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Abstract

The lipid bilayer of the plasma membrane is thought to be compartmentalized by the presence of
lipid-protein microdomains. In eukaryotic cells, microdomains composed of sterols and
sphingolipids packed in a liquid-ordered state, commonly known as lipid rafts, are believed to
exist. While less studied in bacterial cells, reports on the presence of sterol or protein-mediated
microdomains in bacterial cell membranes are also appearing with increasing frequency. Recent
efforts have been focused on addressing the biophysical and biochemical properties of lipid rafts.
However, most studies have been focused on synthetic membranes, mammalian cells, and/or
model, non-pathogenic microorganisms. Much less is known about microdomains in the plasma
membrane of pathogenic microorganisms. This review attempts to provide an overview of the
current state of knowledge of lipid rafts in pathogenic fungi and the developing field of
microdomains in pathogenic bacteria. The current literature on the structure and function and of
microdomains is reviewed and the potential role of microdomains in growth, pathogenesis, and
drug resistance of pathogens are discussed. Better insight into the structure and function of
membrane microdomains in pathogenic microorganisms might lead to a better understanding of
the process of pathogenesis and development of raft-mediated approaches for new methods of
therapy.
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1. INTRODUCTION

Through the 1970s, the dominant view of the physical state of the cell membrane was that
the membrane is a “fluid-mosaic’, in which the proteins are randomly distributed (Singer &
Nicolson, 1972). In the late 1960s and early 1970s, /in vitro studies with lipid monolayers
and bilayers showed that long-chain, saturated lipids pack favorably with sterols to form a
compact state (Chapman, Owens, Phillips, & Walker, 1969; Lee, 1977; Papahadjopoulos,
Jacobson, Nir, & Isac, 1973). These observations gradually raised questions about the
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physical state of the plasma membrane leading to suggestions that natural membranes could
have a heterogenous lipid bilayer (Karnovsky, Kleinfeld, Hoover, & Klausner, 1982; Linden
& Fox, 1975; Thompson & Tillack, 1985). Since then, evidence has accumulated indicating
that ordered sphingolipid/sterol-rich domains (i.e. lipid rafts) that co-exist with disordered
fluid phases exist in cell membranes, and play an important role in cellular functions and
lipid-protein and protein-protein interactions by selective inclusion or exclusion of proteins
in specific domains (Ahmed, Brown, & London, 1997; Brown & London, 1997; Brown &
Rose, 1992; Fastenberg, Shogomori, Xu, Brown, & London, 2003; Field, Holowka, & Baird,
1999; Harder, Scheiffele, Verkade, & Simons, 1998; Levental, Grzybek, & Simons, 2010;
Lin & London, 2013; Schroeder, London, & Brown, 1994; Simons & Ikonen, 1997; Simons
& Van Meer, 1988; Skibbens, Roth, & Matlin, 1989).

Recent years have seen an increasing interest in the studies of lipid rafts in the function of
different cells. Several recent reviews have discussed the importance of lipid rafts in various
cell functions such as signal transduction, endocytosis, ion homeostasis and cell growth
among others (Hicks, Nalivaeva, & Turner, 2012; Mollinedo, 2012; Yaqoob & Shaikh,
2010). However, the majority of studies have been focused on mammalian cells or model
microorganisms such as Saccharomyces cerevisiae (Bagnat, Keranen, Shevchenko,
Shevchenko, & Simons, 2000; Bagnat & Simons, 2002a). With lipid rafts being suggested to
play a role in many important cellular functions, an understanding of their functions in
pathogenic microorganisms could help better define their role in cell function and
pathogenicity and potentially pave the way for new therapeutic strategies. To this aim, the
current chapter focuses on the role membrane microdomains in pathogenic bacteria and
fungi, and provides an overview of microdomain composition, function, and role in
pathogenicity.

2. WHAT ARE MEMBRANE DOMAINS MADE OF?

Lipid phase segregation is the central element to the formation of lipid microdomains. Thus,
many pioneering studies focused on lipid phase in an attempt to understand the physical
state of lipid domains in the plasma membrane. Early studies with synthetic bilayers of
phospholipids using spin-labels and freeze fracture microscopy revealed the presence of
lateral phase separations in the bilayer with areas of reduced fluidity in contact with more
fluid areas (Grant, Wu, & McConnell, 1974; Kleemann, Grant, & McConnell, 1974). The
areas of reduced fluidity were named the solid phase (L), in which the lipid acyl chains are
tightly packed and there is a low rate of lateral diffusion. The name solid ordered (So) is also
sometimes used for this state. In contrast, the more fluid areas were named the liquid
crystalline (La)) phase (Shimshick & McConnell, 1973; Wu & McConnell, 1975). This state
is now more commonly called the liquid disordered (Ld) state. The phase behavior of lipids
is temperature dependent and the Lp phase transition into Ld phase when the temperature is
increased. The temperature at which this transition occurs is known as “gel to liquid
transition temperature (Tm)” and depends on the structure of the lipid. The dependence of
Tm on the acyl chains of lipids is well characterized. Lipids with longer saturated fatty acyl
chains (e.g. most sphingolipids) have high Tm, whereas lipids with fatty acids having cis
double bonds (e.g. most cellular phospholipids) have low Tm.
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A number of studies using lipid monolayers and bilayers showed that the presence of
cholesterol can significantly affect the phase behavior of lipids (Chapman et al., 1969;
Ladbrooke, Williams, & Chapman, 1968; Recktenwald & McConnell, 1981; Vist & Davis,
1990). Notably, high concentrations of cholesterol leads to the emergence of a lipid phase
that is characterized by the tight packing of the Lp phase and the same time the relatively
high lateral diffusion close to that Ld phase, leading to the name “liquid-ordered (Lo)” phase
(Hjort Ipsen, Karlstrom, Mourtisen, Wennerstrom, & Zuckermann, 1987). The Lo phase was
observed in lipid bilayers which contained cholesterol and high Tm phospholipids or
sphingolipids, and was suggested to be due to the favorable packing of cholesterol with these
lipids (Sankaram & Thompson, 1990), an observation that was confirmed by numerous later
studies (Ahmed et al., 1997; Almeida, Vaz, & Thompson, 1993; Schroeder, Ahmed, Zhu,
London, & Brown, 1998).

The discovery of the cholesterol-mediated Lo phase led to numerous studies focused on the
phase behavior of ternary lipid mixtures as a simplistic model of eukaryotic cell membrane
(a sterol, a high Tm and a low Tm lipid) (Ahmed et al., 1997; de Almeida, Fedorov, &
Prieto, 2003; Schroeder et al., 1994; Silvius, del Giudice, & Lafleur, 1996; Veatch & Keller,
2003; Yuan, Furlong, Burgos, & Johnston, 2002). Most such studies have used a three-
component phase diagram to represent the phase behavior of ternary lipid mixtures. A
general three-component phase diagram is shown in Figure 1. In this diagram, each vertex
represents a pure lipid component and each side represents a binary mixture. Points inside
the triangle refer to ternary mixtures, in which the concentration of the high Tm lipid and
cholesterol increases from left to the right and bottom to top, respectively.

In discussing three-phase diagrams it should be borne in mind that apart from lipid
composition, phases in such diagrams are highly dependent on temperature (de Almeida et
al., 2003). The diagram in Figure 1 presents a situation in which the temperature is lower
than the phase transition temperature of the high Tm lipid and higher than the transition
temperature of the low Tm lipid. Such conditions are likely true for most mammalian cells at
physiological temperature. Sphingomyelin a saturated sphingolipid abundant in mammalian
cells has a transition temperature of 35-45 °C (Calhoun & Shipley, 1979), whereas
unsaturated phospholipids abundant in mammalian cells have Tm values of less than 0 °C
(Koynova & Caffrey, 1998). The first and most important conclusion from a three-phase
diagram is that multiple lipid phases can exist at the same time in a mixture of lipids (Figure
1). In conditions of interest for biological membranes where high Tm lipids and cholesterol
are lower than 50% of the lipid content (Lange, Swaisgood, Ramos, & Steck, 1989), these
coexisting phases include the Ld phase in the presence of Lo or So phases. This observation
indicates that ordered and disordered phases can coexist in biologically relevant lipid ratios.
In such conditions, an increase in cholesterol concentrations translates to an increase in lipid
order and often favors the presence of more ordered phases. Note that the cholesterol
solubility limit in binary mixtures with phospholipids has been reported to be between 51%
to 66% with higher concentrations leading to crystallization (Huang, Buboltz, & Feigenson,
1999). Such conditions are usually physiologically irrelevant and are shown as “insoluble”
in Figure 1.
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Evidence from phase diagrams suggest that ordered lipid phases in biological membranes
are likely rich in sterols and high Tm lipids as each of these compounds promote ordered
phase formation. The outer leaflet of the plasma membrane of mammalian cells is rich in
sphingolipids and cholesterol so these membranes are likely to have ordered domains in their
membranes. This hypothesis was first supported in mammalian cell membranes using an
interesting characteristic of ordered lipid phases: insolubility in cold, non-ionic detergents
(explained in detail in Section 3.2.1). Since the Lo lipid phases do not solubilize in
detergents, isolation of detergent insoluble fractions from mammalian cell membranes was
considered as the first evidence for the presence of lipid rafts in mammalian cells (Brown &
Rose, 1992; Schroeder et al., 1994). Since the first observation of detergent resistant
membranes numerous studies have followed reporting the presence of lipid rafts in
mammalian cells membranes, and although the details remain controversial it is now widely
accepted that lipid rafts exist in the plasma membrane of mammalian cells and play a role in
various cell functions (Babina, Donatello, Nabi, & Hopkins, 2011; Brown, 2006; George &
Wu, 2012; Grassme et al., 2003; Simons & Toomre, 2000; Suzuki, 2012; Triantafilou,
Miyake, Golenbock, & Triantafilou, 2002).

