1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 01.

-, HHS Public Access
«

Published in final edited form as:
Crit Rev Biochem Mol Biol. 2017 April ; 52(2): 145-162. doi:10.1080/10409238.2017.1287161.

Dynamic protein S-palmitoylation mediates parasite life cycle
progression and diverse mechanisms of virulence

Robert W. B. Brownl, Aabha I. SharmaZ?, and David M. Engman?:2
1Department of Pathology and Laboratory Medicine, Cedars-Sinai Medical Center, Los Angeles,
CA, United States

2Departments of Pathology and Microbiology-Biology, Northwestern University, Chicago, IL,
United States

Abstract

Eukaryotic parasites possess complex life cycles and utilize an assortment of molecular
mechanisms to overcome physical barriers, suppress and/or bypass the host immune response,
including invading host cells where they can replicate in a protected intracellular niche. Protein S-
palmitoylation is a dynamic post-translational modification in which the fatty acid palmitate is
covalently linked to cysteine residues on proteins by the enzyme palmitoyl acyltransferase (PAT),
and can be removed by lysosomal palmitoyl-protein thioesterase (PPT) or cytosolic acyl-protein
thioesterase (APT). In addition to anchoring proteins to intracellular membranes, functions of
dynamic palmitoylation include — targeting proteins to specific intracellular compartments via
trafficking pathways, regulating the cycling of proteins between membranes, modulating protein
function, and regulating protein stability. Recent studies in the eukaryotic parasites—Plasmodium
falciparum, Toxoplasma gondii, Trypanosoma brucei, Cryptococcus neoformans, and Giardia
lamblia—have identified large families of PATs and palmitoylated proteins. Many palmitoylated
proteins are important for diverse aspects of pathogenesis, including differentiation into infective
life cycle stages, biogenesis and tethering of secretory organelles, assembling the machinery
powering motility, and targeting virulence factors to the plasma membrane. This review aims to
summarize our current knowledge of palmitoylation in eukaryotic parasites, highlighting five
exemplary mechanisms of parasite virulence dependent on palmitoylation.
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Introduction

Lipid modifications of proteins are an important class of post-translational modifications,
typically facilitating the anchoring of proteins to hydrophobic membranes. Covalent lipid
modifications include N-myristoylation, N-palmitoylation, S-palmitoylation, and prenylation
(Nadolski and Linder, 2007, Aicart-Ramos et al., 2011). N-myristoylation is the co-
translational attachment of a 14-carbon saturated fatty acid chain to an N-terminal glycine
residue in the MGXXXS/T motif catalyzed by N-myristoyltransferase (NMT) (Figure 1A).
Prenylation is the addition either a farnesyl or geranylgeranyl moiety to the cysteine residue
of the CAAX box motif (cysteine-aliphatic-aliphatic-any) at the C-terminus of a protein
(Figure 1B) (Wang and Casey, 2016). These isoprenoid modifications are catalyzed by
farnesyltransferases and geranylgeranyltransferases. Both N-myristoylation and prenylation
are irreversible. S-palmitoylation refers to the covalent addition of a 16-carbon fatty acid
chain to a cysteine residue in a protein via a thioester linkage (Figure 1C) (Linder and
Jennings, 2013). Palmitate (16:0) is the predominant and archetypal lipid species, although
several other heterogeneous saturated or unsaturated fatty acids can also be incorporated,
including oleic acid (18:1) and arachidonic acid (20:4) (Liang et a/., 2001). A recognition
sequence for palmitoylation has not been precisely defined, although palmitoylation sites are
categorized based on simple patterns including Type | (-CC-), Type 1l (CXXC) and Type Il
(other sites), which an online algorithm called CSS-Palm 2.0 uses to predict sites /n silico
(Ren et al., 2008). N-palmitoylation is a rare irreversible modification of cysteine with
palmitate utilizing a stable amide-linkage, and will not be discussed again (Buglino and
Resh, 2008). Notably, individual proteins often possess combinations of these lipid moieties,
attached concurrently, which confer increased hydrophobicity, and can strengthen their
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interaction with intracellular membranes, thus altering their targeting and/or function in the
cell (Aicart-Ramos et al., 2011).

Studies of S-palmitoylation in parasites are not as advanced as they are in humans or yeast,
although several palmitoyl proteomes (palmitoylomes) have been characterized in recent
years, and dozens of palmitoylated proteins with parasite-specific functions have been
identified (Emmer et al., 2011, Jones et al., 2012a, Frenal et al., 2014, Foe et al., 2015). This
review aims to summarize our basic knowledge of palmitoylation, and describe five unique
examples of palmitoylation contributing to parasite virulence.

The discovery of dynamic S-palmitoylation in eukaryotes

Palmitoylation performs many functions in eukaryotic cells, not only anchoring protein in
lipid membranes, but also trafficking of proteins to subcellular compartments, stabilizing
proteins by preventing their ubiquitination and degradation, and regulating protein activity
(Linder and Deschenes, 2007, Shipston, 2011). Palmitoylation is known to preferentially
anchor proteins in detergent-resistant membranes called lipid rafts - membrane
microdomains containing high concentrations of sterols and sphingolipids and possessing
high liquid order, enriched in signaling proteins (Simons and Ikonen, 1997). This is a crucial
phenomenon for the specific trafficking of proteins to ciliary membranes (Emmer et al.,
2010b).

Palmitoyl acyltransferases (PATS) were first characterized in S. cerevisiae and were found to
contain a novel cysteine-rich domain (CRD), similar to a zinc-finger metal-binding site, and
a short consensus motif, aspartate-histidine-histidine-cysteine, hence referred to as the
DHHC-CRD (Lobo et al., 2002, Roth et al., 2002). This motif was previously identified in
eukaryotic genomes (Putilina et al., 1999, Mitchell et al., 2006). The completion of many
genome sequences has allowed the facile identification of PAT families in many other
eukaryotes, including seven PATS in S. cerevisiae and twenty-four PATS in humans (Greaves
and Chamberlain, 2011). Notably, PAT proteins possess a distinct topology with four to six
transmembrane domains, and the DHHC motif facing the cytoplasm on an inter-
transmembrane-domain loop (Figure 1D) (Linder and Jennings, 2013). Many PATS are
located to the endoplasmic reticulum (E.R.) or Golgi apparatus in yeast and humans,
although a few are found in the plasma membrane or specialized vacuoles (Ohno et al.,
2006).

