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Abstract
Glycolipid transfer proteins (GLTPs) are small (24 kD), soluble, ubiquitous proteins characterized
by their ability to accelerate the intermembrane transfer of glycolipids in vitro. GLTP specificity
encompasses both sphingoid- and glycerol-based glycolipids, but with a strict requirement that the
initial sugar residue be beta-linked to the hydrophobic lipid backbone. The 3D protein structures of
GLTP reveal liganded structures with unique lipid binding modes. The biochemical properties of
GLTP action at the membrane surface have been studied rather comprehensively, but the biological
role of GLTP remains enigmatic. What is clear is that GLTP differs distinctly from other known
glycolipid-binding proteins, such as nonspecific lipid transfer proteins, lysosomal sphingolipid
activator proteins, lectins, lung surfactant proteins as well as other lipid binding/transfer proteins.
Based on the unique conformational architecture that targets GLTP to membranes and enables
glycolipid binding, GLTP is now considered the prototypical and founding member of a new protein
superfamily in eukaryotes.
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1. Historic Overview --- Early Insights
The first lipid transfer protein found to selectively transfer glycosphingolipids (GSLs) between
membranes was discovered in spleen and was called cerebroside transfer protein [1,2].
Although purification to homogeneity was hampered by protein instability that developed at
the final steps of purification, characterization of the soluble protein revealed a molecular
weight of ∼24 kD and a pl of ∼9.0. Soon after, protein–mediated glycolipid transfer activities
were found in other tissues including pig and bovine brain [3,4]. The application of different
liquid chromatographic approaches in various combinations eventually enabled GLTP to be
purified to homogeneity in stable form from porcine and bovine brain [5,6]. Nonetheless,
because GLTP was relatively sparsely expressed and the purifications were laborious and time
consuming, insights into the structural features of GLTP were slow to emerge. Most early
studies focused on defining the selectivity of GLTP for different glycolipids [2,7-10], the
mechanism by which GLTP enabled glycolipids to be transferred between membranes [2,5,
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7,11] and the parameters that affected the kinetics of glycolipid transfer between membranes
by GLTP [4,12-14].

GLTP specificity was found to be broad encompassing both sphingoid-based and glycerol-
based glycolipids in which the first sugar is β-linked to the nonpolar lipid moiety [8,9]. Figure
1 shows the structure galactosylceramide (GalCer) in both the alpha and beta configurations.
While there is general agreement that high transfer rates are observed when glycolipids contain
one or two sugars and that no transfer occurs with phosphoglycerides or neutral lipids,
somewhat conflicting data have appeared with regards to how well GLTP can transfer anionic
and complex neutral GSLs [2,7,8,10].

Even though early studies with porcine and bovine GLTP established the ability of the protein
to selectively accelerate the intermembrane transfer of glycolipids in vitro, the mechanism of
protein action remained poorly defined. Metz and Radin [2] reported that cerebroside transfer
protein from bovine spleen bound small amounts of GalCer (∼4%), but also observed that the
diffusion of the protein was reduced by mixing with liposomes or red cell ghosts that contained
glycolipids. They speculated that the protein desorbs from the membrane surface as a protein/
lipid complex that then rapidly dissociates in solution before reaching an acceptor membrane.
Abe and Sasaki [5] proposed that porcine GLTP functions as a soluble intermediate that carries
glycolipids between membranes, based on nondenaturing polyacryl-amide gel electrophoresis
showing formation of a soluble GLTP/GalCer complex and Sephadex G-75 size exclusion
chromatography showing no protein bound to vesicles containing glycolipid. However, total
protein recovery from the size exclusion chromatography column was low and only 13 mol%
of the porcine GLTP molecules acquired GalCer. Other attempts to confirm formation of
soluble GLTP/glycolipid complexes resulted in conflicting data. Wong et al. [4] found that a
substantial fraction (30−40%) of partially purified bovine brain GLTP coelutes with
POPC:GalCer vesicles, but were unable to detect glycolipid binding by the protein. Brown et
al. [6] reported weak association of bovine brain GLTP with pyrene-labeled glucosylceramide
using fluorescence approaches, but found no evidence of protein binding to vesicles containing
glycolipid. Sasaki and colleagues showed that porcine brain GLTP acquired pyrene-labeled
GalCer from vesicles and formed a complex [12] but found no GLTP/glycolipid complex in
the subphase beneath radiolabeled GalCer monolayers [11]. In all of these early studies, GLTP
was isolated using different approaches from animal tissues known to contain various
glycosphingolipids. Also, some difficulties were likely caused by the lengthy purification
required for GLTP and instabilities that affected certain GLTP preparations [2,10].

The early challenges associated with GLTP, i.e. relatively low abundance in tissues and
difficulties in achieving homogeneous stable GLTP preparations, limited the focus of GLTP
research mostly to assessment of parameters that affected the kinetics of the GLTP-mediated
transfer process. These analyses made use of two types of assays to assess protein activity. The
glycolipid transfer process could be monitored using either radiolabeled glycolipid, which
required separation of donor and acceptor membranes to quantify transfer [2,3] or using
fluorescent glycolipid designed to produce a concentration-dependent change in emission
signal response, enabling measurement of real-time transfer kinetics [4,12]. With the
complementary assays, the effects of chemical agents on protein viability were investigated
[4,12-14]. Studies of native and denatured porcine GLTP with sulfhydryl reagents under
reducing and oxidizing conditions revealed three cysteines. One cysteine residue was relatively
accessible suggesting a surface localization. The remaining two cysteine residues were
postulated to form a disulfide bond required for maximal activity [13,14]. Competition analyses
using various free sugar residues showed no interference with GLTP transfer activity [12]. In
addition, the influence of the membrane environment containing the resident glycolipid was
studied [4]. Rapid transfer of GlcCer by GLTP was observed only when the donor and acceptor
phosphatidylcholine vesicles were both in the liquid-crystalline state [4]. Additional insights
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into these early studies of the 1980s are provided in several excellent and comprehensive
reviews [15-18].

