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Phospholipid transport and remodeling in health and disease

Katarína Poloncová and Peter Griač

Institute of Animal Biochemistry and Genetics, Slovak Academy of Sciences, Moyzesova 61, 900 28 Ivanka pri Dunaji, 
Slovak Republic

Abstract. Lipids not only form the backbone of biological membranes, but also serve as the source 
of numerous regulatory and signaling molecules. Understanding the role of lipids in the physi-
ology of eukaryotic cell will help to identify mechanisms behind lipid-related human diseases. 
This minireview concentrates on two examples of human diseases associated with phospholipid
remodeling and transport. The first is Barth syndrome, a severe rare genetic disorder. Barth syn-
drome is the first recognized human disease in which the primary causative factor is a defective
remodeling of the signature mitochondrial phospholipid cardiolipin. The other example involves
defects associated with lipid transfer proteins (LTPs). LTPs regulate diverse lipid-mediated cellular 
processes important for maintaining the specific composition of different cellular organelles. In 
vitro LTPs facilitate lipid transport between membranes through an aqueous environment. This
article is not intended to be a comprehensive review of lipid-related human diseases; its aim is 
rather to stress the importance of basic lipid research in our advancement in the diagnosis and 
treatment of diseases.
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Introduction

Biological membranes form a protective barrier around cells 
and their organelles. In addition, the biological membrane is 
the place where many important cellular processes take place. 
The proper functioning of this extremely thin layer of lipids,
proteins and carbohydrates is often a matter of life or death
for the cell and the whole organism. Eukaryotic cells contain 
a large spectrum of lipid molecules (typically more than 1000) 
belonging to one of three categories: glycerophospholipids, 
sphingolipids, and sterols. This abundance of diverse lipid

molecules suggests that lipids are more than just the building 
blocks of membrane bilayers or energy stores for an organism. 
Lipids serve also as precursors of steroid hormones, signaling 
molecules, and second messengers. They are involved in inter-
membrane transport and cell cycle regulation. Indeed, we are 
only starting to realize the nature of membrane lipid complex-
ity. Further progress in the field of membrane lipidology will
not only help to quench our curiosity in understanding the 
basic principles of how cells and organisms operate, but may 
also provide insights into membrane-related human diseases. 
This minireview describes examples of human membrane
lipid-related diseases associated with phospholipid remodeling 
and transport. Lipid remodeling and intracellular transport are 
two important processes contributing to specific membrane
lipid composition of eukaryotic cells which have not been fully 
explored and only recently are subjects of intensive study. 
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Barth syndrome – defective cardiolipin remodeling is 
the culprit 

Cardiolipin (CL), also called diphosphatidylglycerol, is 
a unique dimeric phospholipid that carries four acyl groups 
and two negative charges (Fig. 1). CL, due to its ability to 
form non-bilayer structures, is important in membrane 
domains of high curvature such as mitochondrial cristae 
(Chernomordik and Kozlov 2005; Chernomordik et al. 
2006). It is almost exclusively associated with membranes 
generating an electrochemical gradient used to produce 
ATP in prokaryotes and eukaryotes alike (Koshkin and 
Greenberg 2000). Such membranes include the bacterial 
plasma membrane and the inner membrane of mitochon-
dria. CL acts as a “flexible linker” that fills in cavities at
protein interfaces and stabilizes individual subunits of 
oligomeric proteins and protein supercomplexes (Zhang 
et al. 2002; Pfeiffer et al. 2003). Respiratory complexes I,
III, IV and V (the key components of the mitochondrial 
oxidative phosphorylation chain), two inner mitochon-
drial membrane carriers, ATP/ADP carrier (AAC) and 
phosphate carrier (PiC), as well as two peripheral proteins, 
cytochrome c and creatine kinase, all bind CL with high ef-
ficiency (Schlame et al. 2000). Although CL is not strictly
required for the function of any of the respiratory chain 
supercomplexes, it increases their efficiency significantly
(Jiang et al. 2000; Koshkin and Greenberg 2000; Claypool et 
al. 2008). At least three enzymatic reactions are involved in 
the production of mature CL: i) de novo synthesis catalyzed 
by cardiolipin synthase, ii) deacylation of CL to monolyso-
CL catalysed by mitochondrial phospholipase A, and 
iii) reacylation of monolyso-CL by a specific transacylase
called tafazzin (Fig. 2). Deacylation of premature cardioli-
pin and subsequent reacylation are important catalytical 
steps leading to fully functional CL. Both, the amount of 
CL and the presence of specific CL species are critical for
optimal functioning of mitochondria. In mammals, newly 

