domain within the autoinhibitory domain of PAK potently
induces kinase activation. In contrast, EHEC EspG binds to
and activates PAK but does not recognize the CRIB. Rather,
EspG specifically interacts with the Ia3 helix, which sits
upstream of the CRIB domain and serves two primary
functions: (1) it occludes the substrate-binding site of the
kinase domain, and (2) it positions an inhibitory loop into
the kinase catalytic cleft. Binding of EspG to Ia3 is predict-
ed to unfold the autoinhibitory domain and release the
kinase inhibitory loop, leading to PAK activation. Both
bacterial virulence factors, EspFu and EspG, thus mimic
the basic principles of host small G-protein function to
activate their downstream targets by separating the inhib-
itory domain from the activity-bearing domain, but they
use distinct molecular mechanisms to achieve this result.

4 HIGHJACKING LIPID SIGNALING

Phosphoinositides, particularly phosphatidylinositol 4,5-
bisphosphate (PIP2), regulate the actin cytoskeleton be-
neath the plasma membrane, functioning in signaling as
well as trafficking by targeting vesicles around the cell. Dis-
ruption of phosphoinositide homeostasis at the plasma
membrane by bacterial effectors can destabilize actin dy-
namics and alter the morphology of the membrane. This
facilitates the entry of intracellular pathogens or, in the case
of extracellular pathogens, can disrupt membrane integrity,
which leads to rapid cell lysis in the subsequent stage of
infection to facilitate pathogen spreading (Ham et al. 2011).

4.1 The Inositol Polyphosphate 4-Phosphatase
Shigella IpgD and Salmonella SopB Promote
Pathogen Entry

IpgD is an effector from the facultative intracellular path-
ogen Shigella that is directly translocated into host cells
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through a T3SS upon contact with the cell surface (Niebuhr
et al. 2000). IpgD is a 4-phosphoinositide phosphatase that
hydrolyzes PIP2 to produce phosphatidylinositol 5-phos-
phate [PI(5)P] (Niebuhr et al. 2002). Removal of PIP2 by
IpgD decreases the tethering of the plasma membrane to
PIP2-binding cytoskeleton-anchoring proteins, causing ex-
tension of membrane filopodia and massive cellular bleb-
bing (observed as bubble-like protrusions) (Charras and
Paluch 2008). This reorganization of the actin cytoskeleton
at the bacterial entry site promotes the uptake of the path-
ogen by the host cells.

Like IpgD, the Salmonella effector protein SopB hydro-
lyzes PIP2 to promote bacterial invasion and establish a
niche for its vacuolar life cycle inside the host (Norris
et al. 1998; Terebiznik et al. 2002; Hernandez et al. 2004).
Thus, modulation of phosphoinositide metabolism ap-
pears to be a common strategy for bacterial pathogens to
usurp signaling at plasma and vesicular membranes.

4.2 Inositol Polyphosphate 5-Phosphatase
V. parahaemolyticus VPA0450 Promotes
Blebbing

A similar molecular mechanism is used by the T3SS effec-
tor VPA0450 from the extracellular pathogen V. parahae-
molyticus (Broberg et al. 2010). VPA0450 contains catalytic
motifs that mimic the activity of the eukaryotic inositol
polyphosphate 5-phosphatases (IPP5Cs), which hydrolyze
PIP2 at the membrane surface. In contrast to IpgD, VPA0450
hydrolyzes the D5 phosphate, producing PI(4)P. The re-
moval of PIP2 disrupts actin dynamics, causing the local
detachment of the cortical cytoskeleton from the plasma
membrane, which leads to extensive membrane blebbing.
Whereas IpgD uses the same molecular mechanism to fa-
cilitate internalization of the bacteria, blebbing induced by
VPA0450 instead accelerates lysis of the infected host cell
(Broberg et al. 2011).