Despite the early challenges, the primary sequence was successfully determined by Edman
degradation, revealing 208 amino acids in the porcine brain protein [19]. The sequence
confirmed the presence of three cysteines, which had been postulated based on chemical
reactivity to sulfhydryl reagents [13,14]. Cysteine 36 was found to react with iodoacetamide
under nondenaturing conditions, while cysteines 112 and 176 presumably formed the intra-
molecular disulfide reportedly needed for maximum transfer activity of glycolipid. Analyses
of GLTP secondary structure by circular dichroism revealed high alpha-helical content (∼60%)
along with ∼25% beta structure [14]. However, a comprehensive, detailed understanding of
GLTP structure remained elusive.

2. Rebirth of GLTP Research
During the 1990s, interest in GLTP waned and nearly a decade passed without new advances.
A major step forward occurred in 2000 with the successful molecular cloning of the full-length
cDNA open reading frame from bovine and porcine gltp mRNA transcripts by bridge-
overlapping extension PCR after successful production of partially coding cDNA clones by
hot-start, semi-nested PCR and rapid amplification of cDNA ends PCR [20]. Heterologous
expression in E. coli as a GST fusion protein and affinity purification resulted in fully active
protein [20]. The encoded amino acid sequences (209 amino acids) were identical for the bovine
and porcine GLTPs and matched closely with the porcine primary sequence determined by
Edman degradation. Subsequent cloning and expression of human GLTP from skin fibroblasts
revealed high homology (>98%) with the porcine and bovine proteins [21,22]. The ability to
rapidly acquire relatively large amounts of pure, stable GLTP fueled a new wave of progress
in the field. Chief among the recent advances have been an enhanced appreciation for how the
membrane environment and lipid composition can affect GLTP accessibility to glycolipid, a
more definitive and refined understanding of the mechanism of action used by GLTP to
accomplish the intermembrane transfer of glycolipid, as well as detailed insights into the
conformational architecture of GLTP in both the glycolipid-free and liganded forms.

3. Membrane Environment and Lipid Compositional Effects
By making use of resonance energy transfer (RET) between lipid fluorophores, real time
insights have been gained into GLTP-mediated GSL transfer between bilayer vesicles [23]. In
the RET assay involving anthrylvinyl (AV)-labeled GSLs (energy donor) and perylenoyl-
labeled phosphatidylcholine or triglyceride (energy acceptor), both lipid probes are initially
localized in close proximity in donor vesicles. Excitation using a wavelength selective for AV-
galactosylceramide (AV-GalCer) results in energy transfer to 3-perylenoyl
phosphatidylcholine, effectively quenching AV-GalCer emission. Upon addition of GLTP, the
AV-GalCer emission intensity increases as a function of time as AV-GalCer is transferred to
PC acceptor vesicles that are devoid of 3-perylenoyl phosphatidylcholine. Because of GLTP
selectivity for glycolipids, almost no change in the initial emission signal is observed if AV-
PC is substituted for AV-GalCer. Unlike the radiolabeled (3H-GSL) assay which requires
separation of negatively-charged donors and neutral acceptors at discrete time intervals to
assess GSL intervesicular transfer [6,24], the RET assay allows continuous real-time
monitoring and still requires only small protein amounts (0.5 to 2.0 μg). Figure 2 illustrates a
typical fluorescence signal response observed when GLTP transfer activity is monitored using
a RET assay system in which DiO-C16 (3,3'-dihexadecyloxacarbocyanine perchlorate) serves
as the nontransferable energy acceptor/quencher.
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Using the preceding assay systems, investigations have been carried out to determine how
changes in solution properties (e.g. ionic strength and pH) and in membrane properties (e.g.
surface charge, phase state, curvature/bending stress, and glycolipid substrate concentration)
affect the GLTP mediated transfer of glycolipids. The working hypothesis for the biochemical
and biophysical studies has been that the physical environment generated by the lipids and
their lateral distribution are key factors regulating the transfer activity of GLTP in vitro.

3.1 Glycolipid concentration in the membrane
The amount of glycolipid in the donor vesicles has little impact on the GLTP mediated transfer
rates. Increasing the glycolipid concentration from 0.5 mol % up to 5.0 mol %, while keeping
the concentration of the transfer protein constant (0.94 μg), increases the transfer rate of AV-
GalCer only marginally, i.e. ∼15 % [24]. However, increasing the amount of transfer protein
does indeed result in a faster transfer rate. The results are consistent with a transfer process
that follows first-order kinetics.

3.2 Charge effects on GLTP
Previous studies showed that membrane surface charge has significant effects on lipid transfer
protein catalyzed transfer of various lipids [25-27]. For instance, negatively charged donor and
acceptor membranes reportedly inhibit the activity of the intracellular phosphatidylcholine
transfer protein and non-specific lipid transfer protein. The phosphatidylcholine transfer
activity of a yeast phosphatidylinositol / phosphatidylcholine transfer protein also is inhibited
by negatively charged phospholipids and fatty acids [28]. Plasma-derived transfer proteins that
facilitate the transfer of phospholipids and cholesterol esters between plasma lipoproteins are
also sensitive to the lipoprotein surface charge [29,30]. In contrast to these inhibitory effects,
negatively charged lipids stimulate the sphingolipid activator protein, SAP-C [31].

With bovine GLTP, there is a marked effect of different charged lipids on the rate of transfer
of GalCer from a donor to acceptor vesicle population at neutral pH [24]. Compared to neutral
donor vesicle membranes, introduction of negatively charged lipid at 5 or 10 mol % into the
donor vesicles significantly decreases the transfer rate. Introduction of the same amount of
negative charge into the acceptor vesicle membrane does not impede the transfer rate as
effectively. Also, positive charge in the donor vesicle membrane is not as effective at slowing
the transfer rate as is negative charge in the donor vesicle. Increasing the ionic strength of the
buffer with NaCl significantly reverses the charge effects. At neutral pH, GLTP (pl = 9.0) is
positively charged which promotes association with the negatively charged donor membrane.