In contrast to mammalian cells, membrane microdomains are highly understudied in bacteria
and fungi. This is partly due to the smaller cell size of these microorganisms, differences in
lipid compositions compared to mammalian cells and diversity in morphology and growth
conditions. The remainder of this chapter focuses on membrane microdomains in pathogenic
fungi and bacteria with a view to provide insight on methods of study, microdomain
composition, and potential roles in pathogenesis. It should be noted that studies on non-
pathogenic microorganisms, most notably the yeast S. cerevisiae (Bagnat, Chang, & Simons,
2001; Bagnat et al., 2000; Bagnat & Simons, 2002b; Klose et al., 2010), have been
invaluable in understanding the role of rafts in cellular functions. However, such studies are
not the focus of this chapter and the interested reader is referred to the pertinent literature for
more information on those topics.

3. MEMBRANE DOMAINS IN PATHOGENIC FUNGI
3.1. Raft-forming Lipids in Fungi

Due to their different lipid composition, the sterols and saturated lipids that can form the Lo
phase in a fungal plasma membrane are different than those in mammalian cells. The
primary sterol in fungal cells is ergosterol, not cholesterol. Also, the sphingolipids in fungi
are generally glycosphingolipids (i.e. sphingolipids connected to sugar molecules), not
sphingomyelin. Glycosphingolipids in fungi include glucosylceramide (GlcCer),
inositolphosphorylceramide (IPC), mannosyl-inositolphosphoylceramide (MIPC), and
mannosyl-diinositolphosphorylceramide (MIP2C) (Bagnat et al., 2000; Rittershaus et al.,
2006) (inositol is not a sugar, but does have a carbohydrate-like structure). These
sphingolipids differ significantly from the glycosphingolipids of mammalian cells.

Sterols and saturated sphingolipids in fungi are better raft formers compared to their
mammalian counterparts based on /n vitro studies. Using fluorescence quenching
experiments, Xu and colleagues (Xu et al., 2001) showed that mixtures of ergosterol with
various saturated lipids form more stable lipid domains compared to mixtures of cholesterol
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with the same lipids. This was likely due to the presence of an additional double bond in the
B ring, which led to better sterol-saturated lipid packing. Glycosphingolipids are also better
ordered domain formers than non-glycosylated sphingolipids, i.e. they form gel states that
melt at higher temperatures than sphingomyelins. This is likely due to their long acyl chains
and the structure of their headgroups, which allows for extensive hydrogen bonding due to
the presence of many hydroxyl groups (Redfern & Gericke, 2004). IPC has been shown to
have higher Tm compared to acyl-chain matched sphingomyelin consistent with a role of the
headgroup structure in promoting raft formation (Bjérkbom et al., 2010). In addition, IPC
isolated from the yeast S. cerevisiae, has been shown to form ordered domains in mixtures
with ergosterol and phosphatidylinositol (Klose et al., 2010). The strong raft-promoting
properties of ergosterol (Xu et al., 2001) and fungal glycosphingolipids does not necessarily
mean that all fungal cells contain lipid rafts, as the degree of unsaturation in unsaturated
phospholipids and sterol-sphingolipid-unsaturated lipid ratios play a significant role in raft-
formation, and is different for various cell types. However, the /in vitro observations reveal
that fungal cells possess the compositional requirements for the formation of lipid rafts.

3.2. Methods to Study Membrane Domains in Fungi

Except for the model yeast S. cerevisiae, a limited number of methods have been used to
study membrane domains in pathogenic fungi. Isolation of detergent resistant membranes,
staining and extraction/substitution of sterols are the main methods used in fungal cells,
which are explained in more detail below. Several other methods can potentially be used for
domain studies in pathogenic fungi; however, this section is focused on methods that have
been used to detect membrane domains in pathogenic fungi and other methods that might be
applicable are not discussed.

3.2.1. Isolation of Detergent Resistant Membranes—The most widely used method
for characterization of lipid rafts in cells is the isolation of detergent resistant membranes.
Due to their tight packing, lipids in the gel (Dennis, 1974) and liquid-ordered phase
(Schroeder et al., 1994) do not solubilize in ice-cold non-ionic detergents such as Triton
X-100. Exposure to TX-100 followed by density centrifugation will result in floatation of
insoluble lipids known as detergent resistant membranes (DRMs) (Brown & Rose, 1992;
London & Brown, 2000). DRMs have been generally used as a surrogate for lipid rafts and
their lipid and protein composition has been characterized to provide information on raft
composition. A number of proteins such as plasma membrane-ATPasel (Pmal) and
glycosylphosphatidylinositol-anchored plasma membrane protein, Gaslp, have been shown
to be concentrated in the DRMs of S. cerevisiae (Bagnat et al. 2002) and have been typically
used as a marker for DRMs in other fungi.

3.2.2. Staining and Light Microscopy—The polyene antibiotic filipin has been the
molecule of choice for sterol visualization in fungi. Filipin is a sterol-binding molecule,
which has a structure similar to amphotericin B (Loura, Castanho, Fedorov, & Prieto, 2001).
Filipin is fluorescent and allows for visualization of sterols using fluorescence microscopy.
Since sterols are a crucial component of lipid rafts, filipin fluorescence can be used to detect
sterol rich areas in the cell, which might correspond to areas in which lipid rafts are present.
A problem in working with filipin is that it is very sensitive to photobleaching. Also, filipin
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can disrupt membrane architecture at high concentrations or long incubation times and care
should be taken in using filipin for imaging (Smejkal & Hoff, 1994; Takeshita, Higashitsuji,
Konzack, & Fischer, 2008).

Sterol rich domains observed in cells using light microscopy should not necessarily be
equated with lipid raft domains. Sterol rich regions can be as large as a few microns,
whereas rafts are believed to be most frequently nano-sized (London, 2005; Pike, 2009);
thus, SRDs could likely represent of a region containing a high concentration of lipid rafts.
However, given the metabolic activity of cells, rather than the presence of raft domains at
equilibrium, sterol rich regions also could represent membrane regions to which a high level
of sterols have been delivered, and not linked to the presence of distinct sphingolipid
enriched liquid ordered domains.

It should be noted that in addition to filipin, by staining non-raft regions, the dye FAST dil
(with affinity towards Ld phases) has also been used for detection of large of lipid rafts in S.
cerevisiae (Toulmay & Prinz, 2013). However, to the best of our knowledge, its use has been
limited to non-pathogenic fungi.

3.2.3. Sterol Depletion/Substitution—The use of chemical compounds to deplete
sterols has been a widely used method to study lipid rafts. Since lipid rafts in eukaryotes are
made of sterols and sphingolipids, depletion of sterols should often lead to raft disruption
allowing for studies of their role in cellular processes. The cyclic oligosaccharide, methyl
beta cyclodextrin (MBCD), has been widely used to extract cholesterol from mammalian and
in some cases fungal cells (Siafakas, Wright, Sorrell, & Djordjevic, 2006; Zidovetzki &
Levitan, 2007). MBCD is water soluble, but has a hydrophobic core, which can efficiently
bind sterols. Cyclodextrins are sterol donor-acceptor molecules and have also been used to
extract one sterol and replace it with another (LaRocca et al., 2013; Tagliari et al., 2012).
Sterol substitution experiments have the added benefit that they allow for studies of sterol
structure without drastically changing the sterol mass balance in the cell, thus reducing the
undesired effects that might be due to mechanisms other than raft-disruption. Cyclodextrins
have been used to extract ergosterol from fungal cells and also to perform sterol substitution
studies (Siafakas et al., 2006; Tagliari et al., 2012). However, their use has been limited and
there has been a report suggesting that cyclodextrins are not effective in ergosterol extraction
from S. cerevisiae (Bagnat et al., 2000). This might be due to the presence of cell wall that
hinders the interaction of MBCD with the plasma membrane.

3.2.4. Inhibiting Sterol/sphingolipid Biosynthesis—In addition to MBCD, inhibitors
of sterol and sphingolipid synthesis have also been used to study raft function in the cells.
Azoles are a class of drugs that block the 14-a-demethylation of lanosterol in the ergosterol
biosynthesis pathway (Ghannoum & Rice, 1999) and have been used to study the role of
sterols in raft formation in fungi. Compounds that inhibit sphingolipid biosynthesis have
also been used to disrupt fungal lipid rafts as a method to study their function in cells.
Primary among such compounds are myriocin, which inhibits serine palmitoyltransferase at
the first committed step of sphingolipid biosynthesis (Miyake, Kozutsumi, Nakamura,
Fujita, & Kawasaki, 1995) and aureobasidin A, which inhibits IPC synthase and thus the
synthesis of glycosphingolipids (Takesako et al., 1993).
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3.3. Observation of Membrane Domains in Pathogenic Fungi

Many of the concepts later used in studies of pathogenic fungi were first discovered in the
non-pathogenic yeast S. cerevisiae. The first observation of lipid rafts in fungal cells was
reported in S. cerevisiae (Bagnat et al., 2000). In this work, detergent resistant membranes
were successfully isolated from S. cerevisiae and analyzed for their lipids and proteins.
Glycosphingolipids and ergosterol were reported as the main raft-forming lipids, while the
glycophosphatidylinositol (GPI)-anchored protein Gaslp and the membrane bound proton-
pump protein Pmal were found to be two of the most abundant raft proteins. The findings of
this study were important as these lipids and proteins have been generally used to identify
lipid rafts in other fungi. There is a growing body of research further analyzing the role and
composition of lipid rafts in S. cerevisiae (Aresta-Branco et al., 2011; Klose et al., 2010;
Toulmay & Prinz, 2013). However, in this section we have focused on reports regarding lipid
rafts in pathogenic fungi, namely C. albicans, C. neoformans, A. nidulansand H.
capsulatum.

Candida albicans: C. albicans is a dimorphic opportunistic pathogen capable of growing
both by budding (yeast) and hyphal (mold) formation. C. albicans is generally benign, but
can cause mucosal or even blood stream infections under certain conditions, and
immunocompromised individuals are particularly susceptible. C. albicansis also able to
form biofilms on medical implants, causing infections which might require the removal of
the implant (Ramage, Martinez, & Lopez-Ribot, 2006).