5 OTHER ACTIN REGULATORS TARGETED
BY PATHOGENS

The actin cytoskeleton supports focal adhesions and con-
trols cell contraction, cell motility, endocytosis, phagocy-
tosis, and cell division. A characteristic feature of all of these
processes is the dynamic transition of cellular actin between
its monomeric (G) and polymeric (F) actin states, which is
controlled by a myriad of regulatory proteins that act on
distinct states of the actin polymer network. For example,
the Arp2/3 complex nucleates filaments that grow from the
side of existing filaments, creating branched networks,
whereas formins and SPIRE nucleate unbranched filaments
(Campellone and Welch 2010). A common mechanistic

feature of all three systems is the ability to assemble actin
or actin-like proteins into an arrangement that can serve as
a template for growth of a new filament. The Arp2/3 com-
plex contains two actin-related subunits, which form a
pseudo-actin trimer with an actin monomer provided by
activators of the WASP family, such as N-WASP (see above).
Formins bind two actin monomers and are thought to
position them appropriately for filament growth. SPIRE
proteins have multiple repeats of Wiskott-Aldrich homol-
ogy 2 (WH2) domains that bind to actin and appear to
create a three-actin template for filament extension. Bacte-
ria and viruses can hijack these mechanisms to directly
regulate actin nucleation, producing the characteristic
pathogen motility observed in Listeria-, Shigella-, Rickett-
sia-, and Vaccinia-virus-infected cells. In addition, several
bacterial species from the Vibrio genus translocate actin-
elongation factors into host cells.

5.1 Pathogenic Actin Nucleation Factors

A few bacterial pathogens and viruses use actin polymeri-
zation to move around within and between cells. Bacteria
from at least three genera (Listeria, Shigella, and Rickettsia)
and Vaccinia virus all use membrane-anchored proteins
to produce actin comet tails that propel the microorgan-
ism through the cytoplasm, along the surface of the cell,
or through the plasma membrane into a neighboring cell.
Although the proteins used by each of these pathogens
are unique in structure and function, they all share the com-
mon feature of nucleating actin filaments de novo at the
membrane surface. For example, ActA directly recruits
and activates the Arp2/3 complex at the surface of Listeria
monocytogenes (Welch et al. 1998). It has, in fact, been an
essential tool for studies of various biological processes in-
cluding cell motility and provided the first physio-
logical evidence for the nucleating activity of the Arp2/3
complex (Welch et al. 1998). Like ActA, Shigella VirG/IcsA
induces formation of actin comet tails, but this pathogen
uses a distinct mechanism. Whereas ActA directly activates
Arp2/3, VirG/IcsA on the bacterial surface can recruit
N-WASP and induce actin nucleation via Arp2/3 (Egile
et al. 1999). Finally, Vaccinia virus uses the membrane-an-
chored protein A36R to facilitate intracellular movement
that is strikingly similar. A large domain of A36R on the
viral surface is phosphorylated by Src-family tyrosine ki-
nases and then directly interacts with the adaptor protein
Nck and subsequently recruits N-WASP. These processes are
all essential for the bacteria and viruses to invade systemic
tissues of their host organism and therefore represent key
virulence factors in a wide range of infectious diseases.

Extracellular pathogens including EPEC also hijack
Arp2/3, albeit by a mechanism distinct from that described
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above. EPEC secretes a cell surface receptor, Tir, which
embeds in the host plasma membrane and forms a complex
with the bacterial adhesion molecule intimin (Kenny et al.
1997). This causes Tir to cluster at the cell surface, result-
ing in tyrosine phosphorylation of its cytoplasmic tail
and subsequent recruitment of Nck via its SH2 domain
(Gruenheid et al. 2001). This recruits N-WASP and the
Arp2/3 complex to nucleate branched actin filaments at
the EPEC–host interface, resulting in the formation of
pedestals. These molecular events are instrumental in the
tight attachment of EPEC to the intestinal epithelial cell
wall and also induce the characteristic attaching and effac-
ing (A/E) lesion that defines EPEC infections.

5.2 Pathogenic Elongation Factors: Vibrio VopL/F

In addition to inducing branched actin networks through
activation of Arp2/3, V. parahaemolyticus produces VopL,
which has three closely spaced WH2 domains that bind
actin (Fig. 4) (Liverman et al. 2007). VopL directly induces
the nucleation of actin independently of any other eukary-
otic factor and is more efficient than its eukaryotic coun-
terparts (Namgoong et al. 2011; Yu et al. 2011). Interspersed
with the WH2 domains are three proline-rich motifs
(PRMs). PRMs have many potential interacting partners,
including WWdomains, SH3 domains, and the actin-bind-
ing protein profilin. The PRMs in VopL closely resemble
those found in the FH1 domains of formins, which are
known to bind profilin and profilin–actin complexes
(Holt and Koffer 2001). V. parahaemolyticus uses VopL to
induce unregulated production of stress fibers and thereby
disrupts actin homeostasis in the epithelial cells of the gut
during infection, resulting in an enterotoxic effect in the
intestine. Another T3SS virulence factor from V. cholera,
VopF, contains a similar WH2/PRM domain architecture
and also promotes actin assembly independently of host
proteins. VopF induces the formation of small actin pro-
trusions, rather than stress fibers, and may help efficient
colonization during infection.