synthesized CL is rapidly remodeled to generate CL species 
enriched in linoleic acid, an unsaturated 18 : 2 fatty acid 
(Hauff and Hatch 2006). In yeast mono-unsaturated acyl
chains 16–18 carbons long are the most prevalent ones 
(Chen et al. 2008). Changes in CL homeostasis have been 
described in various pathologies including ischemia and 
reperfusion, aging, heart failure, thyroid function, Parkin-
son’s disease, diabetes and chronic ethanol consumption 
(Chicco and Sparagna 2007). Loss of CL and its peroxi-
dation lead to the detachment of cytochrome c from the 
mitochondrial membrane and its transfer into the cytosol. 
This change of cytochrome c localization triggers the early 
stages of apoptosis (Wang 2001; Macchioni et al. 2010).

Recently, it was shown that aberrant CL metabolism, 
particularly its remodeling, is associated with a severe 
genetic disorder, Barth syndrome (Vreken et al. 2000; 
Schlame et al. 2002). Barth syndrome is a rare X-linked 
recessive cardioskeletal myopathy and neutropenia with 
typical symptoms of heart failure, myopathy, neuropathy 
and growth defects that was first described by Peter Barth
and his colleagues. The clue to the underlying mechanism
of the disease was abnormal mitochondria present in pa-
tients’ tissues (Barth et al. 1983). Biochemically, patients 
have elevated urinary levels of 3-methylglutaconate, 3-
methylglutarate, and 2-ethylhydracrylate and suffer from
hypocholesterolemy (Kelley et al. 1991). Both in fibroblasts
and muscle biopsy samples respiratory chain abnormalities 
were observed. The patients share distinct facial features
(tall and broad forehead, round face with prominent chin 
and full cheeks, large ears, and deep-set eyes), which are 
most evident in infancy (Hastings et al. 2009). They have
cognitive difficulties with regard to mathematics, visual
spatial tasks, and short-term memory. Language ability is 
spared. The prevalence of Barth syndrome in the popula-
tion is not precisely known but the disease is likely to be 
under diagnosed. This could be due to poor diagnostics
and large variability of the disease phenotype (pathology 
as well as biochemistry) (Spencer et al. 2005; Steward et 
al. 2010). In some patients almost normal urinary levels 
of 3-methylglutaconate were observed. Little correlation 
between severity of the disease and 3-methylglutaconate 
excretion is observed (Schmidt et al. 2004), and a high 
variability in 3-methylglutaconate excretion, even within 
24 hours, contribute to the problems with Barth syndrome 
diagnosis (Christodoulou et al. 1994; Cantlay et al. 1999). 
In addition, neutropenia observed in patients with Barth 
syndrome may be intermittent (Barth et al. 1999), or many 
of the symptoms may be ascribed to acute viral insult. While 
some authors report that the disorder occurs between 1 
to 49 years and its incidence is highest in early puberty 
(Barth et al. 2004), others claim that Barth syndrome may 
result in miscarriages, stillbirths and early neonatal death 
in male fetuses (Steward et al. 2010). The carrier mothers

Figure 1. Scheme of cardiolipin.
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remain asymptomatic (Steward et al. 2010) which further 
complicates effective diagnosis.