The first evidence for the existence of lipid rafts in C. albicans was generated by Martin and
Konopka (Martin & Konopka, 2004), who assessed the role of sterols in morphogenesis by
filipin staining C. albicans cells during budding and hyphal growth. It was shown that sterols
are homogenously distributed in the plasma membrane during budding growth, but are
significantly concentrated at hyphal tips during hyphal growth. Detergent resistant
membranes were isolated from budding cells and hyphae and showed similar protein
composition indicating that differences in staining are due to localization of sterol-rich
domains (SRDs) at hyphal tips. Disrupting sphingolipid biosynthesis by myriocin and sterol
biosynthesis by ketoconazole led to defects in hyphal formation demonstrating the
importance of sphingolipids and sterol-rich domains for hyphal growth of C. albicans.

Lipid microdomains in C. albicans seem to play a role in another change of morphology:
changing from planktonic form to biofilms. A study by Lattif and colleagues (Lattif et al.,
2011) showed that filipin stained C. albicans biofilms much more intensely than planktonic
forms suggesting the presence of more lipid rafts. This proposal is supported by the presence
of significantly larger amounts of glycosphingolipids in biofilms than in planktonic forms.
The ability of C. albicansto form biofilms was significantly reduced after treatment with
myriocin and aureobacidin A suggesting that sphingolipids play an important role in biofilm
formation, likely by regulating the amount of lipid rafts.

The protein composition of DRMs in C. albicans has also been the focus of various studies.
Proteome analysis has revealed the presence of 29 proteins in the DRM of C. albicans
(Insenser, Nombela, Molero, & Gil, 2006). Interestingly, many of the identified proteins
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were those known to be located in the mitochondria, the Golgi apparatus or the endoplasmic
reticulum suggesting that lipid rafts may also be present in intracellular membranes as has
been suggested by others (Mollinedo et al., 2011). The presence of lipid rafts in intracellular
membranes of Candida spp. is also supported by another study reporting a number of
mitochondrial proteins as part of the proteome of DRMs in C. guilliermondii (An, Chen, Li,
Qin, & Tian, 2014). It should be noted that the possibility that detergent insolubility of
mitochondria arises from properties other than the presence of Lo domains has not been
ruled out.

Proteomic studies performed on the DRMs isolated from the budding and hyphal C. albicans
cells revealed that plasma membrane proteome differs based on the morphology (Alvarez &
Konopka, 2007). Several notable proteins have been identified in C. albicans DRM. A novel
protein, Ngtl1, was discovered and shown to be a transporter of N-acetylglucosamine, a
known inducer of hyphae in C. albicans (Simonetti, Strippoli, & Cassone, 1974). The
presence of Ngtl in DRMs further supports the importance of lipid rafts in regulating
changes in morphology. Other important proteins suggested to be part of the DRM proteome
in C. albicans include CaCdrl1P, an efflux pump protein and a drug transporter (Pasrija,
Panwar, & Prasad, 2008), and Rta2p, which acts to transfer long chain sphingoid bases from
the cytofacial to the exofacial side of the plasma membrane (Wang et al., 2012). Both of
these proteins were highly concentrated in the DRM fractions, and localized at the plasma
membrane of C. albicans. Detergent resistance and plasma membrane localization of these
proteins was abolished in response to mutations or drugs that affect ergosterol and
sphingolipid biosynthesis, suggesting that raft-association is required for the proper
localization of these proteins (Pasrija et al., 2008; Wang et al., 2012).

C. neoformans: The budding yeast Cryptococcus neoformans is a facultative intracellular
pathogen and the leading cause of fungal meningitis. C. neoformans is able to grow at both
acidic and neutral conditions allowing it to survive and proliferate inside immune cells and
in the bloodstream. Studies of lipid rafts in C. neoformans have been focused on virulence
factors. Virulence factors have been defined as “mechanisms that allow the fungus to
efficiently divide and survive inside the host,...resist host immune attack, and...damage the
host” (Coelho, Bocca, & Casadevall, 2014). Similar to C. albicans, the first observation of
membrane domains in C. neoformans was provided by filipin staining, revealing the
presence of sterol-rich domains in the bud tips of C. neoformans (Nichols, Fraser, &
Heitman, 2004). The first isolation of detergent resistant membranes in C. neoformans was
performed by Siafakas and colleagues (Siafakas et al., 2006). This analysis revealed the
presence of PE, PC, PS, ergosterol and ceramide monohexosides (such as GlcCer) as the
main lipids of C. neoformans DRMs. Interestingly, IPC, MIPC and MIP2C were not
reported as part of the DRM lipidome in C. neoformans. This might be due to the techniques
used in the study (these lipids have been generally visualized using radiolabelling
(Rittershaus et al., 2006) or lower amounts of these lipids in C. neoformans compared to
other fungi. Two virulence factors of C. neoformans were found in the DRM fractions:
Phospholipase B1 (which acts to degrade the phospholipids of the host cell (Chrisman,
Albuquerque, Guimaraes, Nieves, & Casadevall, 2011)) and Cu/Zn superoxide dismutase
(which protects the fungus against oxidative stress (Cox et al., 2003)).
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Studies have also focused on the role of lipid rafts in the ability of C. neoformansto survive
at different levels of ambient pH. A C. neoformans mutant that lacks the gene sphingolipid
C9 methyltransferase (SmtZ) produces GlcCer that is not methylated. This strain loses its
ability to grow at neutral pH and shows attenuated virulence (Singh et al., 2011). This
mutant strain showed increased membrane fluidity as evidenced by a slight reduction in the
fluorescent anisotropy of live cells. In addition, atomic force microscopy analysis of
reconstituted lipid extracts showed a reduction in the height of the ordered lipid phases
suggesting a less ordered packing of the vertical fatty acyl chains. The role of GlcCer
methylation in membrane fluidity is unclear; however, it is possible that methylation is
required for efficient packing of GlcCer with sterols and other sphingolipids (Del Poeta,
Nimrichter, Rodrigues, & Luberto, 2014). Another possibility is that a mutation in the
sphingolipid pathway might result in complex changes in membrane composition by
affecting other pathways and the synthesis of sterols and/or unsaturated phospholipids.

The connection between membrane fluidity and growth remains unclear. A recent study has
shown that similar to S. cerevisiae and C. albicans the protein Pmal is concentrated in
DRMs of C. neoformans and plays an important role in fungal growth and survival in acidic
conditions (Farnoud, Mor, Singh, & Del Poeta, 2014). Further studies on characterization of
lipid raft proteins might help elucidate the role of lipid rafts in growth at pH 7.4.

Aspergillus nidulans. Aspergillusis a fungus commonly found as mold in the environment.
Aspergillus spp. are able to cause disease in immunocompromised patients with inhalation
of conidia (spores) being the common route of infection. Aspergillus infections are generally
limited to the lungs, but can disseminate to the bloodstream in severely
immunocompromised patients. Most Aspergillus infections are caused by A. fumigatus;
however, other strains, such as A. nidulans are also known to cause infections (Segal et al.,
1998). Compared to C. albicans and C. neoformans, much less is known about the
membrane microdomains in Aspergillus. However, in similarity to those fungi, filipin
staining has revealed the presence of SRDs at the hyphal tips and the sites of septation in A.
nidulans (Pearson, Xu, Sharpless, & Harris, 2004; Takeshita et al., 2008). SRDs localize the
cell end marker protein, Teal, and disruption of SRDs displaces this protein from the hyphal
tips (Takeshita et al., 2008). Interestingly, the interactions between SRDs and proteins
appear to be reciprocal. Flotillin is a lipid raft marker in mammalian cells (Dermine et al.,
2001) and there is a homologue in Aspergillus. A. nidulans mutants lacking this protein
showed disrupted SRDs and reduced growth rate (Takeshita, Diallinas, & Fischer, 2012).
However, the flotillin did not localize in the SRDs, suggesting an indirect relationship
between its localization and SRD formation.

Histoplasma capsulatum: H. capsulatum is a temperature-dependent dimorphic fungus,
which is found as mold in the environment but grows as yeast in physiological temperatures.
Inhalation of conidia can lead to severe lung infections in immunocompromised patients. To
our knowledge, only one study has focused on characterization of membrane microdomains
in H. capsulatum (Tagliari et al., 2012). In this study, DRM were isolated from H.
capsulatum revealing the presence of ergosterol, PE, PC, PI and glycosphingolipids GlcCer,
IPC, MIPC and MIP2C as detergent insoluble lipids. Extraction of sterols using MBCD
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resulted in the displacement of Pmal and several other proteins from the detergent resistant
fraction. It should be noted that sterol extraction can act not only by abolishing ordered
domains, but also by simply reducing the resistance of ordered domains to solubilization to
detergent (London, 2005; Xu & London, 2000). However, in this study residual DRM
containing sphingolipids were detected after MBCD treatment. Interestingly, sterol depletion
also significantly reduced the infectivity of alveolar macrophages by H. capsulatum. Both
protein displacement and reduced infectivity persisted even after substituting ergosterol with
cholesterol indicating the importance of sterol chemical structure in proper protein
localization and infectivity.

3.4. The Role Membrane Domains in Fungal Pathogenesis

A summary of studies of lipid rafts in pathogenic fungi is provided in Table 1. As shown in
the Table, the literature on lipid rafts in pathogenic fungi remains fairly small and is divided
between various microorganisms. Based on the limited literature, it is difficult to pinpoint
one universal role for lipid rafts in all pathogenic fungi. However, one area in which lipid
rafts appear to facilitate fungal infections is by regulating changes in fungal morphology.
SRDs were observed in hyphal tips in C. albicans (Martin & Konopka, 2004) and A.
nidulans (Pearson et al., 2004; Takeshita et al., 2008) suggesting that lipid rafts regulate
hyphal growth. In addition, the involvement of lipid rafts in biofilm formation (Lattif et al.,
2011) suggests that rafts might play a role in all forms of changes in morphology. Hyphal
growth and biofilm formation are important determinants of C. albicans pathogenicity.
Hyphae have been suggested to promote tissue penetration and facilitate invasive growth
(Sudbery, Gow, & Berman, 2004). In fact, C. albicans mutants that are locked in the yeast
form are avirulent in a mouse model (Lo et al., 1997). In addition, biofilms are significantly
more resistant to antifungal drugs than planktonic cells (Ramage, VandeWalle, Bachmann,
Wickes, & L6pez-Ribot, 2002) and are able to colonize implant devices causing significant
health problems.