Two classes of palmitoyl thioesterases catalyze the reverse reaction - acyl-protein
thioesterase (APT) and palmitoyl-protein thioesterase (PPT) (Das et a/., 2000, Duncan and
Gilman, 2002). As palmitoylation is a reversible lipid modification, it often functions in
dynamic cellular processes, similar to protein phosphorylation (Salaun et a/., 2010). The
classic example is the Ras family of small GTPases, which are palmitoylated in the Golgi,
targeting them to the plasma membrane, where they are depalmitoylated, thus creating a
continuous cycle which spatially organizes these peripheral membrane proteins without the
need for targeting receptors (Rocks et al., 2005, Rocks et al., 2010). Crosstalk between
palmitoylation of proteins and other modification like phosphorylation also occurs via two
possible mechanisms. Either the palmitate restricts access of a protein kinase to its substrate,
or the phosphate prevents a PAT from palmitoylating its substrate (Salaun et al., 2010).
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The development of protocols for palmitoyl proteomics has enabled the rapid
characterization of whole cell palmitoylomes, typically composed of hundreds of proteins
for any cell type. Acyl-biotinyl exchange was the original method, which in simple terms
involves replacement of palmitate with a biotin moiety that permits protein purification on
streptavidin and identification by mass spectrometry. Palmitoyl proteomics employing ABE
measures the steady-state palmitoylome at the time ABE is performed and revealed the
functional redundancy of the PAT family in yeast (Roth et al., 2006, Wan et al., 2007).
Subsequently, a protocol to measure dynamic palmitoylation was invented, involving
metabolic labeling of palmitoylated proteins /n vivo with the palmitate analog 17-
octadecanoic acid (17-ODYA), followed by addition of a biotin moiety via click chemistry,
streptavidin purification and identification by mass spectrometry (Martin and Cravatt, 2009,
Martin et al., 2012). For more details on these methods, we recommend a recent review
summarizing these technologies and other improvements, that now allow specific
palmitoylation sites to be mapped (Zhou et al., 2014).

In humans, aberrant palmitoylation plays a role in many diseases, including the adult-onset
neurodegenerative disease Huntington disease, and also many cancers expressing N- and H-
Ras oncogenes (Ducker et al., 2004, Sanders and Hayden, 2015). Palmitoylation can be
inhibited by 2-bromopalmitate (2BP), although proteomics analysis showed that there may
be some off-target effects of this drug. New inhibitors have been developed with better
selectivity (Jennings et al., 2009, Davda et al., 2013).

The innovations described above have prompted parasitologists to explore palmitoylation
using proteomics and characterize its role in a variety of processes from protein targeting to
virulence factor biogenesis. In this context, the role of palmitoylation in parasite biology is
unsurprising, as it is fundamental to the functioning of so many membrane proteins in other
eukaryotes.

Apicomplexan parasites regulate pathogenic processes by palmitoylation

Three epidemiologically significant diseases in humans are caused by unicellular parasites
from the Apicomplexan phylum. Malaria in humans is caused by five Plasmodium species
transmitted by Anopheles mosquitoes in tropical latitudes, but P falciparum causes the
majority of the estimated 700,000-1,000,000 global annual fatalities, making £, falciparum
by far the most devastating parasitic infection of humans in terms of mortality (Winzeler,
2008, Murray et al., 2014). Death is caused by severe anemia from erythrocyte lysis or CNS
inflammation. 7Toxoplasma gondiiis a widespread zoonotic coccidian responsible for a
largely asymptomatic latent infection called toxoplasmosis. 7Toxgplasma is acquired by
consumption of meat containing toxoplasma cysts and leads to a mild illness in healthy
people, or a potentially fatal neurologic disease in immunocompromised individuals (Black
and Boothroyd, 2000, Dubey, 2009). Congenital transmission of 7. gondii can cause
spontaneous abortions and devastating neurologic disease in newborns (Black and
Boothroyd, 2000). Cryptosporidium species cause an acute enteric disease in humans called
intestinal cryptosporidiosis, the primary symptom being watery diarrhea, as well as causing
respiratory cryptosporidiosis, with C. hominisand C. parvum species responsible for the
majority of cases (Tzipori and Widmer, 2008). Cryptosporidiosis is the second most
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common cause of diarrheal disease and death in infants, and is also common in
immunocompromised patients (Striepen, 2013). Apicomplexan parasites possess complex
life cycles, and pathogenesis in human host tissues is primarily caused by their obligate
intracellular stages. Post-translation modifications are critical to all aspects of the life cycles
of apicomplexans, as highlighted in an excellent recent review of post-translational
modifications in malaria parasites (Doerig et al., 2015).

The study of S-palmitoylation in apicomplexan parasites is more advanced than for other
infectious microorganisms, as numerous palmitoylated proteins have been characterized that
are important for life cycle progression, cell viability, gametocytogenesis, trafficking, gliding
motility, host-cell invasion, and egress from host cells (Beck et al., 2013, Frenal et al., 2013,
Santos et al., 2015, Hopp et al., 2016, Santos et al., 2016, Tay et al., 2016). Importantly,
palmitoyl proteomes have been generated using the complementary ABE and metabolic
labelling strategies, in combination with stable isotope labelling with amino acids in cell
culture (SILAC) for highly accurate quantification by mass spectrometry. More than 280
palmitoylated proteins in 7. gondii and more than 400 palmitoylated proteins in 2
falciparum asexual schizonts have been identified (Jones ef a/., 2012a, Foe et al., 2015).
Informed speculation about the significance of these palmitoylated proteins in erythrocyte
invasion and drug resistance is detailed in a fascinating review (Jones et al., 2012b).
However, only a handful of these candidates have been experimentally validated as
palmitoylated in P falciparum. 45 kDa gliding-associated protein (PfGAP45), calcium-
dependent protein kinase 1 (PfCDPKZ1), calpain, chloroquine resistance transporter (PfCRT),
PfRab5b, adenylate kinase 2 (PfAK2), inner membrane complex (IMC) sub-compartment
proteins (PfISP1 and 3), and myosin tail interacting protein (PfMTIP) (Moskes et al., 2004,
Rees-Channer et al., 2006, Russo et al., 2009, Jones et al., 2012a, Ezougou et al., 2014,
Thavayogarajah et al., 2015, Wetzel et al., 2015).

Families of twelve PATs have been identified in 2 falciparum (PfDHHC1-12), eleven PATS
in P berghei (PbDHHC1-11), and eighteen PATs in 7. gondii (TgDHHC1-18), five of which
are orthologous among the species (Frenal et al., 2013, Hodson et al., 2015). Also,
Cryptosporidium parvum possesses ten PATs (CpDHHC1-10), although none has been
studied biochemically to date (Frenal et a/.,, 2013). Concomitantly, a bona fide orthologue of
human acy! protein thioesterase (APT1) was identified in 7. gondii by two independent
groups (named TgPPT or TgASH1), and three other related putative active serine hydrolases
(TgASH2, 3, 4) were also identified as binding APT1 inhibitors (Child et a/., 2013, Kemp et
al., 2013). All twelve PFDHHC-PATSs and eighteen TgDHHC-PATSs are expressed near
ubiquitously throughout the life cycle, although some are upregulated in specific stages
(Jones et al., 2012b, Frenal et al., 2013). Apicomplexan PATSs are primarily found in the
Golgi apparatus and ER, as is typical in other eukaryotes, although these studies often only
image 7. gondiitachyzoites and Plasmodium schizonts (Seydel et al., 2005, Frenal et al,,
2013, Tay et al., 2016). A few others are found in the plasma membrane (TgDHHC4 and
TgDHHC13), or are dually located in the E.R. and vesicles or the nuclear membrane (Frenal
et al., 2013). However, many PATSs in £ falciparum, P. berghei, and T. gondii are localized to
unique apicomplexan organelles, including the inner membrane complex (IMC) of vesicles
underlies the plasma membrane (PfDHHC1, PFDHHC9, PFDHHC3, TgDHHC2,
TgDHHC14), which is important for gliding motility, the rhoptries, which are involved in
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secretion of factors necessary for invasion (PfDHHC7, PbDHHC7, TgDHHC7), and the
crystalloid bodies in Plasmodium ookinete an oocyst stages (PbDHHC10) (Beck et al., 2013,
Frenal et al., 2013, Wetzel et al., 2015, Hopp et al., 2016, Mueller et al., 2016, Santos et al.,
2016, Tay et al., 2016).