Genetic linkage studies demonstrated that the gene TAZ 
(G4.5) was responsible for Barth syndrome when mutated 
(Bione et al. 1996). This gene and its various homologues
in eukaryotes form a large superfamily of putative phos-
pholipid acyltransferases. TAZ encodes a mitochondrial 
CoA-independent phospholipid-lysophospholipid transa-
cylase required for CL homeostasis. It has no phospholipase 
activity (Xu et al. 2006b). Its deficiency drastically alters
CL composition in humans (Vreken et al. 2000; Schlame et 
al. 2002), flies (Xu et al. 2006b), and yeast (Gu et al. 2004).
There is considerable variation in type and localization of
mutations leading to the manifestation of Barth syndrome 
(Spencer et al. 2005). This large variability has no obvious

correlation with the disease phenotype and its severity. 
Even patients from the same families carrying the same 
mutations display variable symptoms and severity of the 
disease (Johnston et al. 1997). In humans, tafazzin deficiency
leads to diversification of the CL species, accumulation of
monolysoCL at the expense of the dominant species of 
tetra-linoleoyl CL, and decline of the total CL content. This
specific form of CL deficiency was found to be associated
with abnormalities of the mitochondrial inner membrane 
cristae (Vreken et al. 2000; Vaz et al. 2003; Gu et al. 2004; 
Ma et al. 2004; Xu et al. 2006a). Due to the similar effects
of tafazzin deficiency, Drosophila and yeast were found to 
be useful models in determining the role of tafazzin in CL 
metabolism and its connection to Barth syndrome in hu-
mans. Studies in Drosophila helped not only to uncover the 

Figure 2. Metabolic pathways for cardiolipin biosynthesis and degradation. PA, phosphatidic acid; CDP-DAG, cytidine diphosphate 
diacylglycerol; PG-P, phosphatidylglycerol phosphate; PG, phosphatidylglycerol; DAG, diacylglycerol; nascent CL, cardiolipin before 
remodeling; MLCL, monolysocardiolipin; remodeled CL, cardiolipin with modified acyl chains – mostly unsaturated; DLCL, dilyso-
cardiolipin; CTP, cytidine triphosphate; CMP, cytidine monophosphate; Gly-3-P, glycerol-3-phosphate; PPi, diphosphate; Pi, phosphate; 
FFA, free fatty acids; PC, phosphatidylcholine; PE, phosphatidylethanolamine; Cds1p, CDP-diacylglycerol synthase; Pgs1p, phosphati-
dylglycerolphosphate synthase; Gep4p, mitochondrial phosphatidylglycerophosphatase; Pgc1p, phosphatidylglycerol phospholipase C; 
Crd1p, cardiolipin synthase; Cdl1p, cardiolipin specific deacylase with phospholipase A2 activity; Taz1p, CoA independent lysophos-
phatidylcholine acyltransferase/tafazzin.
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function of taffazin as a CoA-independent transacylase (Xu
et al. 2006b), but also showed that changes in CL content and 
composition in fly Barth syndrome model were associated
with the presence of abnormal mitochondria, especially 
in tissues where mitochondria with highly organized and 
densely packed cristae are present. Associated phenotypes 
are most pronounced under stress conditions and under 
conditions when active mitochondrial biogenesis and high 
energy production are required. This may explain why
under normal conditions some Barth syndrome patients 
may remain largely asymptomatic with their symptoms 
often deteriorating during infections, growth spurt and
other episodes of physiological strain (Acehan et al. 2009). 
Yeast taz1 mutants have altered CL acyl composition and 
multiple mitochondrial abnormalities when compared to 
the wild type strain. A typical feature of these mutants is 
also accumulation of monolyso-CL (Li et al. 2007). The
above mentioned observations are consistent with the role 
of Taz1p as a transacylase operational in a two-step proc-
ess in which newly synthesized CL is deacylated to form 
monolyso-CL, which is then reacylated to mature CL. 
Deacylation of premature CL and formation of monolyso-
CL in yeast is catalysed by mitochondrial phospholipase 
Cld1p (Beranek et al. 2009). Importantly, the human TAZ 
gene was able to complement taz1∆ associated defects in 
yeast, confirming that yeast taz1Δ mutant is an appropriate 
Barth syndrome model. Later, it was described that Taz1p 
associates with the ATP synthase complex and also with the 
inner mitochondrial membrane transporter Aac2p, whose 
function depends on CL (Claypool et al. 2008). CL, because 
of its high proportion of unsaturated fatty acids, is highly 
susceptible to peroxidation (Imai et al. 2003). In taz1Δ 
and crd1Δ (CRD1 gene encodes for CL synthase) mutants 
with decreased levels of CL, toxicity of ethanol at higher 
temperatures and increased protein carbonylation in the 
presence of ethanol was observed (Chen et al. 2008). This
observation correlates with reactive oxygen species (ROS) 
production in mitochondria and the resulting oxidative 
stress (Costa et al. 1997; Du and Takagi 2007). Excess ROS 
is associated with a variety of diseases and aging (Costa and 
Moradas-Ferreira 2001). It is likely that increased oxidative 
stress in yeast CL-deficient mutants in the presence of etha-
nol is caused by destabilization of protein complexes of the 
mitochondrial respiratory chain. For example, destabilized 
complex III, which is the major source of superoxide in 
mitochondria (Chance et al. 1979; Chen et al. 2003), may 
leak electrons to oxygen, constituting the primary source 
of superoxide anion (Turrens 2003). Increased toxicity of 
ethanol in these mutants can be eliminated by adding oleic 
acid to the growth media (Chen et al. 2008). These data in-
dicate that CL remodeling, catalyzed by Taz1p, may have an 
additional important role in mitochondrial physiology – to 
help replace peroxidated acyl groups of CL.