Lipid rafts may also contribute to fungal pathogenesis by regulating drug resistance.
CaCdrlp is an efflux pump protein involved in multi-drug resistance in C. albicans (Shukla,
Saini, Jha, Ambudkar, & Prasad, 2003). When expressed in S. cerevisiae, this protein was
associated with detergent resistant membranes and disruption of ergosterol or sphingolipid
biosynthesis pathway displaced this protein from detergent resistant fractions and inhibited
the ability of the fungus to resist methotrexate and fluconazole (Pasrija et al., 2008). It has
also been suggested that lipid rafts might also be involved in drug resistance of filamentous
fungi by regulating membrane fluidity. The polymeric compound chitosan has been shown
to have fungicidal effect against the filamentous fungi by permeabilizing the fungal plasma
membrane (Palma-Guerrero et al., 2009). Interestingly, a study of chitosan-resistant and
chitosan-sensitive filamentous fungi revealed that a . crassa desaturase mutant with greatly
reduced levels of polyunsaturated fatty acids, and thus increased membrane rigidity, was
chitosan resistant (Palma-Guerrero et al., 2010). These observations suggest that a rigid
plasma membrane, a high fraction of, or all of which, is in the Lo state, might act as a barrier
to membrane-permeabilizing drugs.
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Lipid rafts also play a role in pathogenicity by concentrating virulence factors.
Phosphalipase B1 (Plb1) and Cu/Zn SOD, two important virulence factors of C. neoformans,
were reported to be concentrated in detergent resistant membranes (Siafakas et al., 2006).
PIb1 acts to degrade the phospholipids of the host immune cells, possibly resulting in the
escape of phagocyotosed C. neoformans from the phagolysosomal membrane, reach the
cytosol, and acquire nutrients (Chrisman et al., 2011). PIb1 mutants in C. neoformans show
less nonlytic exocytosis (escape of cryptococcal cells from the macrophages after ingestion,
with survival of both fungal and mammalian cells (Nicola, Robertson, Albuquerque, da
Silveira Derengowski, & Casadevall, 2011)), likely due to reduced ability to survive the
hostile environment of host phagolysosomes (Chayakulkeeree et al., 2011). Cu/Zn
superoxide dismutase protects the fungus against oxidative stress inside the phagolysosomes
by reducing super-oxide anions to hydrogen peroxide (Cox et al., 2003). Lipid rafts may also
play a role in pathogenicity of C. neoformans by concentrating the cryptococcal Pmal
protein. As noted above, Pmal is a proton pump, and it maintains the intracellular pH of
fungal cells in the physiological range (Holyoak et al., 1996). Pmal is a raft-localized
protein and its association with rafts is required for surface delivery and protein stability at
the plasma membrane (Bagnat et al., 2001; Gong & Chang, 2001). C. neoformans mutants in
which DRM-associated Pmal was not functioning properly showed attenuated virulence,
likely due to their inability to survive the acidic environment of the phagolysosome (Farnoud
et al., 2014; Shea, Kechichian, Luberto, & Del Poeta, 2006). Finally, reduced phagocytosis
of ergosterol-depleted H. capsulatum cells by macrophages suggests the fungal lipid rafts
may also play a role in fungal infection (Tagliari et al. 2012). It is possible that changes in
membrane fluidity upon ergosterol depletion trigger the secretion of proteins with anti-
phagocytic function. The secretion of such proteins have been reported in C. neoformans
(Luberto et al., 2003), but their dependence on membrane fluidity has not been studied.

It is likely that rafts play other roles in pathogenic fungi, or that they play different roles at
different times. For example, it is likely that fungal raft proteins may have multiple
conformations or varying protein-protein interactions, and thus different functions in
different host environments. In addition, the principles of raft organization have not been
fully explored, and may involve more than just lipid-lipid interaction. Some specialized
fungal membrane domains (e.g. eisosomes) may be organized by plasma membrane proteins
(Douglas & Konopka, 2014). Thus, more studies and better characterization of raft lipids
and proteins are needed to elucidate all raft functions in pathogenic fungi.

4. MEMBRANE DOMAINS IN PATHOGENIC BACTERIA

4.1. Domain-forming Lipids in Bacteria

Bacterial microdomains are significantly different from those in eukaryotes. Bacterial
membranes are enriched in phospholipids, lipopolysaccharides and various lipoproteins
(Huijbregts, de Kroon, & de Kruijff, 2000). However, most bacteria do not have
sphingolipids (Parsons & Rock, 2013) and only a few bacteria contain sterols, with sterol
containing bacteria including Helicobacter, Mycoplasma, Ehrlichia, Anaplasma, Brachyspira
and Borrelia. (Haque, Hirai, Yokota, & Oguma, 1995; Hirai et al., 1995; Lin & Rikihisa,
2003; Livermore, Bey, & Johnson, 1978; Smith, 1971; Trott, Alt, Zuerner, Wannemuehler, &
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Stanton, 2001). Due to the important role of sterols in promoting lipid rafts in eukaryotic
cells, much of the studies on lipid rafts in bacteria has been focused on sterol-containing
species, and in particular Borrelia burgdorferi. However, the presence of microdomains has
been shown even in sterol-lacking bacteria, as will be described below. It is worth
mentioning that some non-pathogenic bacteria synthesize hopanoids, which have a chemical
structure similar to that of cholesterol (Rohmer, Bouvier, & Ourisson, 1979) and studies
have already started addressing the question whether these bacteria contain membrane
microdomains (Saenz, Sezgin, Schwille, & Simons, 2012). Such studies will not be
discussed in the following section, which is focused on pathogenic bacteria. In addition, the
methods to study lipid rafts in bacteria are similar to those in fungal cells and thus are not
discussed in detail.

4.2. Observation of Membrane Domains in Pathogenic Bacteria

Borrelia burgdorferi: B. burgdorferiis an extracellular tick-borne spirochete that causes
Lyme disease. The most prominent manifestation of Lyme disease is a skin rash with central
clearing at the site of inoculation known as eritema migrans. Other organs and tissues
including the heart, joints and the nervous system can be affected due to the ability of
bacterium to disseminate through the blood stream (Benach et al., 1983). The membrane of
B. burgdorferi contains phosphatidycholine, phospatidylglycerol and lipoproteins (Belisle,
Brandt, Radolf, & Norgard, 1994; Brooks, Vuppala, Jett, & Akins, 2006; Jones, Bourell,
Norgard, & Radolf, 1995; Kenedy, Lenhart, & Akins, 2012; Radolf et al., 1995). In addition
it has free cholesterol and two cholesterol glycolipids, acylated cholesteryl galactoside
(ACGal) and cholesteryl galactoside (CGal) as well as a hon-cholesterol glycolipid,
monogalactosyl diacylglycerol (MGalD) (Ben-Menachem, Kubler-Kielb, Coxon, Yergey, &
Schneerson, 2003; Schroder et al., 2003; Stubs et al., 2009; Stubs et al., 2011; Wheeler et al.,
1993). Interestingly, Borreliadoes not have the biosynthetic ability to synthesize cholesterol
and has to acquire it from the mammalian host. B. burgdorferi recruits the cholesterol
needed to form the glycolipids from its host cells. The mechanisms by which B. burgdorferi
interacts with the host cell has not been elucidated yet but it has been hypothesized that such
interaction could be mediated through lipid raft-lipid raft interactions (Crowley et al., 2013).
In any case, in this recruitment process there is an exchange of cholesterol, antigens and
lipids between the host cell and the spirochete (Crowley et al., 2013). In addition to
recruiting cholesterol through direct contact with the cell, B. burgdorferihas the ability to
recruit cholesterol from host derived vesicles (Crowley et al., 2013). In both cases, the
acquisition of cholesterol in B. burgdorferiis time dependent (Crowley et al., 2013) and
cholesterol is glycosylated in the spirochete by undetermined bacterial enzymes (Ostberg,
Berg, Comstedt, Wieslander, & Bergstrom, 2007) before it is subsequently exported to the
membrane.

The presence of sterols in B. burgdorferihas led to questions whether Borrelia contains lipid
rafts similar to those observed in eukaryotic cells. To test this hypothesis, LaRocca and
colleagues (LaRocca et al., 2010) performed ultrastructure analysis on B. burgdorferi.
Previous studies established the cross-reaction between Borrelia glycolipids and host
gangliosides by showing that B. burgdorferi elicits an antibody response in infected rats that
targeted the host gangliosides (Garcia-Monco, Seidman, & Benach, 1995). The cross-
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reaction between monosialotetrahexosyl ganglioside (GM1) and Borrelia cholesterol
glycolipids allowed for the use of an asialo-GM1 antibody to study the localization of
cholesterol glycolipids with TEM. Using a particle-conjugated asialo-GM1 antibody and
another particle-conjugated CB2 antibody, which binds to the outer surface protein B
(OspB), it was shown that the surface protein and cholesteryl glycolipids form
microdomains in B. burgdorferi. Moreover, the size and the number of these clusters were
temperature-dependent and were present in both culture and mouse derived spirochetes
(LaRocca et al., 2010). Detergent resistant membranes similar to those of eukaryotic cells
could be isolated from the bacterium and revealed the presence of cholesteryl glycolipids
and proteins, in the floating (detergent insoluble) fractions further corroborating the presence
of lipid rafts containing specific proteins. [It should be noted that cholesteryl glycolipids are
also found in the DRM fraction from plant cells (Lefebvre et al., 2007; Simon-Plas, Perraki,
Bayer, Gerbeau-Pissot, & Mongrand, 2011)]. Treatment with MBCD, which led to extraction
of sterols and sterol-glycolipids, resulted in the relocalization of proteins in the detergent
soluble fractions (LaRocca et al., 2010). Also, both lipoproteins detected in the insoluble
fraction were shown to co-localize with Borrelia glycolipids in the membrane of the
spirochete by TEM.