3.3 Sphingomyelin, phosphatidylcholine and cholesterol effects on GLTP
Shipley and co-workers [32] showed that N-palmitoyl GalCer, below 23 mol %, is completely
miscible in DPPC fluid or gel-phase bilayers, whereas Curatolo [33] found that cerebroside-
POPC mixtures exhibit gel phase immiscibility over the compositional range 0-70 mol %
cerebroside. Also, PCs and SMs are known to be highly miscible in each other when their chain
lengths are similar in length [e.g.,34]. GalCer, at concentrations below 30 mole%, is miscible
in both liquid-crystalline and gel-phase SM [35], whereas GalCer mixing in PC becomes less
favorable with increasing unsaturation of the fatty acyl chains in PC. NMR studies of GalCer
transbilayer distributions in PCs and SMs suggest preferential lateral interactions between
GalCer and SM [36,37]. Interestingly, the GLTP-mediated transfer of AV-GalCer seems to be
affected by its miscibility state in bilayer membranes composed of SM and PC. GLTP fails to
transfer glycolipid from donor matrices with compositions that enhance miscibility of AV-
GalCer in the matrix lipid, such as those high in SM and SM-like derivative content [38,39].
Interestingly, addition of cholesterol to such donor membranes does not significantly decrease
the GLTP-mediated transfer of AV-GalCer any further. The preceding findings lead to the
conclusion that interactions between glycolipid and SM are not affected by cholesterol. We
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postulate that SM interacts with GalCer in a way that restricts GLTP accessibility to the sugar
headgroup, in contrast to cholesterol, which can order the hydrocarbon chains of SM and
GalCer but does not prevent the glycolipid from being transferred by GLTP. Interestingly,
GLTP can transfer glycolipids more easily to lipid raft-like membranes containing SM. It is
therefore tempting to speculate that GLTP could be involved in raft assembly but not use lipid
raft-like domains as a source for glycolipids.

Another notable feature of GLTP is its ability to acquire GSL from nonmembrane sources. In
other words, the GSL ligand need not be dispersed among phosphoglycerides in a fluid-phase
bilayer environment to be acquired by GLTP. Liganding of GalCer by GLTP has been shown
after incubation with pure GalCer films adsorbed to glass and submerged in aqueous solution
[41]. The GalCer in such pure films is expected to be tightly packed because the main
thermotropic transition temperature of GalCer occurs at approximately 80°C [42]. Human
GLTP also interacts efficiently with ganglioside GM1 when it is dispersed directly into aqueous
buffer lacking phosphoglyceride, showing that GLTP can acquire glycolipid from nonbilayer
sources [41]. Because the GM1 aqueous concentration was ∼5 μM, it appears likely that both
GM1 micelles and monomers were available to interact with GLTP based on findings that
purified GM1 has a cmc value in the 10−7 − 10−8 M range, when adequately corrected for
nonspecific lipid adsorption to tube walls [43,44]. The data raise the possibility that GLTP can
directly acquire monomeric GM1 from solution without interacting with GM1 micelles, as also
has recently been suggested for human cytosolic sialidase interaction with gangliosides GM1,
GD1a, and GM2 [45]. Nonetheless, the dramatically increased local concentration of GM1
within micelles could serve to enhance the efficiency of uptake upon interaction with GLTP.
The finding that ganglioside GM1 needs not be dispersed in phosphoglyceride membranes to
be acquired by GLTP raises the possibility that GLTP might be able to interact with other
nonmembrane entities, i.e. cellular proteins, to acquire or deliver GSLs, analogous to the role
played by endosomal sphingolipid activator proteins in delivering GSL antigens to CD1 protein
receptors during antigen presentation processes [46-48].

The direct demonstration of interaction between ganglioside GM1 and GLTP resulting in
formation of a soluble ganglioside GM1/GLTP complex [41], is also important because of
earlier conflicting results. In some early studies of GLTP, complex glycolipids were reported
not to be transferred efficiently by GLTP [2,3,8]; whereas, other reports indicated that GLTP
can transfer GM1 between vesicles [7,10,49,50].

4. GLTP Mechanism of Action
The availability of homogenous, wild-type human GLTP by recombinant molecular biological
approaches has enabled detailed analyses of GLTP action from kinetic and thermodynamic
data obtained using the fluorescence transfer assay [22]. Assessment of GLTP-mediated
transfer of glycolipid from both small (25 nm diameter) and large (100 nm diameter)
unilamellar vesicles, i.e. SUVs and LUVs, over the temperature range of 30−44°C enabled
determination of the initial GSL transfer rates (v0) and net transfer equilibrium constants
(KEq). The initial GSL transfer rate constant (v0) exhibited a linear dependence with respect
to changing GLTP concentration (0−143 nM range) for both SUVs and LUVs, consistent with
a first order dependence on GLTP bulk concentration. Use of Arrhenius and van’t Hoff plots
enabled evaluation of the thermodynamic parameters associated with the GLTP-GSL transition
state complex and GSL net transfer, respectively. While the Gibbs’s free energy of the transition
states (ΔG≠) were similar for both SUVs and LUVs, the activation energy barrier was higher
for LUVs than SUVs and the initial transfer rates were lower for LUVs than for SUVs.
Formation of a transition-state complex was predominantly enthalpy driven, whereas the net
transfer of GSLs was mainly entropy driven. The rate-limiting step for GLTP action was not
GLTP partitioning onto the donor vesicle surface but rather formation of GLTP-GSL complex
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and/or its release from the membrane, consistent with a shuttle/carrier mode of action depicted
in Figure 3 [22]. Other mechanisms not supported by the data were a ‘Bound Transporter’
model, in which GLTP remains continuously bound to donor vesicles and mediates transfer
by lowering the energy barrier for selective GSL desorption and a ‘Conduit’ model, in which
GLTP forms a connecting conduit between donor and acceptor vesicles to mediate GSL transfer
(see Figure 3 in [22]).