6 TARGETING UBIQUITIN-MEDIATED
SIGNAL TRANSDUCTION

Evolutionarily conserved ubiquitylation machinery regu-
lates a diverse set of cellular processes, including devel-
opment, transcription, replication, cell signaling, and
immune function (Pickart 2004; Mukhopadhyay and Riez-
man 2007; Yaffe 2012). The versatility of this system to
reversibly modify protein function makes it an attractive
target for a wide range of pathogens, including viruses and
bacteria. These microbes are particularly adept at coopting
the ubiquitylation machinery. Indeed, ubiquitin itself is

encoded by a large number of viral genomes, and many
viruses and bacteria encode the ubiquitin ligases or adaptor
proteins required for ubiquitin posttranslational modifica-
tion (Randow and Lehner 2009; Collins and Brown 2010).

Ubiquitin can be covalently linked to protein substrates
as either a single molecule (monoubiquitylation) or a poly-
peptide chain (polyubiquitylation) (Yaffe 2012). It is first
activated by a ubiquitin-activating enzyme, E1, which in-
volves an ATP-dependent transfer of ubiquitin to the en-
zyme’s catalytic cysteine residue. It is then transferred to the
active-site cysteine of an E2 ubiquitin-conjugating enzyme.
The ubiquitin residue on the charged E2 enzyme is then
targeted to substrates via an E3 ligase. K48-linked chains
of ubiquitin mark the substrate for proteasomal degrada-
tion. In contrast, monoubiquitylation or K63-linked chains
serve as regulatory signals in signal transduction, mem-
brane trafficking, DNA repair, and chromatin remodeling.
Below, we highlight a few specific examples of pathogens
exploiting the ubiquitin system. These interactions have
not only informed us regarding microbial pathogenesis,
but also continue to reveal novel mechanisms of ubiquitin
regulation in cell signaling.

Many viruses, including baculoviruses, poxviruses, and
herpes simplex virus, encode their own ubiquitin mole-
cules but have significantly altered the ubiquitin gene. Hu-
man ubiquitin shares only 75% similarity with baculovirus
ubiquitin, compared with 96% similarity with yeast ubiq-
uitin (Haas et al. 1996). The viral ubiquitylation machinery
may therefore function differently from the host ubiquity-
lation machinery. Many bacteria also secrete enzymes that
modify host ubiquitin or ubiquitin-like molecules (UBLs).
Recent studies of EPEC revealed that host ubiquitin is de-
amidated on Q40 by the bacterial type III effector Cif (Cui
et al. 2010). Similarly, the Cif homolog CHBP encoded by
Burkholderia pseudomallei deamidates Q40 both on ubiq-
uitin and the UBL Nedd8 (Cui et al. 2010; Jubelin et al.
2010; Morikawa et al. 2010). These posttranslational mod-
ifications potently inhibit polyubiquitin chain synthesis,
resulting in accumulation of host substrates and severe cy-
topathic effects.