Definitive proof for the existence of lipid rafts in B. burgdorferiwas found when treatment
with MBCD was followed by supplementing the bacterium with a set of different sterols
(LaRocca et al., 2013). /n vitro experiments with synthetic lipid bilayers have demonstrated
that the ability of sterols to promote raft-formation is dependent on their chemical structure
(Bakht & London, 2006; Wang, Megha, & London, 2004; Xu et al., 2001; Xu & London,
2000). Substituting cholesterol with strongly raft-promoting sterols (e.g. ergosterol) or
intermediate raft-promoting sterols (e.g. lanosterol) did not affect the presence of sterol
glycolipids domains in the ultrastructure of B. burgdorferi as shown by TEM and Forster
Resonance Electron Transfer (FRET) in live cells. However, raft-disrupting sterols (e.g.
coprostanol) led to disruption of these structures. Interestingly, upon prolonged incubation,
the bacterium lost its membrane integrity after sterol depletion or in the presence of raft-
disrupting sterols as evidenced by the visualization of exposed periplasmic flagella, that are
not visible in normal spirochetes, and the release of cytosolic proteins into the external
environment (LaRocca et al., 2013). These observations indicated that sterol-mediated
membrane microdomains exist in Borrelia and regulate its membrane integrity.

Although lipid rafts contain a subset of specific proteins little is known about the
contribution of proteins to the stability of the microdomains. A recent study showed that
outer surface proteins play a role in membrane domain stability in B. burgdorferi although
their role is not as crucial as that of sterols. A double-mutant lacking raft-associated
proteins, OspA and OspB, showed significantly reduced domain stability as detected by
FRET. Membrane domain stability was recovered in the double mutant when it was
complemented with OspA, but not when it was complemented with another surface
lipoprotein, OspC, that is not associated with the microdomains, suggesting that only those
proteins that localize into the microdomain regulate membrane domain stability (Toledo et
al., 2014). The evidence that bacterial surface proteins play an important role in the stability
of microdomains is of significance not only for Borreliabut also for bacteria that lack
sterols. Although only a few such bacteria have been studied for their ability to form
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microdomains (see below), the possibility of domain promotion by surface proteins suggests
that many more bacteria might contain membrane microdomains, which should be a focus of
future studies.

Bacillus subtilis. B. subtilisis a rod-shaped gram-positive bacterium commonly found in
soil. B. subtilis is generally used in probiotics; however, infections in immune compromised
individuals have been reported both with B. subtilis and with other strains (Nelms, Larson,
& Barnes-Josiah, 1997; Oggioni, Pozzi, Valensin, Galieni, & Bigazzi, 1998). B. subtilis cells
lack cholesterol; however evidence is accumulating that membrane proteins play a role in
microdomain formation in their membranes. Flotillin is a protein frequently reported in the
DRM of eukaryotic cells (Langhorst, Reuter, & Stuermer, 2005) and is commonly used as a
raft-marker protein (Macdonald & Pike, 2005). B. subtilis contains two flotillin-like proteins
floT and floA (Mielich-Siiss, Schneider, & Lopez, 2013). To examine the role of flotillin in
microdomain formation in B. subtilis, Donovan and Bramkamp (Donovan & Bramkamp,
2009) used a genetically modified strain producing fluorescently tagged floT. Observation of
this strain under fluorescence microscopy revealed the presence of several flotillin domains
across the membranes. These domains were dynamic and changed in their size and location
with time. FloT was only found in the membrane and floT enriched DRMs were isolated
from B. subtilis providing further evidence for the involvement of floT in the formation of
ordered membrane domains.

Analogously to lipid rafts in budding yeast, membrane microdomains in B. subtilis appear to
play a role in morphogenetic processes, such as sporulation, biofilm formation, and cell
division. A genetically modified B. subtilis strain lacking floT showed defective sporulation
(Donovan & Bramkamp, 2009). In addition, floA and floT were observed in the septum of
dividing cells indicating that they interact with septum-localized proteins (Yepes et al.,
2012). Overexpression of flotillins promoted biofilm formation and increased cell division
leading to a reduction in cell size, and loss of the rod shape (Mielich-Suss et al., 2013).

Even in sterol-lacking bacteria, sterol-like molecules are required for organization of
microdomains. The y7sP gene in B. subtilis shows similarity with squalene synthases in
fungi. Since squalene is a molecule involved in ergosterol biosynthesis in fungi (Ghannoum
et al., 1994), this finding implied that sterol-like molecules might be present in B. subtilis
(Lopez & Kaolter, 2010). Incubation of bacteria with zaragozic acid, a molecule known to
inhibit squalene synthases, inhibited biofilm formation by B. subtilis, changed the protein
profile of DRMs and abrogated flotillin microdomains suggesting that flotillin
microdomains depend on a sterol-like molecule for stability, and are analogous to eukaryotic
lipid rafts (L6pez & Kolter, 2010). These observations were confirmed by Laurdan
spectroscopy experiments (Bach & Bramkamp, 2013). The emission spectrum of the
fluorescent dye Laurdan is dependent on the polarity of the surrounding environment and
shows a difference in disordered vs. ordered lipid phases due to the presence of less water
molecules in ordered phases. Staining wild-type B. subtilis cells with Laurdan revealed the
presence of dispersed areas of high lipid order due to the presence of membrane
microdomains. However, in B. subtilis AyisPa coalescence of these ordered areas into a
single larger domain was observed indicating a change in membrane heterogeneity. Similar
phenomena were observed in mutants lacking flotillin-like proteins suggesting that these
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proteins and sterol-like molecules are both involved in maintaining domain integrity (Bach
& Bramkamp, 2013).

Staphylococcus aureus: S. aureus is a gram-positive bacterium generally found in hair and
noses of humans and animals. S. aureus commonly causes skin infections; however, it can
also infect the bloodstream and various organs. Infections with S. aureus can be hard to treat
due to the emergence of methicillin-resistant S. aureus (MRSA) (Enright et al., 2002). A
sequence homolog of flotillin exists in S. aureusand the possibility for the presence of
membrane microdomains containing flotillin-like proteins was examined by fusion of a
fluorescent tag to this protein (Lépez & Kolter, 2010). The fused fluorescent protein was
localized to a single domain in the bacterial membrane suggesting the presence of flotillin-
induced microdomains. The localization of this protein at the membrane was abolished by
zaragozic acid, suggesting the importance of sterol like molecules in domain formation.

Isolation of DRMs from S. aureus followed by protein sequencing showed the presence of
18 proteins in the DRMs including elastin-binding protein EbpS, which is involved in
biofilm formation (L6pez & Kolter, 2010). Treating the bacterium with clomazone, statin,
and zaragozic acid (inhibitors of various steps of sterol biosynthesis) abrogated biofilm
formation, and in case of clomazone and statin led to cell death, suggesting that sterol-like
molecules play a role in biofilm formation and survival of S. aureus. Interestingly, S. aureus,
contains a lipid, staphyloxanthin, that is structurally similar to cholesteryl glycolipids. A
polyisoprene replaces cholesterol (which itself is derived biosynthetically from isoprene
units). Whether this lipid participates in raft formation is not clear.

Based on the current evidence from the literature, microdomains differ significantly in
fungal cells, sterol-containing, and sterol-lacking bacteria (Figure 2). While in fungal cells,
sphingolipids and cholesterol pack to form microdomains (Figure 2-a), in sterol-containing
bacteria either cholesterol glycolipids may play the role of both sterols and sphingolipids
(Figure 2-b) or other lipids substitute for sphingolipids. In these microorganisms, membrane
proteins stabilize microdomains but are not necessary for microdomain formation. Finally, in
sterol-lacking bacteria, microdomain formation appears to be mediated by the packing of
flotillin-like proteins and yet unknown sterol-like lipids (Figure 2-c). Although membrane
microdomains have been identified only in Borrelia burgdorferi, Bacillus subtilis, and S.
aureus, it seems likely that sterol or protein-mediated membrane microdomains will soon be
discovered in other bacteria.

4.3. Role of Membrane Domains in Bacterial Pathogenesis

Prokaryotic membrane microdomains appear to play a similar role to eukaryotic
microdomains with regard to cell division and morphogenesis. Similarly to sterol-rich
domains in fungi, flotillin-like proteins are concentrated in the septa in dividing B. subtilis
cells. In both cases, the microdomains likely act as a hub for concentrating proteins required
for septum formation. Microdomains also play a significant role in biofilm formation in
bacteria, and B. subtilis mutants deficient in flotillin-like proteins (and thus heterogeneous
microdomains) do not form biofilms. The inability of bacteria to form biofilms upon
microdomain disruptions is strikingly similar to the inability of fungi to form biofilms upon

Curr Top Membr. Author manuscript; available in PMC 2016 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farnoud et al.

Page 16

lipid raft disruption (Lattif et al., 2011). This phenomenon is likely caused by disruption of
microdomain-mediated, protein-protein interaction. FtsH is a protease essential for the
differentiation of biofilm matrix producers. This protein is shown to directly interact with
flotillin-like proteins and does not localize to DRM fractions in the absence of flotillin-like
proteins suggesting a link between protein-protein interaction, microdomains, and biofilm
formation (Yepes et al., 2012). This is of biomedical importance because biofilms have
superior resistance to antibiotics and host immune response, and so significantly contribute
to the persistence of bacterial infections.

