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ABSTRACT Phosphatidylinositol/phosphatidylcholine transfer proteins
(PITPs) remain largely functionally uncharacterized, despite the fact that they
are highly conserved and are found in all eukaryotic cells thus far examined by
biochemical or sequence analysis approaches. The available data indicate a role
for PITPs in regulating specific interfaces between lipid-signaling and cellular
function. In this regard, a role for PITPs in controlling specific membrane
trafficking events is emerging as a common functional theme. However, the
mechanisms by which PITPs regulate lipid-signaling and membrane-trafficking
functions remain unresolved. Specific PITP dysfunctions are now linked to
neurodegenerative and intestinal malabsorbtion diseases in mammals, to stress
response and developmental regulation in higher plants, and to previously
uncharacterized pathways for regulating membrane trafficking in yeast and
higher eukaryotes, making it clear that PITPs are integral parts of a highly
conserved signal transduction strategy in eukaryotes. Herein, we review recent
progress in deciphering the biological functions of PITPs, and discuss some of
the open questions that remain.
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INTRODUCTION
PITPs are approximately 35 kD MW phospholipid transfer proteins that fa-

cilitate the energy-independent transfer of either phosphatidylinositol (PtdIns)
or phosphatidylcholine (PtdCho) between membrane bilayers in vitro (Cleves
et al., 1991a; Wirtz, 1991). Given their high level of conservation in eukary-
otes, it is presumed that PITPs exhibit some important in vivo function. PITP
conservation can be divided into two distinctive branches based upon their
primary sequence homology: the fungal/plant PITPs and the metazoan PITPs.
Plant and fungal PITPs display high primary sequence identity among them-
selves, as do PITPs from mammals, flies, fish, and worms (Bankaitis et al., 1989;
Dickeson et al., 1989; Carmen-Lopez et al., 1994). However, there is absolutely
no sequence similarity between these two groups; the original mammalian ho-
molog to the fungal/plant PITPs is the cellular retinaldehyde binding protein
(CRALBP) (Salama et al., 1990). Despite this lack of sequence identity between
the two groups, these proteins are virtually indistinguishable in biochemical

Address correspondence to Vytas A.
Bankaitis, Department of Cell and
Developmental Biology, School of
Medicine, Lineberger Comprehensive
Cancer Center, University of North
Carolina at Chapel Hill, Chapel Hill, NC
27599-7090, USA. E-mail:
vytas@med.unc.edu

21







and direct physiological coupling between vesicle bio-
genesis at the TGN and the metabolism of specific
lipids. These lipids include PtdCho, diacylglycerol
(DAG), and inositol-containing phospholipids. A sev-
enth class of ‘bypass Sec14p’ mutations identifies a
Golgi-associated phosphoinositide-binding protein of
the enigmatic oxysterol-binding protein (OSBP) fam-
ily (Fang et al., 1996). Because the ‘bypass Sec14p’
gene products represent either enzymes of phospho-
lipid metabolism or lipid binding proteins, the general
conclusion is that Sec14p regulates a critical biological
interface between phospholipid metabolism and Golgi
secretory function. A model for how Sec14p utilizes its

FIGURE 2 The Sec14p pathway for Golgi secretory function. The relevant lipid metabolic pathways and principal lipids (PtdCho, DAG,
PtdIns-4-P and PtdOH) are shown. Proteins encoded by ‘bypass Sec14p’ genes are circled. Three of the ‘bypass Sec14p’ genes encode
for proteins of the CDP-choline pathway, choline kinase (CKIase), choline phosphate cytidylyltransferase (CCTase) and choline phospho-
transferase (CPTase). This pathway consumes DAG to generate PtdCho and is downregulated by PtdCho-occupied Sec14p. Regulation
of this pathway reduces levels of PtdCho while preserving DAG. Sec14p also stimulates the synthesis of PtdIns-4-P and inactivation of
the polyphosphoinositide phosphatase Sac1p leads to a dramatic accumulation of PtdIns-4-P in the ER. Kes1p is a Golgi associated
PtdIns-4-P binding protein that is mislocalized by the elevated PtdIns-4-P due to Sac1p dysfunction. The exact function of Kes1p remains
unknown, but genetic data suggest it regulates the ARF-cycle on Golgi membranes. PLD acts to maintain an appropriate balance of
PtdCho and DAG for Sec14p-independent Golgi function. Finally, the downstream effectors of Sec14p function that stimulate secretory
vesicle biogenesis are two lipid-responsive ARFGAPs, one of which is Gcs1p. The ARFGAP activity of Gcs1p is modulated positively by
DAG/PtdOH and negatively by PtdCho.