Accumulated evidence from clinical and experimental 
studies using mammalian cells as well as fly and yeast model
organisms support CL remodeling as a major defect in Barth 
syndrome. The presence of multiple TAZ transcripts and the 
variability of Barth syndrome phenotypes raise the possibil-
ity that other cellular functions could be also affected. Thus,
future detailed investigations are likely to provide important 
insights into mechanisms of dysfunction associated with 
Barth syndrome and hopefully will identify potential targets 
for treating this disease.

Lipid transfer proteins – location, location, location

Lipid biosynthesis is restricted to a few compartments 
of eukaryotic cells, mostly the endoplasmic reticulum, 
mitochondria, lipid droplets, and Golgi apparatus (Fig. 3) 
– and yet the majority of lipid species are found in all cel-
lular membranes. This necessitates the existence of efficient
mechanisms of intracellular lipid transport. Traditionally, 
four ways for the transfer of lipids between membranes 
have been considered: i) spontaneous diffusion through
the aqueous environment, ii) protein-mediated transfer 
catalyzed by lipid transfer proteins, iii) vesicle flux de-
livering membrane material from donor to an acceptor 
compartment, iv) lipid transfer at membrane contact 
sites (Holthuis and Levine 2005) (Fig. 4). Spontaneous 
lipid desorption from the membrane and lipid diffusion
through the aqueous environment in the monomeric 
form is extremely slow for most classes of lipids. As the 
rate of spontaneous lipid exchange correlates with lipid 
aqueous-phase solubility lyso-phospholipids (for exam-
ple lyso-PC) (McLean and Phillips 1984) exchange more 
rapidly than phospholipids. In general, this process is too 
slow to account for observed substantial non-vesicular 
lipid transport of most lipids (reviewed in Lev 2010). 
Lipid transfer proteins (LTPs) can greatly facilitate lipid 
transport between membranes. LTPs were identified in in 
vitro biochemical assays in which transport of hydrophobic 
molecules between two membranes through the aqueous 
compartment was dependent on the presence of specific
cytosolic proteins (Wirtz 1991). A typical feature of the 
LTP structure is the existence of a lipid-binding pocket 
lined with mostly hydrophobic residues that stabilize the 
internalized lipid. In this way the hydrophobic lipid mol-
ecule is shielded from the water environment. Examples 
of hydrophobic molecules that can be sequestered by LTPs 
include not only lipids but also other lipophilic molecules. 
Typical substrates of LTPs are: phosphatidylinositol (PI), 
phosphatidylcholine (PC), phosphatidylethanolamine 
(PE), cholesterol, oxysterols, ceramides, retinol and α-
tocopherol. In addition to the hydrophobic substrates 
they transport, LTPs are grouped into families based on 
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Figure 3. Compartmentalization of eukaryotic lipid biosynthesis. In the centre of mammalian lipid biosynthesis sits the endoplasmic 