Viruses and bacteria can also encode their own E3 ubiq-
uitin ligases or adaptor proteins that link host E3 enzymes to
specific host substrates. Most known eukaryotic E3 ligases
belong to one of three types: RING, HECT, and U-box.
There are currently no known viral HECT family E3 ubiq-
uitin ligases. Instead, viruses encode RING family or un-
conventional E3 ligases. Two examples of RING type E3
ligases are the RING-CH family and the Infected Cell Pro-
tein 0 (ICP0) family. Initially identified in the murine and
human gammaherpes viruses, respectively, these virulence
factors down-regulate immune cell surface receptors (Cos-
coy and Ganem 2000; Ishido et al. 2000; Stevenson et al.
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2000; Haque et al. 2001). For example, the K3 and K5 gene
products of Karposi’s Sarcoma Associated Herpesvirus
(KSHV) provide immune protection by ubiquitylating
MHC class I molecules that present antigen at the cell sur-
face, targeting them for endocytosis and lysosomal degra-
dation. In contrast, ICP0 of herpes simplex virus type I
(HSV-1) is required for reactivation of latency and sup-
pression of innate immunity (Everett 2000). The RING do-
main of ICP0 promotes the accumulation of ubiquitylated
proteins and their subsequent proteasomal degradation. In
particular, it causes the degradation of RNF8 and RNF168,
host cell E3 ligases that are essential for the cellular response
to DNA damage. By degrading these proteins, ICP0 blocks
the cellular DNA damage response that HSV infection ac-
tivates, which would otherwise shut off viral transcription.

Another well-characterized example of a virally encod-
ed E3 ligase is adenovirus E4orf6, which, together with
adenovirus E1B-55K, substitutes for the substrate recogni-
tion subunits of the cullin-EloB-C core complex (Querido
et al. 2001a). This host–pathogen complex forms a novel
ubiquitin ligase that targets the tumor suppressor p53,
Mre11, and the BLM helicase to abrogate the cellular
DNA damage response during viral infection (Dobner
et al. 1996; Querido et al. 2001b).

The KSHV immediate-early transcription factor RTA
shows unconventional E3 ubiquitin ligase activity that
targets host immune protein IRF7 for proteasomal degra-
dation (Yu et al. 2005). Similarly, the ubiquitin ligase do-
main of the IpaH family of bacterial type III effectors is
structurally distinct from both the HECT and RING fam-
ilies (Rohde et al. 2007; Singer et al. 2008; Zhu et al. 2008).
However, like the HECT-type E3 ligases, IpaH transfers
ubiquitin from UbcH5 E2 to substrates by forming a ubiq-
uitin thioester intermediate at a conserved cysteine residue.
A series of leucine-rich repeats (LRRs) in IpaH and its
family members is responsible for recognizing a diverse
array of host substrates and targeting these substrates for
ubiquitylation.

Pathogens may also encode adaptor proteins that link
E3 ligases to target substrates. In a classic example, the E6
oncoprotein encoded by human papillomavirus (HPC) fa-
cilitates ubiquitylation and proteasomal degradation of
p53 (Scheffner et al. 1993; Huibregtse et al. 1995). The
dimeric E6 forms a complex with human E6-AP, the found-
ing member of the HECT-type E3 ubiquitin ligase family
(Huibregtse et al. 1995). The E6–E6-AP complex binds to
and targets p53 for ubiquitin-dependent proteolysis, thus
interfering with the growth-regulating activities of this tu-
mor suppressor. These discoveries have provided essential
insights into cancer caused by high-risk HPV, and have
defined an entire class of E3 ubiquitin ligases involved in
a myriad of biological processes.

7 CONCLUSION

Virulence factors produced by pathogens have evolved to
efficiently manipulate host signaling pathways (Table 1).
Mechanisms range from constitutive activation of a path-
way, to irreversible inactivation of a critical signaling mol-
ecule, to subversion of a whole signaling system to favor the
invading pathogen. A major challenge in the future is to
determine the enzymatic activities and host substrates for
the bacterial and viral virulence factors that show no obvi-
ous homology to eukaryotic proteins. Another, even more
complex challenge is to understand how these factors work
together to orchestrate a successful infection. Temporal and
spatial considerations are extremely important for regulat-
ing a host cell during infection. Likewise, within the path-
ogen, determining the regulatory mechanisms that control
the activation patterns and spatial dynamics of virulence
factors will help reveal how microbial pathogens coopt sig-
nal transduction systems during infection. Finally, the use
of model organisms to complement studies in mammalian
cells will provide valuable insights into the physiologi-
cal roles of bacterial effector proteins. Such information
is essential to gain a system-level view of the infectious
disease process and to ultimately design therapeutics that
target host–pathogen interactions. Inevitably, by discover-
ing the mechanisms of pathogenic effectors, we have gained
a greater understanding into critical steps in eukaryotic
signaling. Although a great deal has been learned, given
the number and diversity of the yet-to-be-studied bacterial
and viral pathogens, much more is left to be discovered.
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