Models for phospholipid transfer proteins developed previously [51-56] generally relied on
ordinary two substrate enzyme-catalyzed reactions that could be described by ping-pong Bi-
Bi mechanisms. While the models were well suited for transfer mechanisms involving single
component lipid membranes, such as phosphatidylcholine transfer protein [51], with GLTP, a
minor lipid component (e.g. GalCer) is usually transferred from a lipid membrane containing
two or more lipids and in which the major lipid component (POPC) serves as a matrix and
itself is not a ‘substrate’ for the lipid transfer protein. The situation is more similar, but not
identical, to that of phosphatidylinositol transfer protein (PITP) which displays about a 15-fold
preference for PI over PC. In modeling studies of PITP action [52,55] , it was assumed that the
initial transfer velocity could be described solely in terms of donor and acceptor vesicle
concentrations to model the functional unit of interaction with PITP. While this assumption
may hold when PI concentrations are relatively high in the membrane vesicles, the situation
becomes more complicated when the minor lipid component is present at low concentrations
in the membrane (e.g. <15 mol%). This means that formation of a protein-lipid complex within
the membrane interfacial environment may require lateral diffusion of either lipid or protein
or both. This situation appears likely for GLTP and glycolipids which are found at low
concentrations in most biomembranes but also have a tendency to locally concentrate in rafts
and caveolae.

Direct confirmation of glycolipid liganding by GLTP by isolation and characterization of
soluble GLTP-glycolipid complexes containing radioactive glycolipids has revealed a
complexation stoichiometry of ∼1:1 between GLTP and glycolipid [41]. Isolation was
achieved using size exclusion chromatography (SEC) to separate the soluble monomeric
complex (∼25 kD) from vesicles containing glycolipid (>2,500 kD) or using an affinity-based
separation involving binding of epitope-labeled GLTP (e.g. 6×HisGLTP) to Ni-NTA affinity
resin to achieve rapid separation from glycolipid/PC vesicles. These approaches also have
proven valuable for point mutational analyses of GLTP residues involved in GSL liganding
[41].

During the kinetic analyses of GLTP action [22], the focus was on the glycolipid being
transferred by GLTP, without the benefit of experimental evidence confirming direct
interaction of GLTP with membrane vesicles. To address this shortcoming, Rao et al. [57]
developed ways to directly measure interaction of GLTP with bilayer vesicles and further test
the ‘carrier’ model of GLTP action. Using a fluorescence approach, protein-vesicle association
was determined by RET from excited (285 nm) intrinsic tryptophan and tyrosine residues of
GLTP to dansyl-labeled phosphatidylethanolamine (PE) in POPC vesicles. Because RET
depends critically on the orientation and distance between the donor (tryptophan and tyrosine)
and acceptor (dansyl-PE) energy transfer fluorophore pair and does not depend on strong
interaction affinity, it is well suited for evaluating the partitioning of proteins to membranes,
regardless of whether the interactions are strong or weak. By relying on the intrinsic
fluorescence of the naturally-occurring tryptophan and tyrosine residues of GLTP, introduction
of extraneous probes could be avoided at a site(s) that might perturb or alter the conformation
of GLTP and/or its membrane interaction region. The GLTP partitioning data showed a
saturation response, as GLTP increased, for vesicles containing dansyl PE. Moreover, GLTP
partitioned to POPC vesicles lacking GSL. GLTP interaction with model membranes was
nonpenetrating, as assessed by protein-induced changes in lipid monolayer surface pressure,
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and nonperturbing in that neither membrane fluidity nor order were affected, as monitored by
anisotropy of 1,6-diphenyl-1,3,5-hexatriene (DPH) and 6-dodecanoyl-N,N-dimethyl-2-
naphthylamine (Laurdan). Tryptophan anisotropy increased upon mixing with POPC vesicles
lacking glycolipid suggesting the involvement of tryptophan residue(s) in the membrane
interaction site of GLTP. Ionic strength, vesicle packing, and vesicle lipid composition were
all found to affect GLTP partitioning to the membrane and led to the following conclusion:
Conditions that increased the ratio of bound-to-unbound GLTP did not guarantee increased
transfer activity, but conditions that decreased the ratio of bound-to-unbound GLTP always
diminished transfer. Thus, Rao et al. [57] concluded that GLTP partitioning to the membrane
is relatively weak, transient, and nonperturbing, can be strongly influenced by membrane lipid
composition, and is likely to involve a GLTP membrane interaction site containing tryptophan.
The data directly supported the transfer model illustrated in Figure 3. Upon translocation to
the membrane interface, GLTP must find and recognize the carbohydrate moiety on GSL and
then form a surface complex that is released into the bulk, thus acting as a GSL carrier that
must desorb from the surface to accomplish GSL transfer [57].

Recently, the role of each of the three tryptophan residues of GLTP as components of a
membrane interaction site of GLTP has been assessed by comprehensive fluorescence analyses
of tryptophan mutants of human GLTP [58]. Changes in tryptophan emission intensity along
with an accompanying blue shift in the emission wavelength maximum are commonly observed
when peripheral proteins move from the aqueous milieu and become membrane associated
[59]. West et al. [58] produced different tryptophan mutants of human GLTP. Single tryptophan
mutants were constructed by site-directed mutagenesis where two of the three tryptophans (W)
of wild-type human GLTP were substituted with phenylalanine (F) and accordingly named
W85 GLTP (W96F and W142F), W96 GLTP (W85F and W142F) and W142 GLTP (W85F
and W96F). Wild-type GLTP and W96 GLTP were both able to transfer AV-GalCer, but the
W85 GLTP and W142 GLTP variants did not show any transfer activity, indicating that the
tryptophan in position 96 is crucial for transfer activity. Interaction of wild-type GLTP and
W96 GLTP with vesicles containing glycolipid resulted in a blue-shifted, tryptophan emission
wavelength maximum, while no blue shift was observed for the W85 GLTP and W142 GLTP
variants. The quantum yield of tryptophan emission was highest for the W96 GLTP protein
whereas W85 GLTP, W142 GLTP and wild-type GLTP showed a lower and almost similar
quantum yield. The lifetime and anisotropy decay of the different tryptophan mutants also
changed upon binding to vesicles containing GalCer. Again wild-type GLTP and W96 GLTP
showed similar behavior in the presence of vesicles containing glycolipids. However, the value
of W142 GLTP was low (KSV = 3.63) indicating a relatively hydrophobic surrounding and
suggesting that the W142 residue, to some extent, comes into contact with the hydrophobic
part of the membrane during the binding and transfer process of glycolipids. What is clear is
that the W96 residue is part of the GLTP membrane interaction site that helps GLTP to function
as it scoots along the membrane surface in search of a glycolipid ligand.