PtdIns- and PtdCho-binding/transfer activities to main-
tain an appropriate lipid environment in yeast TGN
membranes conducive to vesicle formation is presented
in Figure 2.

Sec14p and PtdCho Biosynthesis
That Sec14p function is tightly linked to PtdCho

metabolism is demonstrated by the fact that five of
the seven classes of ‘bypass Sec14p’ mutations represent
structural genes for PtdCho biosynthesis (Cleves et al.,
1991b; Xie et al., 2001), and that PtdCho levels rise in
Golgi membranes upon inactivation of Sec14p (McGee
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dysfunction results in yeast cells with heightened sen-
sitivities to ergosterol-directed pharmacologs (Van den
Hazel et al., 1999). Sfh4p is required for efficient decar-
boxylation of phosphatidylserine (PtdSer) to PtdEtn via
the activity of a specific non-mitochondrial PtdSer de-
carboxylase (Wu et al., 2000). Finally, Sfh5p appears to
play a significant role in modulation of PtdIns(4,5)P2

homeostasis at the plasma membrane (Routt et al.,
2005). These data implicate SFH gene products in a
wide array of cellular functions, some of which are
similar to Sec14p in their ability to regulate lipid
metabolism.

An interesting point of discussion that is emerg-
ing from the study of SFH proteins is that specific
versions of these proteins may function in promot-
ing lipid trafficking via intermembrane contact sites.
The concept that lipids can traffic between closely ap-
posed membranes via a hemifusion intermediate en-
joys a long and frustrated history. Evidence consistent
with the existence of mitochondrion-ER, trans-Golgi-
ER and plasma membrane-ER inter-membrane contact
sites has been described (Shiao et al., 1995; Achleitner
et al., 1999; Marsh et al., 2001; Pichler et al., 2001; Wu
and Voelker, 2002). However, a demonstration that such
sites represent portals for lipid trafficking remains un-
proven, and the molecular components that function-
ally define such contact sites are equally elusive.

Recently, more compelling evidence that such sites
exist has come from several directions. First, functional
studies of the mammalian ceramide transfer protein
(CERT) are suggestive. CERT stimulates ceramide traf-
ficking between ER and Golgi membranes, and this traf-
ficking protein exhibits domains dedicated both to ER-
and Golgi-binding (Hanada et al., 2003). That is, CERT
is constructed in a fashion that is ideally suited for a
protein that forms ER-Golgi contact sites. One of the
major reasons for entertaining the idea that SFH pro-
teins may be involved with such contact sites is that
these proteins are firmly bound to intracellular mem-
branes. Release requires strip with 0.5 M salt (Li et al.,
2000). Other supportive evidence derives from more
detailed functional study of individual SFH proteins.
In this regard, the functional data collected for Sfh4p
and Sfh5p make a case that these proteins too may be
involved in lipid trafficking via membrane contact site
mechanisms.

