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Many bacterial pathogens exploit secre-
tion systems to convey virulence proteins, 
called effectors, into eukaryotic host cells. 
Often, these effector proteins are collectively 
necessary for the progression of infection. 
The molecular mechanisms by which these 
effectors support virulence have been the 
subject of much research. Recent papers 
analyzing the intracellular fate of Legionella 
pneumophila effectors have underlined the 
importance of their subcellular localiza-
tion in challenging host cellular processes 
and underscored the exploitation of the 
eukaryotic lipidation machinery by bacte-
rial pathogens.

The proper localization of proteins to 
specific subcellular compartments is crucial 
in the functioning of eukaryotic cells. This is 
also true and even more critical for prokary-
otic proteins given that bacterial effectors are 
translocated into eukaryotic cells in small 
quantities. Thus, they need to be directed to 
their downstream target in order to be able 
to accomplish their functions.

Similar to eukaryotic proteins syn-
thesized by free ribosomes, translocated 
effector proteins need to be transported 
to their intended host compartments and 
membranes. These include the nucleus 
(Zurawski et al., 2006), endoplasmic retic-
ulum (Campodonico et al., 2005), plasma 
membrane (Schmid et al., 2006), or Golgi 
(Geddes et al., 2005) even though effectors 
are frequently found in close proximity to 
their translocation site (Kenny et al., 1997). 
Targeting of effectors to the cytoplasmic 
face of endo-membranes is possible owing 
the presence of hydrophobic domains 
(Salcedo and Holden, 2003) or the post-
translocation modifications by covalent 
attachment of lipid groups. These modifi-
cations facilitate membrane attachment of 
effectors, their subcellular targeting, and 
very likely their partitioning into specific 
membrane domains.

(Nimchuk et  al.,  2000). Upon transloca-
tion into plant cells, Avr effectors are cleaved 
and modified by N-myristoylation and 
S-palmitoylation (Dowen et  al., 2009). In 
2003, we showed that the Salmonella effec-
tor protein SifA has a C-terminal CAAX 
motif, which is necessary and sufficient to 
target SifA or the green fluorescent pro-
tein to membranes (Boucrot et al., 2003). 
SifA is isoprenylated through the action of 
the geranylgeranyl transferase I (Reinicke 
et al., 2005).

In 2010, two independent groups pub-
lished studies putting forward the idea that 
subversion of host lipidation by bacterial 
pathogens could represent a conserved viru-
lence strategy. The Dot/Icm type IV secre-
tion of L. pneumophila translocates AnkB. 
The group of Abu Kwaik established that 
host cell farnesylation anchors AnkB to the 
membrane of the Legionella vacuole, both in 
human macrophages and Dictyostelium dis-
coideum (Price et al., 2010a; Al-Quadan and 
Abu Kwaik, 2011). Puzzlingly, host enzymes 
involved in prenylation (FTase) and sub-
sequent processing (RCE-1 and ICMT) 
are recruited to the Legionella vacuole in 
a Dot/Icm-dependent manner. Whether 
farnesylated effectors are processed is not 
known but this is suggested by the presence 
of the necessary enzymes on the vacuole and 
the fact RNAi knockdown of these enzymes 
blocks targeting of AnkB to membranes.

Specific effector proteins could mediate 
the vacuolar recruitment of the lipidation 
enzymes. However, the slight but signifi-
cant reduction in vacuolar localization of 
the FTase in absence of AnkB indicates a 
substrate-dependent recruitment (Price 
et al., 2010a,b). This hypothesis is sustained 
by the finding that L. pneumophila encodes 
>10 Dot/Icm effector proteins bearing a 
functional C-terminal CAAX motif (Ivanov 
et al., 2010; Price et al., 2010b). Interestingly 
the homology between these proteins is 

Protein lipidation in eukaryotic 
cells
The involvement of lipidation in some 
severe human diseases (cancer, genetic 
blindness, premature aging, or osteo-
petrosis; Perez-Sala, 2007) underlies the 
functional significance of these post-
translational modifications. Lipidation 
of proteins include modifications such as 
acylation (also called palmitoylation), myr-
istoylation, and prenylation.

Prenylation of eukaryotic proteins 
consists of the covalent incorporation 
of an isoprenoid lipid to cysteine resi-
dues located at the carboxy terminus. 
Eukaryotic cells encode many proteins 
bearing cysteine as the fourth to last 
residue (Clarke et  al., 1988). Indeed, a 
consensus sequence designated CAAX 
(C for cysteine, A for an aliphatic amino 
acid, and X for any amino acid) that 
ends the primary translation product 
has been shown to direct a series of post-
translational modifications that start by 
a prenylation. The lipid substrates, which 
are 15-carbon farnesyl or 20-carbon gera-
nylgeranyl isoprenoids, are linked to the 
cysteine of the CAAX motif by thioether 
linkages. These prenylations are catalyzed 
by a farnesyltransferase (FTase) or a ger-
anylgeranyltransferase (GGTase; Zhang 
and Casey, 1996). Prenylated proteins are 
further processed. The Ras-converting 
enzyme-1 (RCE-1) cleaves the last three 
amino acids (AAX) while the C-terminal 
isoprenyl cysteine is methylated by the iso-
prenyl cysteine carboxyl methyltransferase 
(ICMT; Michaelson et al., 2005).