5. GLTP Conformational Structure
Prior to the point mutational assessment of the role of the three tryptophan residues in the
membrane interaction of bovine GLTP [58], the intrinsic fluorescence response of the
tryptophan residues in GTLP had been characterized in a study describing the first cloning of
human GLTP [21]. Excitation at 295 nm yielded an emission maximum of 347 nm indicating
a relatively polar average environment for the three tryptophans of GLTP. Quenching with
acrylamide at physiological ionic strength or with potassium iodide resulted in linear Stern-
Volmer plots, consistent with accessibility of emitting tryptophans to soluble quenchers.
Reversible conformational changes induced by urea and accompanying changes in GLTP
activity were investigated by monitoring changes in the fluorescence of intrinsic tryptophan
or added 1-anilinonaphthalene-8-sulfonic acid (1,8 ANS) after rapid dilution of urea.
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Incubation of GLTP with glycolipid liposomes resulted in diminished tryptophan emission
intensity (∼20−40%) and a blue-shifted (∼12 nm) emission maximum, λmax. The persistence
of the blue-shifted emission maximum in the recovered soluble GLTP, after separation from
glycolipid liposomes, provided the first indication of tryptophan involvement in the glycolipid
liganding site of GLTP [21].

A quantum leap forward in GLTP research occurred in late 2004 with the publication of the
first high resolution structure of GLTP [60]. The crystal structures of human GLTP, in GSL-
free (apo) (1.65 Å) and lactosylceramide (LacCer)-bound (1.95 Å) form, revealed a novel
conformational architecture among proteins that transfer or bind lipids. GLTP utilizes an all
α-helix conformation, achieved without intramolecular disulfide bridges, to form a two-layer
‘sandwich motif’ that accommodates glycolipid. The GLTP architecture markedly contrasts
that of other lipid binding and transfer proteins which generally use motifs dominated by β-
sheet, i.e. β-grooves/concave cups and β-barrels, or helical bundles stabilized by multiple
disulfide-bridges, i.e. saposin-folds. Such proteins include sphingolipid activator proteins,
CD1 proteins, ceramide transfer protein, phosphoglyceride transfer proteins, other START-
related proteins, nonspecific lipid transfer proteins, fatty acid binding proteins, lipocalins, and
plant lipid transfer proteins [48,61-75]. The novel architecture now defines GLTP as the
prototypical and founding member of a new protein superfamily (see http://supfam.org/
SUPERFAMILY/cgibin/scop.cgi?sunid=110004 and http://scop.mrc-lmb.cam.ac.uk/
scop-1.69/data/scop.b.b.bja.b.b.A.html) characterized by a novel protein fold for lipid binding/
transfer and for membrane interaction [76,77].

In the Protein Data Bank (http://www.rcsb.org/pdb/home/home.do), eleven structures are
currently deposited for GLTP, four in glycolipid-free form and seven complexed with various
GSLs [60,78,79]. All structures support the original observations of Malinina et al. [60]
showing that the two-layer, α-helical topology of GLTP enables complexation of GSL in
sandwich-like fashion within a single GSL liganding site, and occurs via adaptive recognition,
involving a surface recognition center for the sugar headgroup and a molded-to-fit,
hydrophobic tunnel for the hydrocarbon chains of the ceramide moiety (Figure 4). Comparative
structural analyses of apo-GLTP and the LacCer-GLTP complex, including crystallographic
B-factor distributions, suggest that a cleft-like gating mechanism, in which conformational
changes to two interhelical loops and one α-helix facilitate entry and exit of the lipid chains in
the membrane-associated state when the GSL headgroup is anchored to the sugar headgroup
recognition center [60].

Mapping of the headgroup recognition center and hydrophobic tunnel of GLTP enabled
identification of amino acid side chains that hydrogen bond and make hydrophobic contacts
with the bound glycolipid (Figure 5). The initial sugar linked to ceramide undergoes the
majority of anchoring within the GLTP recognition center, located in a depression on the
protein surface, via a network of hydrogen bonding and hydrophobic tethering interactions.
The hydrogen bonding involves aspartic acid 48 (D48), asparagines 52 (N52), and lysine 55
(K55) of α-helix 2 and tyrosine 207 (Y207) near the C-terminus. Tryptophan 96 (α-helix 4)
serves as a platform for stacking of the sugar ring, thereby facilitating orientation for optimal
hydrogen bonding interactions involving perimeter OH-2 and OH-3 groups of the sugar and
the D48 and N52 residues of GLTP, respectively. The same headgroup interaction pattern has
been observed in complexes of bovine GLTP and ganglioside GM3 in which the initial glucose
residue is anchored identically to the sugar recognition center of the protein surface, but the
other two sugars are unobservable because of disorder [78]. In recently reported complexes of
human GLTP with different GalCers [79], the same hydrogen bonding pattern involving D48,
N52, and K55 of α-helix 2 and Y207 near the C-terminus was observed again. The stacking of
W96 (α-helix 4) against the b face of the galactose ring also was similar to that of the glucose
ring in the 18:1 LacCer complex. The only difference in the liganding between the single sugar
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headgroup of GalCer and the two-sugar headgroup of 18:1 LacCer, involved K55, which
hydrogen bonds with the OH3 and OH4 hydroxyls of the initial sugar ring, attached to the
ceramide in GalCer, rather than with the OH3 hydroxyl of the second sugar residue in the
lactose of the 18:1 LacCer.

The tripartite interaction cluster consisting of aspartate, asparagine and tryptophan has been
observed previously in the sugar-binding site of other proteins like in the Escherichia coli
galactose chemoreceptor protein [80]. This same triad of residues has been proposed to be part
of the sphingolipid binding domains associated with helix-turn-helix structural motifs that are
observed in the V3 loop of the HIV-1 gp120 protein, the prion protein, the Alzheimer beta-
amyloid, and the pancreatic bile salt dependent lipase which are known to bind GSLs [81,
82].