reticulum (ER) from which lipids and their precursors are moved to lipid biosynthetic systems in other organelles. Note that in the 
plasma membrane no de novo lipid synthesis takes place. All the depicted lipid molecules generated in the plasma membrane are prod-
ucts of degradation and turnover of lipids synthesized elsewhere in the cell. PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; PS, phosphatidylserine; PA, phosphatidic acid; PG, phosphatidylglycerol; CL, cardiolipin; LPA, lysophosphatidic 
acid; DAG, diacylglycerol; PI4P, phosphatidylinositol-4-phosphate; PI(4,5)P2, phosphatidylinositol-4,5-bisphosphate; PI(3,4,5)P3, phos-
phatidylinositol-3,4,5-trisphosphate; CER, ceramide; GALCER, galactosylceramide; TAG, triacylglycerol; CHOL, cholesterol; SE, steryl 
esters; SL, sphingolipids; S1P, sphingosine-1-phosphate; SPH, sphingosine.

the three-dimensional structures of their lipid-binding 
domains (Cockcroft and Carvou 2007).

Lipid transport, and more specifically lipid transporters,
are important for human health. Precise understanding on 
the molecular level of how lipid transfer proteins function 
is important for the understanding of the etiology of lipid-
transfer related human diseases and for developing new 
therapies. It seems that of the many LTP families, the proteins 
possessing the SEC14 domain, also known as CRAL_TRIO 
(cellular retinaldehyde-binding/triple function) domain, are 
the most common lipid transporters mutated in disease. For 
example, mutations in the gene for retinaldehyde-binding 
protein causes retinitis pigmentosa, the human disease char-
acterized by inherited blindness (Maw et al. 1997). Another 
typical human disease connected to the Sec14 group of LTPs 
is ataxia, a neurodegenerative disease caused by mutations in 
the gene encoding α-tocopherol transfer protein (Ouahchi 
et al. 1995). Recently, mutations in the protein caytaxin con-
taining the Sec14 domain were found to be responsible for 
another neurodegenerative disease, Cayman ataxia (Bomar 
et al. 2003). A Sec14-like lipid-binding domain is also 
found in the protein neurofibromin. Mutations in the gene

encoding human neurofibromin predispose the individual
to the development of a variety of tumors affecting mostly
the peripheral and central nervous systems (Cichowski 
and Jacks 2001). Altogether, protein databases contain over 
1500 proteins with the Sec14 domain, including at least 29 
encoded by the human genome (http://www.ncbi.nlm.nih.
gov/). Interestingly, in mammals, the Sec14 domain is often
incorporated into complex proteins possessing a diversity of 
functions in addition to stand-alone Sec14-domain proteins, 
more typical for simple eukaryotes. Many of these complex 
mammalian Sec14 domain-containing proteins are guanine 
nucleotide exchange factors (GEFs) and GTPase activating 
proteins (GAPs). This suggests that at least some members
of the Sec14 protein family have a regulatory role connected 
to G protein activity.