Functional studies by gene disruption have been used to interrogate apicomplexan PATs with
great success, with several studies in the last year highlighting the role of these proteins in
pathogenesis or life cycle progression (Beck et al., 2013, Frenal et al., 2013, Santos et al.,
2015, Wetzel et al., 2015, Hopp et al., 2016, Santos et al., 2016, Tay et al., 2016). In 7.
gondii, eleven PATs are dispensable in tachyzoites with no effect on the lytic cycle or
intracellular growth, whereas five others could not be disrupted (TgDHHC2, 5, 7, 9 and 4)
(Frenal et al., 2013). Similarly, seven £ berghei PATs are non-essential in blood stage
parasites, and two resistant are to knockout attempts (PbDHHC4 and 8). In £, falciparum,
PfDHHCS5 and PFDHHC9 genes are dispensable by knockout in schizonts with no effect on
cell growth, whereas PFDHHC3, 7 and 8 genes could not be replaced by double cross-over
recombination (Tay et al., 2016). These results suggest functional redundancy for the
majority of individual apicomplexan PATSs in the life cycle stages tested, or alternatively life
cycle stage-specific roles, with a small number of PATs essential for palmitoylation of a
subset of substrates. Nevertheless, individual PATs and their palmitoylated substrates have
been characterized with irreplaceable roles in apicomplexan life cycles and the biological
processes involved in establishing and maintaining an intracellular infection, as described
below.

Example 1: Dual acylation is required for the tethering of rhoptries to the
apical complex and secretion of virulence factors—The 7. gondii armadillo
repeats-only protein (ARO) is the most thoroughly studied example of a palmitoylated
protein connecting parasite cell architecture with host-cell invasion through an acylation-
dependent mechanism. Apicomplexan parasites possess an apical complex consisting of the
motile conoid and a suite of specialized secretory organelles required for host-cell invasion
and establishment of a parasitophorous vacuole (PV) (Baum et a/., 2008). These organelles
include micronemes, exonemes, rhoptries, and dense granules, which are derived from the
trans-Golgi network, and sequentially release their cargo that are required for host cell
invasion (Figure 2A). In P, falciparum, merozoites, ookinetes, and sporozoites, are the three
life cycle stages capable of host cell invasion, while in 7. gondii only tachyzoites are
invasive. Upon contact with the host cell, the zoites reorient themselves with their apices
contacting the host cell, and cell invasion is initiated with the secretion of proteins including
proteases and adhesins surface of the parasite plasma membrane (Figure 2B). Rhoptries are
bulbous shaped organelles with an elongated neck orientated towards the conoid. There are
6-14 lipid- and protein-containing rhoptries in 7. gondii tachyzoites, which are released by
exocytosis. The moving junction is formed by proteins secreted by the micronemes (AMAL1)
and rhoptries, and is functionally equivalent to a tight junction between the plasma
membranes of the motile zoite and host cell, facilitating parasite entry, and initially
establishing the PV (Tyler et al., 2011). Through this mechanism, Plasmodium parasites
secrete hundreds of proteins into the red blood cell cytoplasm. The dense granules are last to
secrete their contents, and these proteins reinforce the PV and remodel the infected host cell.
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ARO is dual acylated at its N-terminus and is exclusively targeted to the cytoplasmic face of
the rhoptry membrane in both P, falciparumand 7. gondii (Cabrera et al., 2012). Expression
of PfARO is restricted to the invasive late blood stages (schizonts and merozoites) in 2
falciparum, and tachyzoites in 7. gondii. Two groups published studies demonstrating that
TgARO tethers rhoptries to the apical complex (Figure 2C) (Beck et al., 2013, Mueller et al.,
2013). Depletion of TJARO caused rhoptries to disperse in the cytoplasm, although the
protein cargo was processed and loaded correctly in the sub-compartments of the rhoptries.
The micronemes, dense granules, and apicoplast were correctly positioned in the
TgAROCKO knockdown parasites, and microneme secretion was normal. TJARO contains
six armadillo repeats, and all of them are required for tethering the rhoptries, but only
ARMBG at the C-terminus is required for clustering the rhoptries (Mueller et al., 2016).

Tethering of the rhoptries at the apical end of the tachyzoites by TgARO is necessary for
virulence during the lytic cycle of 7. gondii (Figure 2B) (Beck et al., 2013, Mueller et al,
2013). Without TJARO, invasion of fibroblast cells is impaired due to defective attachment
to host cells. The few parasites that are able to enter replicate, exit the PV and exhibit gliding
motility normally. TJARO-deficient parasites also do not kill mice like normal parasites.
After rhoptry secretion, wild type cells have empty vacuoles called evacuoles. In contrast,
TgAROCKO parasites retain rhoptry cargo and do not produce evacuoles. Acylation by
myristate and/or palmitate is critical for TJARO function; complementation with wild type
TgARO restored apical rhoptry tethering and evacuole formation, while complementation
with a G2A mutant defective in both myristoylation and palmitoylation did not.

TgARO covers the surface of the rhoptries, and is concentrated at their apices. Three
proteins were identified and confirmed as TJARO binding partners: myosin F, adenylate
cyclase B, and a conserved hypothetical protein, armadillo interacting protein (Figure 2C)
(Mueller et al., 2013, Mueller et al., 2016). Tethering of the rhoptries via TJARO is an
actomyosin-dependent process since treatment of cells with either an actin polymerization
inhibitor or a myosin ATPase inhibitor resulted in dispersion of rhoptries, with no effect on
the micronemes, mimicking the TJAROCKO phenotype (Mueller et al., 2013).

TgDHHC7 was found to be the sole PAT that palmitoylates TJARO (Beck et al., 2013,
Frenal et al., 2013). TgDHHCY is found along the length of the rhoptries. The TgDHHC7
knockdown emulated the TJAROCKO phenotype, causing dispersal of the untethered
rhoptries in the cytoplasm resulting in similar impaired invasion and propagation. Rhoptry
subdomain organization, positioning of other organelles, secretion from the micronemes,
host cell attachment, gliding motility, host cell egress, were all normal. Complementation of
the TgDHHCY conditional knockdown with an ectopic wild type copy rescued the induced
cells, whereas an inactive copy with a mutagenized DHHC motif (DHHA) localized to the
rhoptries, but did not rescue rhoptry tethering. These results explain an earlier observation in
which the rhoptries of P, falciparum were mislocalized after the treatment of late
trophozoite/early schizont parasites with 2BP, and reduced invasion efficiency of
erythrocytes in a dose-dependent manner (Jones et al., 2012a).