Protein function and secretion machinery also depend on the function of membrane
microdomains. Analysis of the protein profile of detergent resistant fractions in B. subtilis
revealed that flotillin-like proteins interact with proteins that have a role in diverse cell
functions, such as cell wall and energy metabolism and protein secretion, and mutants
deficient in flotillin-like proteins also show reduced protein secretion (Bach & Bramkamp,
2013). Extracellular secretion is an important part of bacterial pathogenesis and allows
bacteria to release toxins and virulence factors to the host (Lee & Schneewind, 2001). For
example S. aureus produces extracellular toxins able to form pores in eukaryotic plasma
membrane (Dinges, Orwin, & Schlievert, 2000). Extracellular release is also utilized by B.
burgdorferi, in which raft components such as choleteryl glycolipids are released into the
medium via outer membrane vesicles (Crowley et al., 2013). If delivered to the host cell,
cholesteryl glycolipids might not be recognized by the host immune response due to their
structural similarity to host lipids, or cause the host cells to become the target of immune
response due to the presence of lipid antigens (Crowley et al., 2013).

Lipid rafts might also play the role of an environmental sensor for the pathogen. It has been
shown that the size of microdomains in B. burgdorferi decreases with increasing the
temperature (LaRocca et al., 2010). Borreliais exposed to a wide range of temperatures as it
has to survive both inside ticks and in mammalian hosts. Temperature—dependent changes in
microdomain size and membrane fluidity might act as a sensor of the extracellular
environment, so that, for example, a reduction in microdomain size can signal the entrance
to the mammalian host. Changes in microdomains could also affect the raft-localized
lipoproteins with further implications in signal transduction.

From a therapeutic point of view, bacterial lipid rafts may also be a drug target. The
bactericidal CB2 antibody against Borrelia depends on sterols for its efficacy and sterol
depletion significantly reduces its bactericidal activity (LaRocca et al., 2010). Also,
zaragozic acid, which inhibits the activity of squalene synthase, has been shown to prevent
biofilm synthesis in B. subtilisand S. aureus. In fact, inhibitors of squalene synthase have
been shown to inhibit the virulence of S. aureus (Liu et al., 2008). Thus, drugs that affect
membrane structure via altering lipid raft formation might be an effective therapy against
bacterial infections, and in particular resistant biofilms.

5. UNEXPLORED AREAS AND FUTURE DIRECTIONS

In the past two decades, there has been increasing interest in the presence of membrane
microdomains in living cells and the literature in this field is rapidly expanding. The
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fundamental knowledge gained on lipid-lipid interactions has been significantly improved by
in vitro studies, while the presence of membrane microdomains in living cells has been
demonstrated by a number of /n vivo studies. Despite this progress, there are currently many
outstanding questions and areas that need to be further explored to provide an understanding
on the role of membrane domain in pathogenesis. The number of studies performed in
pathogenic microorganisms is significantly less than those performed in model
microorganisms such as S. cerevisiae, and pathogenic bacteria in particular are still highly
understudied. While many outstanding questions remain regarding the role of membrane
domains in pathogenic microorgansisms, we believe the following are some of the major
unexplored areas that need to be addressed.

Do all bacteria have membrane domains?

While the presence of lipid rafts in eukaryatic cells is now widely accepted, it is unclear
whether all bacteria include microdomains. Of the several bacterial species that contain
sterols only Borrelia has been studied in detail and it is not clear if microdomains exist in
other sterol-containing pathogenic bacteria. Also it is unclear whether sterol-containing
molecules mediate domain formation in sterol-lacking bacteria. It has been suggested that
sterol-like molecules mediate membrane domain in B. subtilis (Bach & Bramkamp, 2013;
Lopez & Kolter, 2010), while other sterol-like molecules such as hopanoids have been
suggested to induce raft-formation in bacteria (Séenz et al., 2012). The answers to these
questions can have important implications for therapeutic strategies. For example, if sterol-
like molecules contribute to membrane integrity in bacterial pathogens, then inhibitors of
their synthesis might be very potent drugs against a variety of infections, as noted above (Liu
et al., 2008).

More methods are needed to study microdomains

The paucity of appropriate methods has been a road-block in studies of lipid rafts. This is
perhaps epitomized by the fact that the conventional method of DRM extraction has many
limitations (London, 2005; London & Brown, 2000). Biophysical methods such as FRET,
fluorescent anisotropy, and Laurdan spectroscopy have provided a significant amount of
information about lipid rafts in live bacterial cells; however, such methods have been rarely
used in fungal cells. These methods depend on effective delivery of fluorescent probes into
the cell membrane, a requirement that is hampered by the presence of cell wall and in some
cases a capsule in fungal cells. Nanotechnology-based application such as the use antibody/
probe-conjugated particles or the use of small fluorescent particles may be able overcome
this problem. In addition, the use of new microscopy techniques and lipidomics can
significantly improve the current state of knowledge on molecular diffusion in rafts and the
molecular species of raft-forming molecules, respectively.

How do lipid rafts change during the course of growth and pathogenesis?

Although existing studies have provided information on the proteins associated with lipid
rafts, the changes in the protein profile of lipid rafts during various stages of pathogenesis is
still unknown. For example, it has been proposed that different proteins are expressed in B.
burgdorferi during various stages of infection (Tilly, Bestor, Dulebohn, & Rosa, 2009; Tilly,
Bestor, & Rosa, 2013). However, it is unclear whether these proteins perform similar
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functions in maintaining lipid rafts and/or if these proteins are released to the extracellular
environment. It also not known if lipid rafts differ in commensal and non-commensal
microorganisms. It is possible that the amount of lipid rafts increases during infections,
presenting a platform for the concentration of virulence factors. Studies comparing
pathogenic and non-pathogenic strains, especially in microorganisms that switch from
commensalism to pathogenicity might help investigate this possibility. A related issue is that
the role of rafts in various stages of bacterial or fungal growth remains unclear. B. subtilis
cells show few microdomains during exponential growth, but the number of microdomains
increases as the bacterium reaches the stationary phase. A similar appearance of vacuolar
microdomains at various stages of growth has been noted in S. cerevisiae (Toulmay & Prinz,
2013). Finally, the role of microdomains in maintaining cell viability during various stages
of growth and inside the host requires further studies. Clearly, the structure and biological
function of lipid rafts in pathogenic microorganisms is a field that is only in its infancy, and
is likely to be a major area of future research.
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Cholesterol/Ergosterol

Insoluble

Low Tm lipid High Tm lipid

Figure 1.
A hypothetical three phase diagram showing the interactions between a high Tm, a low Tm

and a sterol. Ld: liquid-disordered phase, lo: liquid-ordered phase (lipid raft), IB: solid-
ordered phase (gel).
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A hypothetical schematic of lipid rafts in (a) fungal, (b) sterol-containing and (c) sterol-
lacking bacteria: (a) in fungal cells, ergosterol and glycosphingolipids pack to form
membrane microdomains, (b) in sterol-containing bacteria, cholesteryl glycolipids play the
role of both sterols and sphingolipids, and (c)in sterol- lacking bacterial flotillin and sterol-
like molecules mediate raft formation. Certain membrane lipids and proteins are not
included for simplicity.
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Published studies of lipid rafts in pathogenic fungi.
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Microorganism

Study

Methods

Proposed Raft Function

C. albicans

Martin & Konopka (2004)

Filipin staining, DRM isolation, Blocking
sterol/sphingolipid synthesis

Hyphal growth

Alvarez & Konopka (2007)

DRM isolation, Proteomics

Hyphal growth

Lattif et al. (2011)

Filipin staining, Blocking sphingolipid
synthesis

Biofilm formation

Inserner, Nombela, Molero & Gil
(2006)

DRM isolation, Proteomics

Not Applicable, proteomic study

Wang et al. (2012)

Filipin staining, DRM isolation, Blocking
sterol/sphingolipid synthesis, Proteomics

Protein sorting

C. neoformans

Nichols, Fraser & Heitman (2004)

Filipin staining

Budding growth

Siafakas, Wright, Sorrell &
Djordjevic (2006)

DRM isolation, Sterol extraction

Protein sorting

Singh et al. (2012)

Fluorescent anisotropy, Atomic force

Membrane integrity, Growth at

& Fischer (2008)

microscopy neutral pH
Farnoud, Morzz%irfg; & Del Poeta DRM isolation Protein sorting, Growth at acidic pH
Pearson, Xu,(SZB%rAfp)Iess & Harris Filipin staining Hyphal growth, Protein sorting
A. nidulans Takeshita, Higashitsuji, Konzack Filipin staining Hyphal growth, Protein sorting

Takeshita, Diallinas & Fischer
(2012)

Filipin staining, DRM isolation

Hyphal growth, Protein sorting

H. capsulatum

Tagliari et al. (2012)