Bacterial effectors are lipidated 
by host enzymes
The lipidation of bacterial effector 
proteins by the eukaryotic enzymatic 
machinery was first described for the 
phytopathogen Pseudomonas syringae 
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established, it is likely that lipidation 
promotes activity of bacterial effectors 
by facilitating the interaction with host 
targets or other effectors.

Many pathogens encode 
C-terminal CAAX motif-containing 
proteins
As demonstrated by the groups of Roy 
(Ivanov et  al., 2010) and Abu Kwaik 
(Price et  al., 2010b) several Legionella 
strains encode a number of CAAX motif-
containing proteins and most of them 
are effectors. Thus, an important ques-
tion raised is whether the exploitation of 
host lipidation machinery is a widely used 
virulence strategy. Price et  al. (2010a) 
searched for CAAX motif-containing 
proteins by in silico analyses of bacterial 
pathogens capable of injecting effector 
proteins into eukaryotic cells. Proteins 
harboring a C-terminal prenylation motif 
were found in about 20 bacterial patho-
gens but not in non-pathogenic bacteria. 
Remarkably this motif was rarely found 
in products of housekeeping genes. This 
suggests that the presence of a functional 
CAAX on virulence proteins results from 
the adaptation of the pathogen to the 
host, and indirectly that a CAAX motif is 
a hallmark of effector proteins.

Collectively, these studies illustrate how 
bacterial pathogens exploit a host-targeting 
signal to localize translocated virulence 
factors to specific eukaryotic membranes. 
Considering the great number bacterial 
pathogens encoding CAAX motif proteins, 
the functional significance of this post-
translocation modification will certainly 
be an area of active investigation. Most 
interestingly, by limiting the function of 
these proteins, lipidations enzymes inhibi-
tors may lower the virulence of bacterial 
pathogens. Molecules capable of inhibiting 
prenylation have been developed for cancer 
treatment in humans. The potential of these 
drugs as a new class of broad-spectrum 
anti-bacterial agents merits further study.

Acknowledgments
The author receives support from ANR 
(reference ANR-09-BLAN-0296-01) and 
CNRS. He thanks Steve Garvis, Thais L. 
Lacerda, and Suzana P. Salcedo for proof-
reading and helpful comments.

limited to the CAAX motif, suggesting that 
proteins with different functions are tar-
geted to membrane through prenylation.

Where does prenylation occur?
While farnesylation of eukaryotic pro-
teins occurs in the cytosol (Wright and 
Philips, 2006), the FTase is recruited to the 
Legionella vacuole. Thus, it was proposed 
that farnesylation of effectors occurs at 
the bacterial vacuolar membrane (Price 
et  al., 2010a). However AnkB might also 
be modified in the cytosol before being 
anchored to the vacuolar membrane as a 
substrate–enzyme complex. Both RCE-1 
and ICMT are ER-resident proteins and the 
post-farnesylation processing of eukaryotic 
proteins occurs on the cytosolic surface of 
the ER membrane. As Legionella resides in 
a compartment derived from the ER, the 
vacuole may conceivably be a default com-
partment for the localization of RCE-1 and 
ICMT. Still, these enzymes are also recruited 
to the bacterial vacuole in a Dot/Icm-
dependent manner. It is not known whether 
the GGTase is recruited to the Salmonella 
vacuole to modify SifA.

Role of prenylation in effectors 
functions
Using a point mutant form of AnkB, Price 
et al. (2010a) showed that farnesylation of 
AnkB is necessary for its anchoring to the 
Legionella vacuole and for its biological 
function, which has been described as the 
vacuolar docking of polyubiquitinated 
proteins. In the mouse model, this mod-
ification is also necessary for intrapul-
monary proliferation. Not surprisingly 
inhibition of the aforementioned enzymes 
results in loss of biological function of 
AnkB. Results are more contrasted for 
the Salmonella effector SifA. As far as the 
replication in macrophages and virulence 
in mice are concerned, we established that 
the C-terminal hexapeptide of SifA, which 
includes the CAAX motif, is required 
(Boucrot et  al., 2003), while Reinicke 
et al. (2005) found that strains express-
ing point mutant forms of SifA deficient 
in S-acylation or prenylation were compa-
rable to the wild-type strain. A differen-
tial vacuolar recruitment of these mutant 
forms of SifA could explain these discrep-
ancies. Though a general rule cannot be 
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