The prototype domain (CRAL_TRIO in mammalian
proteins) is the yeast Saccharomyces cerevisiae PI transfer 
protein Sec14p (Bankaitis et al. 1990). The crystal structure
of detergent-bound Sec14 protein has been solved (Sha et al. 
1998). In addition, crystal structures of several phospholi-
pid-bound forms of yeast Sfh1p (YKL091c), the protein with
the highest degree of similarity to Sec14p, are now available 

http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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(Schaaf et al. 2008). Crystal structures of some mammalian 
proteins containing Sec14-like domains are also known. 
These include α-tocopherol transfer protein (Meier et al.
2003; Min et al. 2003) and neurofibromin (D’Angelo et al.
2006; Welti et al. 2007). All Sec14-like proteins or domains 
crystallized to date contain a hydrophobic lipid-binding 
cavity gated by a mobile helical structure, important for 
molecular dynamics of substrate exchange reactions on the 
surfaces of biological membranes (Bankaitis et al. 2010). 
The yeast Sec14p contains only the Sec14 domain without
additional known functional domains. It is required for 
transport of secretory proteins from the Golgi apparatus 
and is essential for cell viability (Bankaitis et al. 1989, 1990). 
The ability of Sec14p to facilitate the transfer of PI and PC
in vitro between biological and artificial membranes sug-
gested a role in the intracellular trafficking of phospholipids.
Accumulated genetic evidence now indicates that Sec14p 
regulates phospholipid metabolic pathways that have an 
impact on signaling and membrane trafficking in a complex
way. This conclusion came from the analysis of genetic sup-
pressors of the otherwise essential Sec14p requirement for 
Golgi function and cell viability. Suppressor (or “bypass”) 
mutations in this case are thought to restore physiological 
conditions that are consequences of Sec14p function in vivo 
and are changed when this protein is non-functional. There
is a clear connection between the function of Sec14p and PC 
metabolism. First, inactivation of any of the three structural 

genes encoding enzymes of the CDP-choline (or Kennedy) 
pathway for PC biosynthesis “bypass” the requirement 
of Sec14p for secretion and viability (Cleves et al. 1991). 
Second, inactivation of the other pathway leading to PC 
biosynthesis, the PE pathway, together with the inhibition 
of choline uptake from the medium, also leads to the rescue 
of cells lacking functional Sec14p (Xie et al. 2001). Third,
in the absence of functional Sec14p increased turnover 
of PC via phospholipase D was observed (Sreenivas et al. 
1998) and intact phospholipase D1 (encoded by the SPO14 
gene) must be present for all genetic supressors to bypass 
the Sec14p requirement (Xie et al. 1998). Fourth, in the 
absence of functional Sec14p decreased PC turnover via 
intracellular phospholipase B, Nte1p, producing free fatty 
acids and glycerophosphocholine was observed (Murray 
and McMaster 2005). In addition to the regulation of PC 
metabolism, regulation of phosphoinositide metabolism 
represents another important regulatory role of Sec14p. 
One of the other genetic bypass suppressors of Sec14p 
requirement was the deletion of yeast PI 4-phosphatase, 
encoded by the SAC1 gene (Cleves et al. 1989). Moreover, 
later experiments revealed that in the mutant with the 
temperature-sensitive sec14-1 allele, when shifted to a non
permissive temperature of 37°C, levels of PI-4-phosphate 
(PI-4-P) at the Golgi were significantly reduced (Hama et al.
1999). Also, inactivation of the KES1 gene, which encodes 
an oxysterol-binding protein family member, resulted in the 

Figure 4. Schematic illustration of four major ways of intermembrane lipid transport. A. Spontaneous diffusion through the aque-
ous environment. B. Protein-mediated transfer catalyzed by lipid transfer proteins. C. Vesicular transport delivering membrane 
material from donor to an acceptor compartment. D. Lipid transfer at membrane contact sites. There are indications that some of
these mechanisms operate simultaneously, e.g. lipid transfer proteins participating in lipid movement between membranes at their 
contact sites. 
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ability of the yeast cell to survive in the absence of Sec14p 
(Fang et al. 1996). Recent high throughput genetics analysis 
revealed that Sec14p and Kes1p are involved in coordinate 
regulation of the Golgi PI-4-P pool generated by Pik1p, one 
of two essential phosphoinositide 4-kinases (LeBlanc and 
McMaster 2010).