DRM isolation, Sterol substitution,
Lipidomics

Infectivity
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	Candida albicans: C. albicans is a dimorphic opportunistic pathogen capable of growing both by budding (yeast) and hyphal (mold) formation. C. albicans is generally benign, but can cause mucosal or even blood stream infections under certain conditions, and immunocompromised individuals are particularly susceptible. C. albicans is also able to form biofilms on medical implants, causing infections which might require the removal of the implant (Ramage, Martínez, & Lopez-Ribot, 2006).The first evidence for the existence of lipid rafts in C. albicans was generated by Martin and Konopka (Martin & Konopka, 2004), who assessed the role of sterols in morphogenesis by filipin staining C. albicans cells during budding and hyphal growth. It was shown that sterols are homogenously distributed in the plasma membrane during budding growth, but are significantly concentrated at hyphal tips during hyphal growth. Detergent resistant membranes were isolated from budding cells and hyphae and showed similar protein composition indicating that differences in staining are due to localization of sterol-rich domains (SRDs) at hyphal tips. Disrupting sphingolipid biosynthesis by myriocin and sterol biosynthesis by ketoconazole led to defects in hyphal formation demonstrating the importance of sphingolipids and sterol-rich domains for hyphal growth of C. albicans.Lipid microdomains in C. albicans seem to play a role in another change of morphology: changing from planktonic form to biofilms. A study by Lattif and colleagues (Lattif et al., 2011) showed that filipin stained C. albicans biofilms much more intensely than planktonic forms suggesting the presence of more lipid rafts. This proposal is supported by the presence of significantly larger amounts of glycosphingolipids in biofilms than in planktonic forms. The ability of C. albicans to form biofilms was significantly reduced after treatment with myriocin and aureobacidin A suggesting that sphingolipids play an important role in biofilm formation, likely by regulating the amount of lipid rafts.The protein composition of DRMs in C. albicans has also been the focus of various studies. Proteome analysis has revealed the presence of 29 proteins in the DRM of C. albicans (Insenser, Nombela, Molero, & Gil, 2006). Interestingly, many of the identified proteins were those known to be located in the mitochondria, the Golgi apparatus or the endoplasmic reticulum suggesting that lipid rafts may also be present in intracellular membranes as has been suggested by others (Mollinedo et al., 2011). The presence of lipid rafts in intracellular membranes of Candida spp. is also supported by another study reporting a number of mitochondrial proteins as part of the proteome of DRMs in C. guilliermondii (An, Chen, Li, Qin, & Tian, 2014). It should be noted that the possibility that detergent insolubility of mitochondria arises from properties other than the presence of Lo domains has not been ruled out.Proteomic studies performed on the DRMs isolated from the budding and hyphal C. albicans cells revealed that plasma membrane proteome differs based on the morphology (Alvarez & Konopka, 2007). Several notable proteins have been identified in C. albicans DRM. A novel protein, Ngt1, was discovered and shown to be a transporter of N-acetylglucosamine, a known inducer of hyphae in C. albicans (Simonetti, Strippoli, & Cassone, 1974). The presence of Ngt1 in DRMs further supports the importance of lipid rafts in regulating changes in morphology. Other important proteins suggested to be part of the DRM proteome in C. albicans include CaCdr1P, an efflux pump protein and a drug transporter (Pasrija, Panwar, & Prasad, 2008), and Rta2p, which acts to transfer long chain sphingoid bases from the cytofacial to the exofacial side of the plasma membrane (Wang et al., 2012). Both of these proteins were highly concentrated in the DRM fractions, and localized at the plasma membrane of C. albicans. Detergent resistance and plasma membrane localization of these proteins was abolished in response to mutations or drugs that affect ergosterol and sphingolipid biosynthesis, suggesting that raft-association is required for the proper localization of these proteins (Pasrija et al., 2008; Wang et al., 2012).C. neoformans: The budding yeast Cryptococcus neoformans is a facultative intracellular pathogen and the leading cause of fungal meningitis. C. neoformans is able to grow at both acidic and neutral conditions allowing it to survive and proliferate inside immune cells and in the bloodstream. Studies of lipid rafts in C. neoformans have been focused on virulence factors. Virulence factors have been defined as “mechanisms that allow the fungus to efficiently divide and survive inside the host,…resist host immune attack, and…damage the host” (Coelho, Bocca, & Casadevall, 2014). Similar to C. albicans, the first observation of membrane domains in C. neoformans was provided by filipin staining, revealing the presence of sterol-rich domains in the bud tips of C. neoformans (Nichols, Fraser, & Heitman, 2004). The first isolation of detergent resistant membranes in C. neoformans was performed by Siafakas and colleagues (Siafakas et al., 2006). This analysis revealed the presence of PE, PC, PS, ergosterol and ceramide monohexosides (such as GlcCer) as the main lipids of C. neoformans DRMs. Interestingly, IPC, MIPC and MIP2C were not reported as part of the DRM lipidome in C. neoformans. This might be due to the techniques used in the study (these lipids have been generally visualized using radiolabelling (Rittershaus et al., 2006) or lower amounts of these lipids in C. neoformans compared to other fungi. Two virulence factors of C. neoformans were found in the DRM fractions: Phospholipase B1 (which acts to degrade the phospholipids of the host cell (Chrisman, Albuquerque, Guimaraes, Nieves, & Casadevall, 2011)) and Cu/Zn superoxide dismutase (which protects the fungus against oxidative stress (Cox et al., 2003)).Studies have also focused on the role of lipid rafts in the ability of C. neoformans to survive at different levels of ambient pH. A C. neoformans mutant that lacks the gene sphingolipid C9 methyltransferase (Smt1) produces GlcCer that is not methylated. This strain loses its ability to grow at neutral pH and shows attenuated virulence (Singh et al., 2011). This mutant strain showed increased membrane fluidity as evidenced by a slight reduction in the fluorescent anisotropy of live cells. In addition, atomic force microscopy analysis of reconstituted lipid extracts showed a reduction in the height of the ordered lipid phases suggesting a less ordered packing of the vertical fatty acyl chains. The role of GlcCer methylation in membrane fluidity is unclear; however, it is possible that methylation is required for efficient packing of GlcCer with sterols and other sphingolipids (Del Poeta, Nimrichter, Rodrigues, & Luberto, 2014). Another possibility is that a mutation in the sphingolipid pathway might result in complex changes in membrane composition by affecting other pathways and the synthesis of sterols and/or unsaturated phospholipids.The connection between membrane fluidity and growth remains unclear. A recent study has shown that similar to S. cerevisiae and C. albicans the protein Pma1 is concentrated in DRMs of C. neoformans and plays an important role in fungal growth and survival in acidic conditions (Farnoud, Mor, Singh, & Del Poeta, 2014). Further studies on characterization of lipid raft proteins might help elucidate the role of lipid rafts in growth at pH 7.4.Aspergillus nidulans: Aspergillus is a fungus commonly found as mold in the environment. Aspergillus spp. are able to cause disease in immunocompromised patients with inhalation of conidia (spores) being the common route of infection. Aspergillus infections are generally limited to the lungs, but can disseminate to the bloodstream in severely immunocompromised patients. Most Aspergillus infections are caused by A. fumigatus; however, other strains, such as A. nidulans are also known to cause infections (Segal et al., 1998). Compared to C. albicans and C. neoformans, much less is known about the membrane microdomains in Aspergillus. However, in similarity to those fungi, filipin staining has revealed the presence of SRDs at the hyphal tips and the sites of septation in A. nidulans (Pearson, Xu, Sharpless, & Harris, 2004; Takeshita et al., 2008). SRDs localize the cell end marker protein, Tea1, and disruption of SRDs displaces this protein from the hyphal tips (Takeshita et al., 2008). Interestingly, the interactions between SRDs and proteins appear to be reciprocal. Flotillin is a lipid raft marker in mammalian cells (Dermine et al., 2001) and there is a homologue in Aspergillus. A. nidulans mutants lacking this protein showed disrupted SRDs and reduced growth rate (Takeshita, Diallinas, & Fischer, 2012). However, the flotillin did not localize in the SRDs, suggesting an indirect relationship between its localization and SRD formation.Histoplasma capsulatum: H. capsulatum is a temperature-dependent dimorphic fungus, which is found as mold in the environment but grows as yeast in physiological temperatures. Inhalation of conidia can lead to severe lung infections in immunocompromised patients. To our knowledge, only one study has focused on characterization of membrane microdomains in H. capsulatum (Tagliari et al., 2012). In this study, DRM were isolated from H. capsulatum revealing the presence of ergosterol, PE, PC, PI and glycosphingolipids GlcCer, IPC, MIPC and MIP2C as detergent insoluble lipids. Extraction of sterols using MβCD resulted in the displacement of Pma1 and several other proteins from the detergent resistant fraction. It should be noted that sterol extraction can act not only by abolishing ordered domains, but also by simply reducing the resistance of ordered domains to solubilization to detergent (London, 2005; Xu & London, 2000). However, in this study residual DRM containing sphingolipids were detected after MβCD treatment. Interestingly, sterol depletion also significantly reduced the infectivity of alveolar macrophages by H. capsulatum. Both protein displacement and reduced infectivity persisted even after substituting ergosterol with cholesterol indicating the importance of sterol chemical structure in proper protein localization and infectivity.
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	3.4. The Role Membrane Domains in Fungal Pathogenesis