This remarkable example of secretory organelle tethering in a parasite by palmitoylation of a
protein connected to the cytoskeleton could still yield more secrets into rhoptry biogenesis,
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exocytosis, and recycling. Positioning of other organelles may also rely on this mechanism
in apicomplexans or other parasites, and the identification and localization of the PAT
responsible for the palmitoylation also can provide clues about substrate localization and
trafficking of palmitoyl proteins generally.

Example 2: Palmitoylation at the inner membrane complex is essential for
gliding motility and host cell invasion—Apicomplexan parasites present another
splendid example of palmitoylation in virulence, specifically relating to their unusual mode
of motility called gliding motility, which requires specialized adaptations to cell anatomy
and is essential for host cell invasion. The IMC is a peripheral network of flattened
membrane vesicles called alveoli underlying the plasma membrane, assembled from
clathrin-coated vesicles from the ER-Golgi secretory pathway (Harding and Meissner,
2014). The IMC is supported on its cytoplasmic side by the subpellicular network (SPN) of
intermediate filaments and the microtubule cytoskeleton, which functions as a scaffolding
platform, thus giving the cell its shape as well as being essential to invasion and gliding
motility (Baum et a/., 2008, Harding and Meissner, 2014). The IMC is found in all
apicomplexan parasites, as well as in other organisms from related phyla within the
superphylum Alveolata. There are more than 40 IMC resident proteins in apicomplexans
(Chen et al., 2015). Many IMC proteins possess myristoylation and/or palmitoylation sites,
and fourteen were identified in the 2 falciparum blood stage palmitoylome (Jones et al.,
2012a). IMC sub-compartment proteins ISP1-4 constitute a novel family of proteins
specifically targeted to sub-domains in this organelle by multiple acylations in several
apicomplexans (Beck et al., 2010, Fung et al., 2012, Poulin et al., 2013, Wetzel et al., 2015).
In contrast, HSP20 only requires palmitoylation to localize to the IMC membrane (De
Napoli et al., 2013). The IMC is remodeled throughout the Plasmodium life cycle (Figure
3A) and is required for the invasion of hepatocytes by sporozoites, erythrocytes by
merozoites, and traversal of the peritrophic matrix and epithelial cells of the mosquito
midgut by the ookinete (Harding and Meissner, 2014).

The glideosome powers motility, migration, host cell invasion, and egress in zoite stages,
and is located between the plasma membrane and the IMC (Figure 3B) (Frenal et a/., 2010).
Palmitoylation is necessary for normal gliding motility and effective host cell invasion in 7.
gondii tachyzoites (Alonso et al., 2012). Conversely, inhibition of depalmitoylation also
affects host cell invasion /n vitro, although conflicting enhanced or reduced phenotypic
effects were reported in two independent studies, possibly due to differences in the inhibitor
classes tested or treatment duration prior to the assay (Child et a/., 2013, Kemp et al., 2013).
The gliding motor complex powers the glideosome, and consists of the myosin motor firmly
anchored by its tail in the cholesterol-rich IMC and bound by its head to actin filaments that
underlie the plasma membrane, which in turn are attached to extracellular adhesins that
specifically bind host cells (Figure 3C) (Baum et al., 2008). The cyclical activity of the
myosin motors elicits propulsion by transporting these adhesins to the posterior end of the
cell generating torque from its contact with the host-cell surface at the moving junction.
Disengagement of the adhesins is required for directional movement, and this is performed
by surface proteases which digest specific substrate adhesins.
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The glideosome is a motor complex composed of several proteins — the atypical myosin A
(myoA), its light chains MLC1 (named PfMTIP) and ELC1, and the glideosome-associated
proteins GAP40, GAP45, and GAP50 (Figure 3C) (Harding and Meissner, 2014). The
glideosome-associated protein 45 (PfGAP45) in P falciparum merozoites is dual acylated
and localized to the IMC (Rees-Channer et al., 2006). Surprisingly, the lipid moieties anchor
the 7. gondifhomologue of PFGAP45 (TgGAP45) to the plasma membrane, not the IMC
membrane (Frenal ef a/., 2010). Palmitoylation is required in £ falciparum schizonts for the
stability of PFGAP45 and PfMTIP, but not GAP50 and myoA, to prevent their degradation in
the proteasome (Jones et al., 2012a). The PATs responsible for palmitoylating these IMC
proteins have not been determined, but as already noted, there are three PATs in the IMC
membrane in malaria parasites (PfDHHCL, 3, 9), so these are logical candidates (Wetzel et
al., 2015, Hopp et al., 2016). However, localization of PbDHHC3 is life cycle stage
dependent — in ookinetes it is in the IMC, whereas in oocyst sporozoites it exhibits punctate
and near-nuclear staining, and is not detected in salivary gland sporozoites.

Gliding motility does indeed depend on IMC-resident PATs in P. berghei parasites,
particularly the infective asexual stages in the mosquito which invade liver cells after
transmission (Hopp et a/., 2016). Gliding motility was impaired in ookinetes depleted of
PbDHHC3, but the combined effect of knocking out both PoDHHC3/9 was greater than the
sum of the effects in the individual mutants, decreasing speed and distance travelled (Figure
3D). Diminished gliding motility probably affected the ability of the parasites to traverse the
peritrophic matrix of the midgut, thus explaining the precipitous reduction in oocysts and
salivary gland sporozoites in PbDHHC3 knockout parasites. Notably, there was a
disproportionate decrease in oocysts in the PbDHHC3/9 double knockout, and ookinetes
were arrested with aberrant morphology. These results strongly suggest the functional
redundancy of these two PATSs in P, berghei, likely due to the fact that one or more substrates
of PbDHHC3 with critical function in morphogenesis are able to be palmitoylated by
PbDHHC9. The PbDHHC3 knockout salivary gland sporozoites were severely impaired in
trail assays, and were unable to glide as far as wild type parasites continuously before
detaching. The PbDHHC3/9 double knockout cells behaved similarly, whereas the
PbDHHC9 knockout cells displayed healthy gliding behavior. Crucially, the infectivity of
PbDHHC3 knockout hemolymph or salivary gland sporozoites in mice was compromised,
causing a significant reduction in infected hepatocytes and blood parasitemia. PbDHHC9
knockout sporozoites were as effective as wild type cells in these mice infection
experiments.

In summary, PbDHHC3 and PbDHHC9 are essential to gliding motility in 2 berghei
ookinetes and salivary gland sporozoites, as well as invasion of hepatocytes. It is almost
certain that this is primarily due to the palmitoylation activity of PbDHHC3, even though the
precise mechanism is still enigmatic. The IMC and glideosome possesses several proteins
which require palmitoylation to function, so these proteins are likely PoDHHC substrates.

Example 3: Palmitoylation is necessary for crystalloid biogenesis in ookinetes
and oocysts and differentiation into infectious sporozoites—The role of several
Plasmodium PATs (PbDHHC2, PbDHHC3, PfDHHC9, and PbDHHC10) in life cycle
progression and morphogenesis in the mosquito has been described during the past year,
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with implications for transmission and infectivity (Santos et al., 2015, Hopp et al., 2016,
Santos et al., 2016, Tay et al., 2016). However, only one of these represents an exceptional
model for the role of palmitoylation in organelle biogenesis, namely the formation of
crystalloid bodies in the asexual stages in the mosquito.