All hydrogen bond classes observed in previous protein-carbohydrate interactions [83] are
evident when GLTP interacts with the GSL sugar-amide. Among the classes are bidendate
hydrogen bonding involving N52, bifurcated hydrogen bonds involving D48 (and K55 in case
of galactose), as well as the propensity of the OH2 and OH3 sugar hydroxyl groups and amino
acid side chains (e.g. Y207) to form ‘cooperative’ hydrogen bonds. The liganding interaction
pattern, involving sugar stacking against an aromatic residue to enable formation of hydrogen
bond tethers with peripheral sugar hydroxyls, observed in the all-α-helical conformation of
GLTP is a conserved feature of other carbohydrate binding proteins, including all known
galactose-specific binding proteins, all of which have α + β or all β conformational architectures
[83-86].

The orientation of the ceramide amide group of GSL during liganding is controlled by a pair
of hydrogen bonds involving D48 and histidine 140 (H140), with alignment of the initial
segment of the sphingoid base being facilitated by van der Waals contacts with valine 209
(V209) (Figure 5). This situation occurs in all GSL/GLTP complexes examined thus far [60,
78,79]. The interactions are significant because they result in a conserved orientation of the
GSL ceramide lipid tails through the cleft-like gate when accessing the hydrophobic tunnel of
GLTP with the GSL acyl chain always entering prior to the sphingosine chain (Figures 3 & 5).

The hydrophobic tunnel that encapsulates the GSL hydrocarbon chains is characterized by two
noteworthy features. First, the tunnel is highly nonpolar. No water molecules reside in the
channel, which is lined by the side chains of nonpolar phenylalanine, leucine, isoleucine, and
alanine residues, together with a few valine and proline residues (Figure 5). Second, a large
portion of the tunnel is conformationally adaptable and expands during GSL acquisition to
accommodate the hydrocarbon chains. Moreover, localized in the lower part of the hydrophobic
tunnel of apo-GLTP, i.e. glycolipid-free GLTP, is an extraneous hydrocarbon molecule,
containing at least 6 carbon atoms and clearly observable in electron density maps. Airenne et
al. [78] reported finding decanoic acid (10-carbon chain) within the hydrophobic tunnels of
two glycolipid-free bovine GLTPs expressed in E. coli. It appears likely that the extraneous
hydrocarbon is acquired as a result of heterologous expression in E. coli, which does not express
GSLs. Similar observations have been reported for other GSL binding proteins [63] and other
lipid binding/transfer proteins [73], consistent with a possible chaperone-like function for the
extraneous lipids.

The ease with which the ceramide region of GSL can be accommodated within the hydrophobic
channel of GLTP appears to be influenced by structural features of the lipid chains themselves.
Complexation of 18:1 LacCer by GLTP resulted in encapsulation of both ceramide chains in
roughly parallel fashion within the hydrophobic tunnel [60] (Figure 4). However, in the GLTP/
GM3 complex, Airenne et al. [78] found a significant portion of the sphingosine chain to be
disordered and proposed that it might remain outside the hydrophobic tunnel. Definitive
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evidence of the ‘sphingosine-out’ binding mode was recently provided for certain GLTP/GSL
complexes. Strong chain ordering that resulted from cross-bridging between sphingoid chains
of partner monomers in the crystalline complexes enabled complete, uninterrupted electron
density mapping of the chains. Moreover, the acyl chain structural features were systematically
altered to perturb the optimal fitting of the ceramide hydrocarbon chains within the
hydrophobic channel [79]. Since entry of ceramide chains of the hydrophobic tunnel occurs
by a highly conserved and oriented mechanism with the acyl chain always entering first, it is
the trailing sphingosine chain that is always more prone to being obstructed from entry into
the tunnel. Space limitations within the confines of the hydrophobic tunnel does place
restrictions on the acyl chain conformation that can interfere with the entry of the sphingoid
chain. A particularly striking illustration is seen when GLTP is complexed with GalCer
containing nervonoyl acyl chains. Accommodation of the long, 24-carbon acyl chain of GalCer
within the tunnel dictates a serpentine acyl conformation which interferes with entry of the
sphingosine chain of 24:1 GalCer into the tunnel (Figures 5 & 6). Interestingly, the degree of
disorder associated with the N-terminus also appears to affect acyl conformation within the
tunnel. When more disordered, as seems to be case when N-terminally tagged with 6×-His, the
N-terminus fails to block a portal near the bottom of the tunnel, enabling the ganglioside
GM3 acyl chain to pass through it [78].

Because the sphingosine-out conformation has been directly observed in four out of five of the
GLTP-GSL complexes solved by Malinina et al. [79] and has been implicated in GM3/bovine
GLTP complex, in which the last 10 of 18 carbons of the GM3 sphingosine chain are
unobservable because of disorder [78], the sphingosine-out conformation may be preferred by
GLTP. The observations establish a structural basis for the accommodation of various GSL
species with different acyl chemical structures by GLTP and support a concerted sequence of
events during GSL acquisition and/or release in which the sphingosine chain is the last to enter
and first to leave the GLTP liganding site (e.g. Figure 3).

The sphingosine-out conformer in GSL-GLTP complexes can be compared to monoacylation
of a soluble protein, except that the exposed hydrocarbon segment of sphingosine (10−12
methylenes) is even shorter than protein acylation achieved by myristoylation (14:0) or by
palmitoylation (16:0) events. It is well established that attachment of a single myristoyl group
to a soluble protein only marginally affects its partitioning affinity for nonpolar (membrane)
surfaces [87,88]. Generally, a second acylation event involving palmitate (16 carbons) is
needed for soluble proteins to form strong, stable associations with membranes. Also, there
are examples of proteins containing surface grooves that accommodate significant stretches of
nonpolar hydrocarbons on their surfaces while remaining monomeric [89,90]. Thus, it is not
surprising that GLTP and its GSL-bound complexes are monomeric in solution, as monitored
by sedimentation analysis or size exclusion chromatography, even when a substantial portion
of the GSL sphingosine chain (10−12 methylenes) is outside the hydrophobic tunnel [79].