In conlusion, the current view is that Sec14p coordinates 
lipid metabolism with membrane trafficking into and out
of the trans-Golgi (Griac et al. 2006; Bankaitis et al. 2010; 
LeBlanc and McMaster 2010), providing the appropriate 
balance of lipids for this trafficking to occur. The molecular
details of how Sec14p regulates membrane traffic is, however,
unclear. One hypothesis presumes that Sec14-like proteins 
operate primarily as lipid sensors that instruct specific en-
zymes when and where to execute biochemical reactions 
(Bankaitis et al. 2010). This sensing information can be
conveyed through spatially and temporary regulated changes 
in phosphoinositide metabolism dependent on Sec14p. To 
date, the mechanism of how Sec14-like proteins (at least 
some of them) can sense the membrane lipid composition 
is not clear and additional experiments are needed to test 
this hypothesis. The other possibility is that Sec14-like
proteins operate at membrane contact sites where transfer 
of lipids can occur (Levine and Loewen 2006). An example 
of this mode of action by a Sec14-like protein is the yeast 
Sec14 protein homologue Pdr17p (also known as Sfh4p, or
PstB2p). All available data strongly suggest that Pdr17p acts 
as a component of a multiprotein complex that effects trans-
port of phosphatidylserine between endoplasmic reticulum 
and Golgi membranes at membrane contact sites (Wu et al. 
2000; Wu and Voelker 2001). It is also possible that individual 
members of the Sec14-like superfamily of proteins differ in
their mechanisms of function. Future advances in technology 
will hopefully enable us to follow individual lipid transfer 
proteins loaded with different cargo molecules as they go
about their business in the cell and answer questions on how 
Sec14-like proteins participate in diverse biological processes 
linked to various aspects of cellular metabolism. 

In higher eukaryotes, including mammals, PI transfer ac-
tivity was identified in a group of PI transfer proteins (PITPs)
that have no sequence or structural homology to the group of 
Sec14-like proteins. Thus, caution has to be exercised when
comparing these two families of PI transfer proteins. Saying 
that, it is, however, also important to stress that yeast Sec14p 
and some mammalian PITPs functionally partially overlap. 
Yeast Sec14p is able to restore phospholipase C signaling in 
mammalian cells lacking PITPs (Cunningham et al. 1996) 
and vice versa: mammalian PITPs can rescue yeast cells with 
the temperature sensitive allele of the SEC14 gene (Tanaka 
and Hosaka 1994). The function of higher eukaryotes PITPs
was studied in various model organisms, including mice, rats, 
flies, and zebrafish. In mice and Drosophila insufficiencies in
PITPs lead to severe neurodegenerative defects (Hamilton et 