The crystalloid bodies are transient structures assembled in ookinetes and consisting of an
aggregation of irregular particles or vesicles in symmetrical crystalline patterns, surrounded
by hemozoin clusters (Figure 4A) (Dessens et al., 2011). They are retained in early oocysts,
but are absent from mature oocysts. Crystalloids have an elusive function, but are required
for the development, transmission, and virulence of sporozoites. It is thought that they
provide a reservoir of proteins and lipids for oocyst biogenesis or alternatively act as
temporary store of molecules from the female gametocyte to be trafficked to their final
destination in mature oocysts (Dessens et al., 2011). Crystalloid biogenesis is dependent on
crystalloid-resident LCCL-lectin adhesive-like proteins (LAPS), which are localized to these
structures in the ookinete stages (Carter et al., 2008, Saeed et al., 2013, Saeed et al., 2015).
However, the temporal expression of LAP4, 5, and 6 is regulated by translational repression
in the gametocytes (Saeed et al., 2013). Translational repression of mMRNAs in female
gametocytes is a well characterized mechanism controlling the sexual development of
malaria parasites, and a subset of maternal MRNAs in ribonucleoprotein complexes are
quiescent until after fertilization (Mair et al., 2006). Nevertheless, the molecular events
involve in crystalloid biogenesis are poorly understood.

An important role for palmitoylation in crystalloid biogenesis became apparent from
investigations of PbDHHC10 function (Santos ef a/., 2016). Similar to transcription of the
three LAPs, transcription of PbDHHC10 is upregulated in gametocytes, and the mRNA is
stored in the cytoplasm as a translationally repressed messenger ribonucleoprotein complex.
Furthermore, PoDHHC10 protein expression only occurs in ookinetes, where it is
exclusively localized to crystalloids. A PbDHHC10 knockout line was generated in asexual
blood stages, which was able to proceed through the life cycle in mosquitoes (Santos et al.,
2016). There was no striking phenotype during the asexual erythrocytic or sexual stages
(Santos et al., 2016). Unexpectedly, crystalloids are absent from PbDHHC10 knockout cells,
even though the number of oocysts in the mosquito midgut was comparable to those in wild
type cells (Figure 4B) (Santos et al., 2016). Moreover, the PoDHHC10 knockout line was
found to be defective in sporulation (Figure 4c), colonization of the salivary glands, and
transmission to naive mice (Figure 4d) (Santos et al., 2016). This failure of crystalloid
biogenesis mimicked a phenotype previously described for crystalloid-resident LAP family
mutants, which are also impaired in oocyst sporulation (Carter et al., 2008, Saeed et al.,
2015). Examination of ookinetes by electron microscopy revealed that the hemozoin clusters
are dispersed in PbDHHC10 knockouts. Also, a crystalloid-resident protein (LAP2) was
mislocalized in the cytoplasm of the mutant ookinetes, although it was not ascertained
whether LAP2 is a substrate of PbDHHC10, or if this was an indirect effect of crystalloid
biogenesis failure.

In summary, the role of PbDHHC10 in crystalloid formation is an exciting new paradigm of
palmitoylation mediating the biogenesis of a subcellular compartment important for
virulence in parasites. Although the mechanism is still a mystery, it is likely that
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PbDHHC10 palmitoylates one or more substrates involved in crystalloid formation, perhaps
sequestering them in the nascent membrane by kinetic trapping, thus facilitating its
assembly.

Palmitoylation and virulence in trypanosomatid parasites

The trypanosomatids are another large family of unicellular parasites which cause a great
toll on human health, and are considered neglected tropical diseases (Hotez et al., 2016).
Three human diseases are caused by these parasites — African sleeping sickness (African
trypanosomiasis), Chagas disease (American trypanosomiasis), and leishmaniasis (Stuart et
al., 2008). African sleeping sickness is a hemolymphatic fever that kills thousands of people
every year in sub-Saharan Africa, and is caused by two sub-species of 7rypanosoma brucei
(7. brucei gambiense and T. brucei rhodesiense), transmitted in the saliva of the tsetse fly
during a blood meal (Welburn et al., 2016). Chagas disease is a chronic inflammatory heart
disease that affects millions throughout the Americas, and is caused by Trypanosoma cruzi
parasites, primarily transmitted by blood-sucking triatomine bugs, although congenital and
foodborne transmission is frequent (Robertson et al., 2016). Three pathologically distinct
diseases are caused by several Leishmania species transmitted by sandflies in tropical and
sub-tropical latitudes. Visceral leishmaniasis is a fatal lymphatic fever that kills hundreds of
thousands of people every year, cutaneous leishmaniasis is a self-healing skin infection, and
mucocutaneous leishmaniasis is a disfiguring, but not fatal infection (McGwire and
Satoskar, 2014). Treatments for all of these diseases are available but suboptimal, due to
inherent toxicity, poor oral bioavailability, poor dosing regimen, and emergence of drug
resistant parasites (Baker et al,, 2013). Myristoylation is already a validated drug target in
trypanosomatids, and pyrazole sulfonamide inhibitors of N-myristoyltransferase are
efficacious in animal models of infection (Frearson et al., 2010, Herrera et al., 2016).
Palmitoyl acyltransferases (PATS) offer alternative targets for inhibition, and results from our
lab show 2-BP kills 7. bruceibloodstream forms /n vitro (Emmer et al., 2011).

The history of palmitoylation in trypanosomatids precedes our understanding of the
mechanisms involved, with several palmitoylated proteins of biological significance under
investigation before the discovery of any eukaryotic PATs (Godsel and Engman, 1999,
Denny et al., 2000, Hertz-Fowler et al., 2001). We determined that palmitoylation is
essential in 7. brucerand identified a family of 12 PATs in the 7. brucei genome, and
performed a phenotypic RNAI screen to analyze the function of each individual PAT in vitro
(Emmer et al., 2011). However, no striking phenotype was found in any knockdown line,
suggesting functional redundancy. We also characterized the steady state palmitoylome of
procyclic forms using the ABE method, identifying 124 proteins by mass spectrometry,
including all known palmitoylated proteins in 7. brucei (Emmer et al., 2011). The
palmitoylome was enriched in membrane transporters, proteases, surface proteins, lipid
metabolism enzymes, trafficking proteins, and signaling proteins. Recently, the
myristoylome and palmitoylome were both characterized and compared in bloodstream
forms by metabolic labeling and click chemistry (Wright et a/., 2016). The palmitoylomes of
T. cruzi and Lefishmania parasites have not been reported, but are actively being pursued in
our laboratory.