6. GLTP Membrane Interaction Motif
The uniqueness of the GLTP conformational architecture resides not only in its structural motif
compared to other lipid-binding and carbohydrate-binding proteins but also in its membrane
interaction domain. While the surface region surrounding the glycolipid liganding site has
many nonpolar amino acids as well as multiple tyrosines, tryptophans, and lysines [57,58,60,
78], typical residues of membrane interaction motifs [91,92], the GLTP conformational fold
that spatially organizes the residues clearly differs from other known membrane targeting
motifs, such as the protein kinase C homology −1 and −2 (C1, C2) domains associated with
many phospholipases and protein kinases, the FYVE, pleckstrin homology (PH), and phox
(PX) domains that bind to membranes containing PI derivatives [93-95]. Recent studies have
begun to provide direct experimental evidence implicating select residues (e.g. Trp) as
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components of the GLTP membrane interaction motif [57,58,79]. While there is general
agreement that the membrane interaction region is located around the glycolipid binding site
of GLTP, some details remain unsettled. Whereas West et al. [58] proposed roles for all three
Trp residues in GLTP based on point mutational analyses, modeling studies using the Optimal
Docking Area algorithm to identify regions on the GLTP surface that display a favorable energy
change upon replacement of the water environment for a lower dielectric (but still polar)
medium, such as the surface of a membrane [79] as well as predictions of the Orientations of
Proteins in Membranes (OPM) Database, (http://opm.phar.umich.edu/families.php?
family=117), which uses a computational approach to optimize the spatial arrangement of
protein structures in lipid bilayers [96,97] include W96 and W142 (Figure 7). What is clear is
that additional study will be needed to fully characterize the GLTP membrane interaction site.
Understanding the structural details of the GLTP membrane interaction site is expected to
provide better insights into how GLTP acquires and/or releases GSLs while interacting with
the membrane matrix in a transient, nonperturbing way during the transfer process [57].

7. GLTP Homologues/Orthologues
Orthologs of GLTP do occur in nonmammalian organisms. The vast majority of GLTP
orthologs has been indirectly deduced from different genomes and expressed cDNA sequences
encoding uncharacterized proteins (e.g., [20,78,98]). Recently, the structure of an algae protein
(Galdieria sulphuraria) with GLTP-like conformational structure has been resolved to 1.38Å
by x-ray diffraction (PDB 2I3F;http://www.uwstructuralgenomics.org/gallery/2i3f.pdf). In
other cases, molecular modeling and hydropathy analyses provide evidence for orthologs
having structural similarity with GLTP [78,99]. Such proteins include HET-C2 of the
filamentous fungi, Podospora anserina, and ACD11 in the model plant, Arabidopsis, which
both are of similar size and have limited sequence homology to GLTP. Shown in Figure 8 is
a stereo view of the GLTP structure superimposed on representative GLTP-like proteins.
Functional analyses of these GLTP orthologs suggest important roles in processes linked to
programmed cell death [98-100].

HET-C2 plays a decisive role in regulating thecompatibility and stability of heterokaryons that
form by hyphal fusion between different individual organisms during the universally key
process of self-nonself recognition among metazoan somatic cells [99-102]. The resulting
heterokaryons contain genetically distinct nuclei within a common cytoplasm. If their nuclear
components possess different specificities at any of several het loci, incompatibility
interactions are triggered resulting in growth cessation and cell destruction by a lytic, apoptotic-
like process. The genetic basis of this vegetative incompatibility has been studied in various
ascomycetes including Neurospora, Aspergillus, and Podospora and been found to share
evolutionary features with other eukaryotes, such as the MHC complex in humans and the S
locus in plants. The cloned het-c2 allele encodes a 208 amino acid protein with significant
homology to GLTP (29% identity and an additional 30% similarity) [20,100]. Mattjus et al.
[99] showed that purified rHET-C2 does mediate intervesicular transfer of
monohexosylceramides, albeit at a slower rate than GLTP. Whether other glycolipids or
sphingolipids are transferred by HET-C2 is currently not known. What is clear is that the
transfer activity of HET-C2 is mitigated much less than bovine GLTP by negatively-charged
membranes, but the HET-C2-mediated glycolipid transfer was more strongly affected than
GLTP by the type of anionic phosphoglyceride (e.g., POPG vs. DPPA) [99]. The response
appears to be partly, but not entirely, related to the differing isoelectric points of native HET-
C2 and GLTP. At neutral pH, HET-C2 (pI = 6.0) is expected to have only a modest attraction
for negatively charged vesicles, compared to GLTP (pI = 9.0), which has a net positive charge.

Because no x-ray or NMR structural data exist for HET-C2, the degree of structural homology
between HET-C2 and GLTP remains to be clearly established. However, recent homology
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models, constructed with the MODELLER35 program based on the pair-wise alignment
derived from the multiple alignment and the crystal structures of human LacCer-GLTP and
bovine apo-GLTP, respectively, indicate that key residues in the sugar-binding pocket and the
hydrophobic channel of GLTP are well conserved in HET-C2 [78]. However, the modeled
structure of HET-C2 lacks the positively charged patch (surrounding the glycolipid binding
site) on its surface that is present in the crystal structure of GLTP, perhaps accounting for the
experimental differences in sensitivity to membrane negative charge [78].

ACD11 was identified by transposon knockout of an Arabidopsis gene encoding a protein with
similarity to mammalian GLTP (25% identity; 42% similarity) [98]. The transposon knockout
exhibits accelerated cell death (ACD) with a pattern of cell death very similar to that induced
by Fumonisin B1 [103]. Fumonisin B1 is a sphinganine analog that disrupts sphingolipid
metabolism by inhibiting ceramide synthase [104]. ACD in plants is often associated with
overexpression of pathogenesis-related genes. Microarray analyses (10k cDNAs) of the ACD-
knockout mutant indicate that loss of the GLTP-like protein leads to expression of numerous
disease-related genes [105] and suggest that ACD11 is needed for repression of the death
response. While ACD11 does not stimulate the intermembrane transfer of
monohexosylceramides or ceramides, this protein does accelerate the intermembrane transfer
of sphingosine, an important intermediate metabolite involved in intracellular signaling
processes [98]. As with HET-C2, no definitive structural information exists for ACD11.
However, homology models constructed with the MODELLER35 program indicate neither
the sugar-binding nor the gate residues are well conserved in ACD11 compared to GLTP
[78]. In addition, the surface potential map of the ACD11 model differs markedly from those
of GLTP and HETC2. The analyses provide a structurally-based explanation for why ACD11
is unable to transfer glycolipids despite its limited sequence homology to GLTP.