Sfh4p (also described by the nonconventional
designation PstB2p; Wu et al., 2000) was identi-
fied in a genetic screen for components of a non-

mitochondrial pathway for PtdSer decarboxylation to
phosphatidylethanolamine (PtdEtN). It is currently
thought that this Sfh4p-dependent pathway reports the
trafficking of PtdSer from the yeast ER to an endoso-
mal compartment that houses a PtdSer decarboxylase
isoform (Psd2p) (Wu & Voelker, 2002). It is unlikely
that Sfh4p delivers PtdSer monomers to Psd2p, given
that Sfh4p exhibits no detectable PtdSer binding or
transfer activity in vitro (Wu et al., 2000). In vitro re-
constitution of an Sfh4p- and Psd2p-dependent decar-
boxylation of PtdSer provides further details. In a sys-
tem where PtdSer is provided on a chemically defined
donor vesicle, and where Psd2p is located on micro-
somal membranes, Wu and Voelker (2004) found that
transport of PtdSer from donor vesicle to Psd2p is sensi-
tive to phospholipid composition and curvature of the
donor membrane. High concentrations of PtdSer are
required in the donor, and the transfer reaction is sensi-
tive to surface dilution of the PtdSer substrate by other
phospholipids (including acidic phospholipids). Strik-
ingly, the transfer reaction operates much more effi-
ciently when the donor membrane is not highly curved
(vesicle diameter � 400 nm) (Wu & Voelker, 2004). Vali-
dation of such reconstituted systems is always a critical
element, and this cell-free assay satisfies two key features
of the in vivo correlate. First, the assay faithfully recon-
stitutes the Sfh4p-dependence of the reaction. Second,
the in vivo requirement of the Ca2+ -dependent phos-
pholipid binding domain of Psd2p for this specific
metabolic channeling event is also reproduced in the
assay (Wu & Voelker, 2004). Further resolution and re-
constitution of this system promises to be a most fruitful
avenue for future research.

The concept of an involvement for Sfh4p in contact-
site formation or function may well extend to other
members of the SFH protein family, particularly Sfh5p.
As described above, Sfh5p couples to the Stt4p Pt-
dIns 4-OH kinase to generate a PtdIns-4-P pool that
contributes to PtdIns(4,5)P2 homeostasis in the yeast
plasma membrane (Routt et al., 2005). This plasma
membrane PtdIns(4,5)P2 pool likely contributes not
only to activation of PLD under appropriate condi-
tions, but also to the activity of the post-Golgi vesi-
cle docking/fusion machinery—likely at the level of the
functional interaction of specific subunits of the yeast
exocyst complex with SNAP-25-like t-SNARE Sec9p
(Routt et al., 2005). The physiological coupling of Sfh5p
and Stt4p notwithstanding, these two proteins are not
localized to the same compartment. Rather, Sfh4p is
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M-RdgB1 plays other essential cellular housekeeping
roles.

Although mouse gene ablation strategies failed to
provide much insight into M-RdgB function in vivo,
progress is coming from cell biological analyses. M-
RdgB1/Nir2 localizes to the mammalian Golgi com-
plex (Aikawa et al., 1999; Litvak et al., 2005), where
it is required for efficient membrane and protein traf-
ficking from the TGN. Depletion of function by M-
RdgB1/Nir2 siRNA evokes dramatic changes in Golgi
structure. Morphological analyses of the affected Golgi
by electron microscopy reveals swollen Golgi cisternae
and loss of the typical compact perinuclear Golgi struc-
ture (Litvak et al., 2005). These morphological defects
correlate with strikingly reduced efficiencies of vesicular
stomatitis virus coat glycoprotein (VSV-G) trafficking
from the TGN to the plasma membrane. Furthermore,
YFP-tagged VSV-G in M-RdgB1/Nir2 knockdown cells
was localized to tubules emanating from the Golgi.
These structures are most likely due to impaired fission
of transport carriers from the TGN and are comparable
to Golgi tubular structures generated from the overex-
pression of a kinase-deficient protein kinase D (PKD)
that is required for vesicle trafficking from the TGN
(Liljedahl et al., 2001; Baron et al., 2002). This membrane
trafficking defect is specific, as there are no discernable
effects on ER to Golgi or intra-Golgi transport (Litvak
et al., 2005).