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 12

Currently, about a dozen palmitoylated proteins have been studied in detail in
trypanosomatids, whereas the majority of the palmitoylome is still uncharacterized. Our
recent review summarized acylation in trypanosomatids these in detail (Goldston et af.,
2014). Palmitoylation is necessary for the targeting of these proteins to various organelles
including: the flagellar membrane (LmjSMP-1, Ld/TbFlabarin, FCaBP/Calflagins,
TbMCA4, TbGPI-PLC, LmjHASPB), the flagellar tip (TbCALP1.3), the flagellar pocket
and endosomes (LmjPPEF), the plasma membrane (TcPI-PLC, ThGPI-PLC, LmjHASPB),
the sub-pellicular microtubule cytoskeleton (ThCAP5.5), and the mitochondrion
(TbPOMP39) (Godsel and Engman, 1999, Hertz-Fowler et al.,, 2001, Tull et a/., 2004, Mills
et al., 2007, Emmer et al., 2009, de Paulo Martins et al., 2010, Liu et al., 2010, Proto et al.,
2011, Maclean et al., 2012, Lefebvre et al., 2013, Sunter et al., 2013, Albisetti et al., 2015,
Tetaud ef a/., 2016). Several palmitoylated proteins are essential for virulence in
trypanosomatids, but the specific PATs have not yet been attributed that palmitoylate these
proteins. Also, their mechanisms of virulence are still obscure, thus leaving only one
outstanding model to discuss from trypanosomatids.

Example 4: Palmitoylation is essential for targeting a virulence factor to the
flagellum in trypanosomes—Our laboratory has studied the flagellar calcium-binding
protein (FCaBP) in 7. cruzifor almost three decades, which has proven to be a fascinating
endeavor. Antibodies to this immunogenic protein are produced by essentially all humans
and animals infected with 7. cruzi, and FCaBP was named for its calcium-binding properties
and flagellar membrane enrichment (Engman et a/., 1989). FCaBP is a dual acylated
calcium-acyl switch protein that possesses four EF-hand domains, two of which are
functional in binding calcium, and associates with the flagellar membrane in a calcium-
dependent manner (Godsel and Engman, 1999, Maldonado et a/., 1999). We proposed a
model in which FCaBP associates with the flagellar membrane and undergoes a massive
calcium-dependent conformational change which alters its binding properties to a partner
protein (Wingard et al., 2008).

In recent years, we have explored the function of the orthologous calflagin family in 7.
brucei, and the role of dual acylation for lipid raft association in the flagellum (Emmer et al.,
2009, Tyler et al., 2009). This led to the discovery of the first example in trypanosomatids of
a palmitoylation enzyme-substrate pair, namely ThPAT7 and calflagin (Figure 5A) (Emmer
et al., 2009). Depletion of TbPAT7 inhibits calflagin palmitoylation, resulting in calflagin
mislocalization to the plasma membrane (Figure 5B). This localization is identical to that of
a C3A calflagin mutant; thus prevention of calflagin palmitoylation either by depleting its
PAT or by mutating its palmitoylation site causes the same protein mislocalization.
Calflagins bind calcium with a high affinity and are upregulated 10-fold in bloodstream
forms (Emmer et al., 2010a). Furthermore, calflagin is required for virulence in a mouse
model of infection, since depletion of calflagin leads to the clearance of parasites after
remitting and relapsing waves of parasitemia, and prolonged survival of infected animals
(Figure 5C). This mutant phenotype depends on host-parasite interactions, as there is no
change in parasite growth or flagellar motility /n vitro. The relapsing parasitemia in mutants
is associated with VSG-mediated antigenic variation, but surface antibody clearance in the
mutant parasites is normal. The nature of this virulence function of calflagin is still
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unknown. We are currently investigating the role of other TbPATSs and their individual
palmitoylomes, as well as depalmitoylation enzymes, with the intention of defining the rules
for the targeting of proteins to different membranes by palmitoylation. We also intend to
determine in the near future whether FCaBP is essential for virulence in mice, and whether
TcPAT7 is responsible for FCaBP palmitoylation, using CRISPR-Cas9 genome editing tools
(Peng et al.,, 2014, Lander et al., 2015). The evolutionary conservation of this virulence
factor across trypanosome species with very different modes of pathogenesis in the
mammalian host (intracellular vs. extracellular) presents the question of whether FCaBP and
calflagin utilize the same mechanism in both parasites. This example highlighting the role of
palmitoylation in mediating the flagellar targeting of a virulence factor will continue to
evolve.

Giardia lamblia possesses a sizable PAT family despite genomic minimalism

Giardiasis is a zoonotic waterborne and foodborne intestinal infection caused by the
unicellular eukaryote Giardia lamblia (Adam, 2001). Diarrhea is the primary symptom of
giardiasis and chronic infections are especially debilitating in developing countries. G.
lamblia has two major life cycle stages, a highly motile flagellated trophozoite and relatively
inert cyst. Encystation occurs in response to bile fluid in the jejunum, and the cysts are
passed in the host feces into the environment (Adam, 2001). Cysts can survive for months in
cold water, and transmission occurs when they are ingested by a new host. The morphology
of the trophozoite is extraordinary compared to other protists. Giardia possesses eight
flagella organized into four bilaterally symmetrical pairs, and a ventral adhesive disk to
attach to host intestinal villi, as well as other unique cytoskeletal structures (Figure 6A)
(Dawson and House, 2010). Despite this morphological complexity, the endomembrane
system of Giardia parasites is simpler than other eukaryotes; notably, the Golgi apparatus
appears to be absent (Faso and Hehl, 2011). Genomic minimalism is a characteristic of this
parasite, and remnant mitochondria called mitosomes are also an example of secondary
reduction (Tovar et al., 2003, Morrison ét al., 2007).

There are nine PATs in G. lambliathat are all expressed in trophozoites and cysts, but each
life cycle stage contains a different repertoire of palmitoylated proteins (Merino et al., 2014).
Palmitoylation is required for cyst formation, as 2-BP inhibits encystation, whereas over-
expression of four DHHC proteins is associated with greater production of cyst wall proteins
and cysts. The DHHCs are localized in different membranes of trophozoites—three are in
the ER and nuclear envelope, and one is in the plasma membrane. However, only two
palmitoylated proteins are known in G. lamblia. One is a19-giardin, a cytoskeletal protein
that exclusively localizes to the ventral pair of flagella in trophozoites (Saric et al., 2009).
The other constitutes our final and arguably most direct example for the palmitoylation-
mediated virulence of parasites, and represents the first PAT-substrate pair identified in
parasites.

Example 5: Palmitoylation anchors variant surface antigens to the plasma
membrane in Giardia parasites—G. /amblia has a large repertoire of more than 200
variant-specific surface proteins (VSP) which mediate antigenic variation, and expression of
surface coat composed of a single VSP is controlled by the RNA interference machinery,

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 14

which silences all other VVSP transcripts until spontaneous antigen switching occurs (Prucca
et al., 2008). Antibodies bind to surface-exposed regions of specific VSPs, causing
trophozoite aggregation, detachment from host cells, and complement-independent
cytotoxicity (Touz et al., 2005). Palmitoylation and glycosylation are frequent modifications
of VSPs which have an unusually high threonine and cysteine content (Hiltpold et a/., 2000).
VSPH7 is a clone-specific VSP localized to lipid rafts in the plasma membrane, and
palmitoylation of VSPH7 occurs at the C-terminus on a cysteine-containing motif conserved
in all VSPs (Figure 6B) (Touz et al., 2005). The cysteine to alanine mutants in the C-
terminal motif of VSPH7 are resistant to complement-independent antibody specific
cytotoxicity, but plasma membrane localization did not require these features (Figure 6C).
Fortuitously, a Grardia PAT (gPAT) was identified and localized to the plasma membrane.
Depletion of gPAT expression led to a reduction in palmitoylation of VSPH7 and two other
VSPs, demonstrating an enzyme-substrate relationship. This concise yet persuasive model of
the palmitoylation of G. Jamblia variant surface antigens represents a novel association
between lipid modifications and antigenic variation, which could have greater significance /n
vivo. The mechanism for the antibody-dependent cytotoxicity of palmitoylated VSPH7 is
cryptic, but perhaps conformational changes expose surface epitopes altering their
recognition. Determining the effect of a VSPH7 mutant in the host intestines is paramount.