	4. MEMBRANE DOMAINS IN PATHOGENIC BACTERIA
	4.1. Domain-forming Lipids in Bacteria
	4.2. Observation of Membrane Domains in Pathogenic Bacteria
	Borrelia burgdorferi: B. burgdorferi is an extracellular tick-borne spirochete that causes Lyme disease. The most prominent manifestation of Lyme disease is a skin rash with central clearing at the site of inoculation known as eritema migrans. Other organs and tissues including the heart, joints and the nervous system can be affected due to the ability of bacterium to disseminate through the blood stream (Benach et al., 1983). The membrane of B. burgdorferi contains phosphatidycholine, phospatidylglycerol and lipoproteins (Belisle, Brandt, Radolf, & Norgard, 1994; Brooks, Vuppala, Jett, & Akins, 2006; Jones, Bourell, Norgard, & Radolf, 1995; Kenedy, Lenhart, & Akins, 2012; Radolf et al., 1995). In addition it has free cholesterol and two cholesterol glycolipids, acylated cholesteryl galactoside (ACGal) and cholesteryl galactoside (CGal) as well as a non-cholesterol glycolipid, monogalactosyl diacylglycerol (MGalD) (Ben-Menachem, Kubler-Kielb, Coxon, Yergey, & Schneerson, 2003; Schroder et al., 2003; Stubs et al., 2009; Stubs et al., 2011; Wheeler et al., 1993). Interestingly, Borrelia does not have the biosynthetic ability to synthesize cholesterol and has to acquire it from the mammalian host. B. burgdorferi recruits the cholesterol needed to form the glycolipids from its host cells. The mechanisms by which B. burgdorferi interacts with the host cell has not been elucidated yet but it has been hypothesized that such interaction could be mediated through lipid raft-lipid raft interactions (Crowley et al., 2013). In any case, in this recruitment process there is an exchange of cholesterol, antigens and lipids between the host cell and the spirochete (Crowley et al., 2013). In addition to recruiting cholesterol through direct contact with the cell, B. burgdorferi has the ability to recruit cholesterol from host derived vesicles (Crowley et al., 2013). In both cases, the acquisition of cholesterol in B. burgdorferi is time dependent (Crowley et al., 2013) and cholesterol is glycosylated in the spirochete by undetermined bacterial enzymes (Östberg, Berg, Comstedt, Wieslander, & Bergström, 2007) before it is subsequently exported to the membrane.The presence of sterols in B. burgdorferi has led to questions whether Borrelia contains lipid rafts similar to those observed in eukaryotic cells. To test this hypothesis, LaRocca and colleagues (LaRocca et al., 2010) performed ultrastructure analysis on B. burgdorferi. Previous studies established the cross-reaction between Borrelia glycolipids and host gangliosides by showing that B. burgdorferi elicits an antibody response in infected rats that targeted the host gangliosides (Garcia-Monco, Seidman, & Benach, 1995). The cross-reaction between monosialotetrahexosyl ganglioside (GM1) and Borrelia cholesterol glycolipids allowed for the use of an asialo-GM1 antibody to study the localization of cholesterol glycolipids with TEM. Using a particle-conjugated asialo-GM1 antibody and another particle-conjugated CB2 antibody, which binds to the outer surface protein B (OspB), it was shown that the surface protein and cholesteryl glycolipids form microdomains in B. burgdorferi. Moreover, the size and the number of these clusters were temperature-dependent and were present in both culture and mouse derived spirochetes (LaRocca et al., 2010). Detergent resistant membranes similar to those of eukaryotic cells could be isolated from the bacterium and revealed the presence of cholesteryl glycolipids and proteins, in the floating (detergent insoluble) fractions further corroborating the presence of lipid rafts containing specific proteins. [It should be noted that cholesteryl glycolipids are also found in the DRM fraction from plant cells (Lefebvre et al., 2007; Simon-Plas, Perraki, Bayer, Gerbeau-Pissot, & Mongrand, 2011)]. Treatment with MβCD, which led to extraction of sterols and sterol-glycolipids, resulted in the relocalization of proteins in the detergent soluble fractions (LaRocca et al., 2010). Also, both lipoproteins detected in the insoluble fraction were shown to co-localize with Borrelia glycolipids in the membrane of the spirochete by TEM.Definitive proof for the existence of lipid rafts in B. burgdorferi was found when treatment with MβCD was followed by supplementing the bacterium with a set of different sterols (LaRocca et al., 2013). In vitro experiments with synthetic lipid bilayers have demonstrated that the ability of sterols to promote raft-formation is dependent on their chemical structure (Bakht & London, 2006; Wang, Megha, & London, 2004; Xu et al., 2001; Xu & London, 2000). Substituting cholesterol with strongly raft-promoting sterols (e.g. ergosterol) or intermediate raft-promoting sterols (e.g. lanosterol) did not affect the presence of sterol glycolipids domains in the ultrastructure of B. burgdorferi as shown by TEM and Förster Resonance Electron Transfer (FRET) in live cells. However, raft-disrupting sterols (e.g. coprostanol) led to disruption of these structures. Interestingly, upon prolonged incubation, the bacterium lost its membrane integrity after sterol depletion or in the presence of raft-disrupting sterols as evidenced by the visualization of exposed periplasmic flagella, that are not visible in normal spirochetes, and the release of cytosolic proteins into the external environment (LaRocca et al., 2013). These observations indicated that sterol-mediated membrane microdomains exist in Borrelia and regulate its membrane integrity.Although lipid rafts contain a subset of specific proteins little is known about the contribution of proteins to the stability of the microdomains. A recent study showed that outer surface proteins play a role in membrane domain stability in B. burgdorferi although their role is not as crucial as that of sterols. A double-mutant lacking raft-associated proteins, OspA and OspB, showed significantly reduced domain stability as detected by FRET. Membrane domain stability was recovered in the double mutant when it was complemented with OspA, but not when it was complemented with another surface lipoprotein, OspC, that is not associated with the microdomains, suggesting that only those proteins that localize into the microdomain regulate membrane domain stability (Toledo et al., 2014). The evidence that bacterial surface proteins play an important role in the stability of microdomains is of significance not only for Borrelia but also for bacteria that lack sterols. Although only a few such bacteria have been studied for their ability to form microdomains (see below), the possibility of domain promotion by surface proteins suggests that many more bacteria might contain membrane microdomains, which should be a focus of future studies.Bacillus subtilis: B. subtilis is a rod-shaped gram-positive bacterium commonly found in soil. B. subtilis is generally used in probiotics; however, infections in immune compromised individuals have been reported both with B. subtilis and with other strains (Nelms, Larson, & Barnes-Josiah, 1997; Oggioni, Pozzi, Valensin, Galieni, & Bigazzi, 1998). B. subtilis cells lack cholesterol; however evidence is accumulating that membrane proteins play a role in microdomain formation in their membranes. Flotillin is a protein frequently reported in the DRM of eukaryotic cells (Langhorst, Reuter, & Stuermer, 2005) and is commonly used as a raft-marker protein (Macdonald & Pike, 2005). B. subtilis contains two flotillin-like proteins floT and floA (Mielich-Süss, Schneider, & Lopez, 2013). To examine the role of flotillin in microdomain formation in B. subtilis, Donovan and Bramkamp (Donovan & Bramkamp, 2009) used a genetically modified strain producing fluorescently tagged floT. Observation of this strain under fluorescence microscopy revealed the presence of several flotillin domains across the membranes. These domains were dynamic and changed in their size and location with time. FloT was only found in the membrane and floT enriched DRMs were isolated from B. subtilis providing further evidence for the involvement of floT in the formation of ordered membrane domains.Analogously to lipid rafts in budding yeast, membrane microdomains in B. subtilis appear to play a role in morphogenetic processes, such as sporulation, biofilm formation, and cell division. A genetically modified B. subtilis strain lacking floT showed defective sporulation (Donovan & Bramkamp, 2009). In addition, floA and floT were observed in the septum of dividing cells indicating that they interact with septum-localized proteins (Yepes et al., 2012). Overexpression of flotillins promoted biofilm formation and increased cell division leading to a reduction in cell size, and loss of the rod shape (Mielich-Süss et al., 2013).Even in sterol-lacking bacteria, sterol-like molecules are required for organization of microdomains. The yisP gene in B. subtilis shows similarity with squalene synthases in fungi. Since squalene is a molecule involved in ergosterol biosynthesis in fungi (Ghannoum et al., 1994), this finding implied that sterol-like molecules might be present in B. subtilis (López & Kolter, 2010). Incubation of bacteria with zaragozic acid, a molecule known to inhibit squalene synthases, inhibited biofilm formation by B. subtilis, changed the protein profile of DRMs and abrogated flotillin microdomains suggesting that flotillin microdomains depend on a sterol-like molecule for stability, and are analogous to eukaryotic lipid rafts (López & Kolter, 2010). These observations were confirmed by Laurdan spectroscopy experiments (Bach & Bramkamp, 2013). The emission spectrum of the fluorescent dye Laurdan is dependent on the polarity of the surrounding environment and shows a difference in disordered vs. ordered lipid phases due to the presence of less water molecules in ordered phases. Staining wild-type B. subtilis cells with Laurdan revealed the presence of dispersed areas of high lipid order due to the presence of membrane microdomains. However, in B. subtilis ΔyisP a coalescence of these ordered areas into a single larger domain was observed indicating a change in membrane heterogeneity. Similar phenomena were observed in mutants lacking flotillin-like proteins suggesting that these proteins and sterol-like molecules are both involved in maintaining domain integrity (Bach & Bramkamp, 2013).Staphylococcus aureus: S. aureus is a gram-positive bacterium generally found in hair and noses of humans and animals. S. aureus commonly causes skin infections; however, it can also infect the bloodstream and various organs. Infections with S. aureus can be hard to treat due to the emergence of methicillin-resistant S. aureus (MRSA) (Enright et al., 2002). A sequence homolog of flotillin exists in S. aureus and the possibility for the presence of membrane microdomains containing flotillin-like proteins was examined by fusion of a fluorescent tag to this protein (López & Kolter, 2010). The fused fluorescent protein was localized to a single domain in the bacterial membrane suggesting the presence of flotillin-induced microdomains. The localization of this protein at the membrane was abolished by zaragozic acid, suggesting the importance of sterol like molecules in domain formation.Isolation of DRMs from S. aureus followed by protein sequencing showed the presence of 18 proteins in the DRMs including elastin-binding protein EbpS, which is involved in biofilm formation (López & Kolter, 2010). Treating the bacterium with clomazone, statin, and zaragozic acid (inhibitors of various steps of sterol biosynthesis) abrogated biofilm formation, and in case of clomazone and statin led to cell death, suggesting that sterol-like molecules play a role in biofilm formation and survival of S. aureus. Interestingly, S. aureus, contains a lipid, staphyloxanthin, that is structurally similar to cholesteryl glycolipids. A polyisoprene replaces cholesterol (which itself is derived biosynthetically from isoprene units). Whether this lipid participates in raft formation is not clear.Based on the current evidence from the literature, microdomains differ significantly in fungal cells, sterol-containing, and sterol-lacking bacteria (Figure 2). While in fungal cells, sphingolipids and cholesterol pack to form microdomains (Figure 2-a), in sterol-containing bacteria either cholesterol glycolipids may play the role of both sterols and sphingolipids (Figure 2-b) or other lipids substitute for sphingolipids. In these microorganisms, membrane proteins stabilize microdomains but are not necessary for microdomain formation. Finally, in sterol-lacking bacteria, microdomain formation appears to be mediated by the packing of flotillin-like proteins and yet unknown sterol-like lipids (Figure 2-c). Although membrane microdomains have been identified only in Borrelia burgdorferi, Bacillus subtilis, and S. aureus, it seems likely that sterol or protein-mediated membrane microdomains will soon be discovered in other bacteria.
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