How does M-RdgB1/Nir2 regulate vesicle traffick-
ing from the TGN? Clearly, as is the case with the
Drosophila RdgBp, the PITP-domain is the key func-
tional domain. Expression of the PITP-domain of M-
RdgB1/Nir2 alone is sufficient for efficient rescue of
VSV-G transport from TGN depleted of full-length en-
dogenous M-RdgB1/Nir2. Strikingly, the role of the
M-RdgB1/Nir2 PITP-domain in facilitating vesicle bio-
genesis at the TGN surface appears to be very similar
to that executed by Sec14p in budding yeast; i.e., con-
trol of DAG homeostasis. Several lines of evidence in-
dicate M-RdgB1/Nir2 controls the consumption of a
Golgi DAG pool that is sensitive to consumption via
the CDP-choline pathway for PtdCho biosynthesis. In-
deed, pharmacological inhibition of CDP-choline path-
way activity rescues the TGN membrane trafficking de-
fects associated with reduced M-RdgB1/Nir2 function
(Litvak et al., 2005).

Whether M-RdgB1/Nir2 effects direct or indirect
regulation of the CDP-choline pathway is unclear. How-
ever, these findings are remarkably congruent with

the demonstration that the essential Sec14p require-
ment in yeast is bypassed by genetic ablation of the
CDP-choline pathway (Cleves et al., 1991b). The sim-
ilar derangements of the Golgi system recorded upon
depletion of M-RdgB1/Nir2 or PKD function, when
coupled with the DAG requirement for PKD recruit-
ment to the mammalian TGN, suggests the attrac-
tive possibility that M-RdgB1/Nir2 regulates DAG-
mediated recruitment of PKD to the TGN surface (Lit-
vak et al., 2005).

Other Functions for M-RdgB1/Nir2
M-RdgB1/Nir2 is a multifunctional protein whose

site of action does not appear to be limited to the
TGN. As one example, both M-RdgB1/Nir2 and
M-RdgB2/Nir3 interact with the integral ER-membrane
protein VAP-B via a conserved acidic region contain-
ing the FFAT motif (Amarilio et al., 2005). These two
VAP-B interactions induce stacked ER membrane arrays
and gross ER rearrangements, suggesting novel possibil-
ities for the involvement of M-RdgB1/Nir2 and/or M-
RdgB2/Nir3 in regulating membrane biogenesis. These
effects are only observed when M-RdgB1/Nir2 or M-
RdgB2/Nir3 proteins are overexpressed, however, rais-
ing questions regarding the physiological significance
of these effects (Amarilio et al., 2005).

M-RdgB1/Nir2 also engages lipid droplets which are
themselves sites of storage for neutral lipids such as tri-
acyglycerol, DAG and cholesteryl esters. The neutral
lipid core of these droplets is surrounded by a shell
of phospholipids and proteins. When cells are grown
in the presence of excess oleic acid, lipid droplets ac-
cumulate within the cell and M-RdgB1/Nir2 localizes
on the surface of these lipid droplets. This localization
is mediated by a proposed phosphorylation of Thr59

in the PITP-domain, a regulation particularly appar-
ent in the context of localization of the PITP-domain
alone. Truncated M-RdgB1/Nir2 consisting of only the
PITP-domain localizes to the cytoplasm, while the M-
RdgB1/Nir2T59E truncation mutant localizes to lipid
droplet surfaces (Litvak et al., 2002a).

The fact that M-RdgB1/Nir2 localizes to the lipid
droplet surface at all raises interesting questions re-
garding the mechanism of such localization. As M-
RdgB1/Nir2 is a tightly associated membrane protein,
and a potential phosphorylation of Thr59 is required
for M-RdgB1/Nir2 localization to lipid droplets, it is
likely that M-RdgB1/Nir2 incorporates onto the lipid
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droplet during the biogenesis of the droplet itself. How
such an event sorts the potentially phosphorylated M-
RdgB1/Nir2 from the unmodified form is unknown.
Furthermore, as the high-resolution structure of PITP�
reveals, Thr59 is not readily accessible for phosphory-
lation in the soluble PITP::phospholipid complex, al-
though the PITP-domain protein fold might be differ-
ent in the context of M-RdgB1/Nir2.