Concluding remarks

The discovery of protein palmitoylation and the determination of the palmitoylomes of cells
from a variety of organisms have extended our understanding of the roles of lipids in protein
function and regulation (Lobo ef a/., 2002, Roth et al., 2002, Rocks et al., 2005, Roth et al.,
2006, Martin and Cravatt, 2009). The application of these methods to parasites has
illuminated the important roles of palmitoyl proteins in parasite biology and disease
pathogenesis (Emmer et al., 2011, Jones et al., 2012a, Foe et al., 2015, Santiago-Tirado ef
al.,, 2015). Palmitoylation has a general function of anchoring proteins to membranes,
targeting them to the correct subcellular compartments, regulating enzyme activity, and
mediating protein stability (Rocks et al., 2010, Salaun et a/., 2010, Shipston, 2011).
However, in parasites this modification has added significance, since the endomembrane
networks are dynamically remodeled in response to changing environmental conditions and
life cycle transitions; some changes are mediated by palmitoyl proteins (Field and
Carrington, 2009, Faso and Hehl, 2011, Harding and Meissner, 2014). Reversible, or
dynamic, palmitoylation provides an additional mechanism for the post-translational
regulation of membrane proteins in parasites (Doerig et al., 2015).

Acylation is a promising drug target in apicomplexans and trypanosomatids and there has
been significant success employing inhibitors of protein myristoylation (Price et al., 2003,
Frearson et al., 2010, Emmer et al., 2011, Wright et al., 2014, Wright et al., 2015).
Opportunities exist for the specific targeting of individual parasite PATs for chemotherapy
and libraries of small molecular inhibitors of palmitoylation have been generated (Ducker et
al., 2006, Jennings et al., 2009). Given that PAT families are large in parasites, their
sequences are highly divergent, and palmitoylation is known to be essential, palmitoylation
is an attractive target for the development of novel trypanocidal agents with high parasite
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selectivity and low human toxicity (Emmer et al., 2011, Alonso et al., 2012, Jones et al.,
2012a).

In this review, we highlighted five examples by which S-palmitoylation modulates virulence,
including: (i) correct tethering of secretory organelles required for host cell invasion by
palmitoylation in 7. gondii, (ii) dependency of cell motility on palmitoylation for host cell
invasion in malaria parasites, (iii) the biogenesis of a putative storage structure/organelle
required for differentiation into infective life cycle stages in malaria parasites, (iv) targeting
of a virulence factor to a motility organelle in trypanosomes and (v) the anchoring of a
variant surface protein for antigenic variation in G. /amblia. The identification of the PAT
responsible for modifying each of these virulence factors has helped to illuminate its
function, and it will be important to identify the PAT involved in the biogenesis of additional
palmitoylated virulence factors mentioned above, such as ThGPI-PLC, TOMCA4, TcPI-
PLC, LmjHASPB, and TgCDPK3 (Webb ef a/., 1997, McKean et al., 2001, Okura et al.,
2005, Proto et al,, 2011, McCoy et al., 2012). Importantly, there are also numerous
palmitoylated proteins essential for viability but not virulence per se, such as TbCAP5.5
which is required for cytoskeleton assembly and cell morphogenesis in procyclic form
trypanosomes (Olego-Fernandez et a/., 2009). Similarly, in the fungal pathogen
Cryptococcus neoformans, pathogenesis is also dependent on a palmitoyl acyltransferase
(PFAA4) activity, required for normal cell wall morphology and virulence (Santiago-Tirado et
al., 2015). Clearly, palmitoylation serves many important targeting and regulatory roles in
parasites.

With this insight, we have completed a comprehensive phylogenetic analysis of the PAT
family in kinetoplastids, and found 7. cruziand Leishmania species have several novel
family members (manuscript in preparation). In contrast, the study of depalmitoylation in
parasites by two different classes of enzymes the acyl-protein thioesterases (APTs) and
palmitoyl-protein thioesterases (PPTSs) still lags the PATs (Duncan and Gilman, 1998, Das et
al., 2000). Interestingly, increasing palmitoylation in 7. gondii by the inhibition of a PPT
protein enhances parasite invasion /1 vitro, an unexpected finding if one assumes that the
equilibrium between palmitoylation and depalmitoylation states is optimal (Child et af.,
2013). Our preliminary results on a 7. brucei APT are similar (manuscript in preparation).

Several unresolved questions need to be explored experimentally to integrate these advances
into a broadly applicable model to understand palmitoylation in parasite biology and
pathogenesis. What are the features of the PAT active sites or their domain architecture
which mediate substrate specificity? What are the recognition sequences on substrates which
determine PAT specificity? Are interactions with other proteins needed for PAT recognition
of substrates? There is precedent for this from yeast, in which Erf4 stabilizes the PAT Erf2 to
palmitoylate Ras (Mitchell et al., 2012). What features other than acylation serve to
specifically traffic palmitoylated substrates to their target membranes? For instance, dual
acylation of 7. cruzi PI-PLC targets the protein to the extracellular face of the plasma
membrane, whereas dual acylation of 7. cruziFCaBP or 7. brucei calflagin targets these
proteins to the inner aspect of the flagellar membrane (Emmer et a/., 2009, de Paulo Martins
et al., 2010, Maric et al., 2011). Are all of the answers to these questions applicable across
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different parasites or eukaryotes in general, or are there different rules for different
organisms?

Finally, there are examples in bacteria of secreted virulence factors that are palmitoylated by
the host cell, such as effector proteins in Salmonella entericaand Legionella pneumophila,
which are targeted to the plasma membrane and Golgi where they mediate their effects
(Hicks et al., 2011, Lin et al., 2015, Schroeder et al., 2015). Palmitoylation is required for
the cell surface expression and sensitivity of the receptor which binds Bacillus anthracis
anthrax toxin (Abrami et al., 2006). Palmitoylation is also necessary for the viral lytic cycle,
particularly during the entry of and budding from host cells (Blanc et a/., 2013). It will be
important to test whether secreted proteins from other intracellular pathogens, including
protozoan parasites, might be palmitoylated by the host and constitute yet another type of
virulence factor generated by the palmitoylation process.
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Figurel.