al. 1997; Milligan et al. 1997; Alb et al. 2003). In mammals, 
there are three soluble PITPs (PITPα, PITPβ and RdgBβ), 
some of which are differentially spliced into variants with
variations in the C-terminal region, and two multidomain 
proteins (RdgBαI/Nir2 and RdgBαII/Nir3) containing the 
PITP domain (Cockcroft and Carvou 2007). All of these
proteins are able to transfer PI between membranes through 
the aqueous phase in vitro (Cockcroft 1998). Two soluble
mammalian PITPs, PITPα and PITPβ, share sequence iden-
tity of 77% and a sequence similarity of 94%. Despite this 
high sequence similarity it is now well established that these 
two isoforms serve different functions in the cell. First, they
differ in subcellular location; PITPβ is present mostly at the
Golgi compartment, and PITPα was found throughout the 
cytosol and in the nucleus (De Vries et al. 1996). Second, the 
phenotype of mutations in these PITPs is different. In mutant
mice defective in PITPα function, called vibrator, progressive 
tremor and degeneration of neurons in brain and spinal cord 
were observed (Hamilton et al. 1997), which lead to juvenile 
death of these individuals. A more severe phenotype was 
observed in PITPα knockout mice. PITPα–/– mice died a few 
days after birth from complicated organ failure including
spinocerebellar disease, hypoglycemia and intestinal and 
hepatic steatosis (Alb et al. 2003). In contrast, ablation of the 
gene for PITPβ leads to early embryonic lethality (Alb et al. 
2002). Another neuronal phenotype, retinal neurodegen-
eration was first observed in fruit fly Drosophila following 
disruption of RdgBα (Milligan et al. 1997). 

The three-dimensional structure of PITP bound to PI
or PC has given us an insight into how these proteins are 
able to facilitate the transfer of lipids. What needs to be 
deciphered is whether PITP proteins simply deliver PI (and 
PC) as transporters or function in some other mechanism. It 
is also important to find out how the PI and/or PC binding
and transfer activity is connected to the variable biological 
functions that individual PITPs support. Many experiments 
(Cockcroft 2001; Cockcroft and Carvou 2007) using per-
meabilized cells firmly established the connection between
PITPs and an increased production of phosphoinositides. 
The roles of phosphoinositides cannot be underestimated (Di
Paolo and De Camilli 2006; Cockcroft and Carvou 2007;);
these range from phospholipase C signaling, regulated 
exocytosis, vesicle formation to the regulation of the cell 
cycle. The hypothesis that PITPs function by providing PI
for phosphorylation by various PI kinases in a spatially and 
time-regulated manner is the common mechanism behind 
the diverse functions of PITP proteins certainly requires at-
tention. Unfortunately, monitoring of lipid transfer in intact 
cells is technically extremely challenging and has not yet been 
achieved for any lipid transporter to date.

Clearly, a great deal of progress has been made in under-
standing the role of LTPs in the physiology of eukaryotic 
cells. Still there is a wide gap between the biochemistry of 
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these proteins and the detrimental phenotypes observed 
when these proteins are mutated or missing. Some of the 
remaining problems are: how are these proteins targeted to 
the proper subcellular membranes; how do they associate 
with membranes and how do they extract lipids from mem-
branes; how do they distinguish between different lipids;
what are the other components of the signaling pathways 
involving LTPs; do at least some of the LTPs serve as lipid 
sensors possibly regulating lipid metabolism; and to which 
extend binding of individual lipid molecules influences the
function of PITPs. 

Conclusion

Lipids, considered initially to be the building material of 
membranes and the way to store energy are now recognized 
as a source for the plethora of signaling molecules. The
understanding of the role lipids play in the physiology of 
a eukaryotic cell may help us to understand the mechanisms 
behind lipid-related human diseases and devise strategies for 
better diagnosis and treatment. The molecular mechanism
behind some of these diseases is known, whereas in some 
cases the link between the defect in lipid homeostasis and 
the disease pathology is less clear. We believe that to better 
understand the underlying role of lipids in pathological proc-
esses, in addition to studying these diseases directly, it is also 
of fundamental importance to study the basic and general 
mechanism of lipid homeostasis, lipid-protein interactions 
and biophysical properties of membrane lipids. Novel lipi-
domics technologies (Wolf and Quinn 2008) coupled with 
proteomics and genomics are now available to study lipids 
and their interactions with other cellular processes. Almost 
certainly, the combination of genetic, biochemical and struc-
tural analyses now available will lead to a better understand-
ing of lipid metabolism and subsequently to better diagnosis 
and treatment of lipid-related diseases. 
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