It is also unclear what role M-RdgB1/Nir2 may play
on lipid droplet surfaces. M-RdgB1/Nir2 may mobilize
DAG from the lipid droplet reservoir into the TGN. The
imported DAG could contribute to the DAG pool that
functions in PKD recruitment. Why the TGN would
require such a DAG supply line is unclear; given that
mammalian Golgi membranes are veritable DAG pro-
ducing machines as a consequence of housing the en-
zyme that catalyzes SM biosynthesis. Production of one
mole SM via the action of SM synthase consumes one
mole PtdCho and one mole ceramide while generating
one mole DAG as additional product (see Luberto and
Hannun, 1998). On this basis, PITP� is ideally posi-
tioned to regulated Golgi DAG homeostasis (Bankaitis,
2002). The available data do not support this proposal,
however. Rather, the data identify M-RdgB1/Nir2 as
a major regulator of TGN DAG homeostasis and sug-
gest the CDP-choline pathway is involved in regulating
DAG homeostasis (Litvak et al., 2005).

M-RdgB/Nir proteins exhibit other domains that po-
tentially regulate important cellular processes. For ex-
ample, cytokinesis requires coordinated regulation of
cellular cytoskeletal networks and proteins that engage
the plasma membrane. Regulation of this process in-
volves the action of the small GTPase Rho, and M-
RdgB1/Nir2 function appears to interface with that
of Rho. Microinjection of M-RdgB1/Nir2 antibodies
into cells blocks completion of cytokinesis by incit-
ing cleavage furrow regression. The result is produc-
tion of multinucleate cells (Litvak et al., 2002b). In
this regard, while M-RdgB1/Nir2 normally localizes
to the Golgi, endogenous M-RdgB1/Nir2 also local-
izes with RhoA to the cleavage furrow and the mid-
body. Co-immunoprecipitation experiments confirm
that M-RdgB1/Nir2-RhoA association is significantly
enhanced during mitosis in HeLa cells (Litvak et al.,
2002b). In this regard, the interaction between M-
RdgB1/Nir2 and RhoA is mediated by a Rho inhibitory
domain (Rid) in M-RdgB1/Nir2 that is essential for cy-
tokinesis (Tian et al., 2002; Litvak et al., 2002b). Again,
this cell division function for M-RdgB1/Nir2 resembles

that executed by Sec14pSP in completion of cytokine-
sis in fission yeast and, potentially, by Patellins in cell
plate formation in higher plants (Nakase et al., 2000;
Petermann et al., 2004; see above). The precise role of
the M-RdgB1/Nir2 PITP-domain in regulating cytoki-
nesis remains to be resolved.

CONCLUDING REMARKS
In this review, we emphasize the point that PITPs

and PITP-like proteins sit at the nexus of signaling
pathways that control interesting and important cellu-
lar and physiological functions. PITPs execute roles in
both uni- and multicellular eukaryotes, and these organ-
isms span the gamut of the eukaryotic kingdom. The
few functional studies that have been done on these
remarkably under-investigated proteins demonstrate
there exists a specific coupling of the functions of
individual PITPs to defined cellular activities asso-
ciated with membrane trafficking and/or membrane
biogenesis. The studies of the function of specific
PITPs in higher organisms in particular demonstrate
PITP insufficiencies result in intestinal malabsorbtion
disorders, glucose homeostatic and neurodegenerative
diseases in mammals. PITPs are also critical for mainte-
nance of mycelial growth programs in dimorphic yeast;
i.e., growth programs that are critical factors in the
pathogenesis of infectious yeast agents. Thus, from mul-
tiple biomedical standpoints, PITP studies will impact
our understanding of the molecular basis of disease.

It is similarly clear that PITPs regulate interesting de-
velopmental pathways for polarized membrane biogen-
esis in higher plants in ways that may influence the sym-
biotic program that permits nitrogen fixation, and are
also likely to regulate plant stress responses. Whether
the plant paradigm for PITP-mediated regulation of po-
larized exocytosis translates to the function of PITPs,
particularly Sec14p-like PITPs, in mammalian cells re-
mains to be seen. In any event, as hunger presents the
major health problem facing the human race, studies of
how PITPs function in plants are likely to assume in-
creasing basic and applied importance over the coming
years.
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