Three classes of lipid modifications of proteins occur in eukaryotes: N-myristoylation, S-
prenylation, and S-palmitoylation. A. N-myristoylation is catalyzed by N-
myristoyltransferase (NMT) which transfers the 14-carbon saturated fatty acid myristate
from myristoyl-CoA to the amino terminal glycine residue of the MGXXXS/T motif,
releasing coenzyme A (CoA-SH). This reaction forms an amide bond, and is irreversible. B.
S-farnesylation is catalyzed by a farnesyl protein transferase (FPTase) which transfers the
15-carbon farnesyl isoprenoid from farnesyl diphosphate to the cysteine residue of the
carboxyl terminal CAAX motif (A is any aliphatic amino acid; X is one of several amino
acids), releasing pyrophosphate (PPi). S-farnesylation is one of two kinds of irreversible
protein S-prenylation, the other is S-geranylgeranylation which is catalyzed by
geranylgeranyl protein transferase (GGTase) (not shown). C. S-palmitoylation is a reversible
modification catalyzed in the forward reaction by palmitoyl acyltransferase (PAT) which
transfers 16-carbon palmitate from palmitoyl-CoA to a cysteine residue in one of three types
of simple motif (CXXC, XCCX, or other), releasing CoA-SH. Palmitoyl-protein thioesterase
(PPT) or acyl- protein thioesterase (APT) catalyze the reverse reaction. D. Palmitoyl
acyltransferase proteins typically possess 4-6 transmembrane domains (red cylinders). The
canonical membrane topology is represented here with the loop containing the DHHC motif
exposed in the cytoplasm, along with the amino and carboxyl termini. Two loop regions
between TM1/TM2 and TM3/4 are exposed (i.e. to the outside of the cell or to the lumen of
an organelle). In this panel, a myristoylated protein (left) associates with the phospholipid
bilayer and is palmitoylated by a PAT, thus anchoring it firmly in the membrane (right).
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Figure 2.
The rhoptries are tethered to the actin cytoskeleton in 7. gondlii tachyzoites by

palmitoylation of TJARO by TgDHHC?7, and host cell invasion is impaired in parasites
lacking either gene. A. Schematic diagram of a 7. gondii tachyzoite showing its primary
organelles, including three classes of secretory organelles at the apical end (micronemes,
rhoptries, dense granules). TgDHHC7 with its four transmembrane domains is localized to
the rhoptry membrane. B. Host cell invasion occurs when a tachyzoite attaches to the surface
of the target cell, and the micronemes secrete their contents. Invasion is powered by gliding
motility, and a moving junction is formed around the invading cell. The rhoptries secrete
their proteins to form the parasitophorous vacuole, and the dense granules are secreted last.
A tachyzoite is represented secreting its micronemes. C. The apical end of a tachyzoite
contains six to fourteen rhoptries (only three are shown). TgDHHC?7 is localized to the
rhoptry membrane where it palmitoylates previously myristoylated TQARO, and the dual
acylation firmly anchors TgARO to the rhoptry membrane. TJARO binds myosin F
(TgMyoF) which is a motor protein that binds actin, thus tethering the rhoptries to the apical
end of the cell. The C-terminal domain of TgARO also binds other rhoptries, clustering them
together. D. Host cell invasion is impaired in TgDHHC?7 or TgARO knockout cells.
Palmitoylation of TJARO is necessary for its localization to the rhoptry membrane. In cells
lacking either TQJARO or TgDHHC?7, rhoptry tethering is compromised, and the rhoptries
are dispersed in the cytoplasm. Secretion of proteins from the micronemes is not affected by
rhoptry dispersal in these knockouts.
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Figure 3.
Gliding motility is dependent on palmitoylation in the Plasmodium (F. berghei) insect stages.

A. Life cycle of Plasmodium mosquito stages and initial invasion of host hepatocytes. The
mosquito consumes a blood meal containing male and female gametocytes (not shown),
which differentiate into gametes. Fertilization of the female gamete by a male gamete yields
a diploid zygote, which develops into a motile ookinete that then develops into an oocyst, in
which sporozoites are generated by sporogony. The sporozoites burst out of the oocyst and
migrate to the salivary glands, which are injected into the human host during a blood meal.
Sporozoites invade host hepatocytes to initiate infection. The liver and blood stages are not
shown. B. Plasmodium zoites are the motile stages; a sporozoite is shown here adhering to
the surface of a host cell and gliding. Gliding motility is powered by the glideosome (box),
which is expanded in Panel C. C. The Plasmodium glideosome is shown here (top)
interacting with the host cell membrane (bottom) and represents a generalized model for
other apicomplexans. Microtubules stabilize the inner membrane complex (top), and contain
the glideosome components GAP45 and MTIP which are palmitoylated by a PbDHHC,
anchoring them to the membrane. Another major membrane protein GAP50 is not
palmitoylated. GAP45 and MTIP interact with the myosin A motor protein that traverses
actin filaments, generating the force which is transduced via the TRAP-like adhesin complex
in the plasma membrane. The TRAP-like adhesins interact with host cell receptors in the
plasma membrane during attachment. PoDHHC3 is located in the IMC. Apicomplexans
possess plasma membrane DHHCSs, which are probably responsible for palmitoylating these
proteins. D. Gliding motility is impaired in ookinetes and sporozoites lacking PbDHHC3 or
PbDHHC3/9 (double knockout). Wild type cells glide on surfaces /n vitro and invade
hepatocytes, whereas the gliding speed and distance is attenuated in the mutants, and they
cannot invade host cells.
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Figure 4.

The crystalloid bodies form in ookinetes and are present in oocysts. A. P. berghei ookinetes
are motile stages that traverse the peritrophic matrix in the mosquito midgut and epithelial
cells before forming oocysts. This stage does not form a parasitophorous vacuole in the host
cells so only contains micronemes, but not rhoptries or dense granules. There are 1-3
crystalloid bodies per cell, which have an unknown function, but contain proteins and lipids
and possess the PAT PbDHHC10 in their membranes. The crystalloids are also surrounded
by hemozoin granules. B. In the PboDHHC10 knockout parasites the crystalloids do not
form, and hemozoin is dispersed in the cytoplasm. C. The wild type ookinetes normally
form oocysts containing many sporozoites, but the PoDHHC10 knockout parasites form

empty oocysts.
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Figure5.
7. brucei calflagin is a flagellar membrane calcium binding protein that requires

myristoylation and palmitoylation for membrane targeting and is required for virulence. A.
Calflagin (green) is located in the flagellum of 7. brucei parasites. The PAT that
palmitoylates calflagin (TbPAT7) has been placed between Golgi and flagellar pocket; its
location is currently being determined. B. Calflagin (green) is mislocalized to the pellicular
(cell body) membrane upon ThPAT7 depletion by RNAI. C. Mice infected with wild type 7.
brucei suffer unremitting parasitemia and die within 10 days, whereas /7 vivo depletion of
calflagin by RNAI permits the mice to survive.
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Figure 6.

G. lambliatrophozoites express variant surface proteins (VSPs) which localize to the plasma
membrane, and undergo antigenic variation to mediate immune evasion. A. Schematic
diagram of G. Jamblia trophozoite showing its eight flagella, two nuclei, and ventral disk. B.
VSPHY is exclusively expressed on the plasma membrane surface in this trophozoite clone.
VSPH7 is palmitoylated by a Giardia palmitoyl acyltransferase (gPAT) in the plasma
membrane. C. A C-terminal cysteine to alanine mutant of VSPH7 did not disrupt protein
localization but does lead to resistance to complement-independent antibody-mediated
cytotoxicity through an unknown mechanism.
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