Airenne et al. [78] have reported that A. thaliana contains three other putative GLTP-like
sequences (sequence accession numbers: Q6NLQ3, O22797 and Q9LU33) that not only have
similar sequence identity as ACD11 to mammalian GLTPs but also contain key, conserved
sugar-binding and gate residues lining the hydrophobic channel as in GLTP and unlike ACD11.
One of the putative A. thaliana GLTPs (Q6NLQ3) has been expressed in E. coli and shows
glycolipid transfer activity in vitro.

The GLTP domain also appears to serve as a functionally conserved building block used in
other human proteins. Studies of carrier vesicle trafficking from the Golgi complex to the cell
surface have identified an ubiquitously expressed protein effector of phosphatidylinositol 4-
phosphate (PtdIns(4)P), the four-phosphate-adaptor protein 2 (FAPP2). This protein localizes
to the trans-Golgi network (TGN) on nascent carrier vesicles, and interacts with PtdIns(4)P
and the small GTPase ADP-ribosylation factor (ARF) through its pleckstrin homology (PH)
domain. Human FAPP2 is a 507 amino acid protein, encoded by a gene on chromosome 7,
containing a putative glycolipid transfer protein (GLTP) domain [106,107]. BLAST
alignments show the 194 amino acid, carboxy-terminus of FAPP2 to be 33% identical and 46%
similar to GLTP (209 amino acids). What remains unclear is the level of structural homology
that exists between GLTP and the FAPP2 carboxy terminal region as well as the capacity of
FAPP2 to bind/transfer glycolipids. Investigations of the in vitro glycolipid transfer ability of
FAPP2 are underway (Mattjus & De Matteis, unpublished observations).

8. Potential Roles of GLTP in Disease Processes
BLAST searches of the NCBI Human Genome Database against cDNA sequences derived
from GLTP mRNA transcripts of human skin fibroblasts (GenBank AF209074) and glioma
cells (AY372530, AY372531, AY372532) localize the GLTP gene to loci 12q24.11 on
chromosome 12 (Chung and Brown, unpublished observation). The GLTP gene has not yet

Brown and Mattjus Page 12

Biochim Biophys Acta. Author manuscript; available in PMC 2007 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been linked to any known human pathological conditions. However, in mouse mammary
epithelial cells transformed by an activated β-catenin, expression of the gltp gene is known to
be affected [108]. Using microarray analysis, the gltp gene was found to be one of a dozen
genes, out of 6000 screened mammary tissue cDNA clones, that become transcriptionally up-
regulated in transformed mouse mammary epithelium that have undergone either partial or
complete transdifferentiation to squamous metaplasias.

9. Epilogue.
The recent realization that GLTP is the protypical member of a new protein superfamily places
renewed importance on elucidating the in vivo functionality of the protein. It is tempting to
speculate that GLTP could perform a function in cells similar to what is measured in vitro, i.e.
transfer of GSLs. While this remains a possibility, there are important topological issues that
must be kept in mind. GLTP has long been suspected of residing in the cell cytosol [16,20], a
localization that has recently been confirmed experimentally in transfected HeLa cells
overexpressing GLTP (Tuuf & Mattjus, submitted). A cytosolic localization for GLTP has
important consequences regarding which GSLs are likely to be accessible to the protein because
the synthesis of most GSLs occurs at the luminal side of the Golgi apparatus [109,110]. The
exceptions are monohexosylceramides, i.e. glucosylceramide (GlcCer) and
galactosylceramide (GalCer), which are synthesized on the cytosolic side of the Golgi and ER,
respectively [111]. This topology would render GlcCer and GalCer potentially accessible to
GLTP. Indeed, a substantial fraction of GlcCer is known to be transported to the plasma
membrane by non-Golgi mediated pathways [112,113]. However, further complicating the
situation, but providing other potential GSL ‘substrate pools’ for GLTP within the cell, is the
emerging realization that GSLs can localize to intracellular sites, i.e. nuclear and mitochondrial
membranes, other than the lumen of the Golgi and the external face of the plasma membrane
[110,114,115]. Exactly how GLTP might be targeted within the cell is not clear but might
involve a vesicle-independent mechanism that shares some similarities with that used by
ceramide transfer protein, i.e. CERT [66,67] and oxysterol binding proteins [116]. These
proteins appear to operate at or near membrane contact sites formed between the endoplasmic
reticulum and the trans-Golgi network. Membrane contact sites, which are intermembrane gaps
of ∼20 nm, are also known to occur between endoplasmic reticulum and many other
membranes, including the plasma membrane, mitochondria, endosomes, and peroxisomes
[116,117]. One function for the contact sites is facilitation of the trafficking of small molecules,
especially lipids [116]. It seems likely that lipid transfer proteins could play a role in the transfer
of lipids across the short-range distances at such contact sites and that GLTP could be one of
these lipid transfer proteins.

Another potential in vivo role for GLTP, that has been proposed previously [20,41], is that of
an intracellular sensor of glucosylceramide. Interestingly, experimental evidence directly
supporting a role for GLTP as a regulatory sensor in GSL homeostasis in vivo comes from
recent work by Tuuf and Mattjus (submitted) who have investigated de novo sphingolipid
synthesis using sphingosine metabolic labeling in HeLa cells overexpressing GLTP. Compared
to mock-transfected HeLa cells, GLTP overexpressers show an increase in glucosylceramide
synthesis and a decrease in sphingomyelin synthesis. No changes were detected in the
ganglioside GM1 and GM3 or in the lacto- and galactosylceramide levels.

In any case, proteins with the capability to alter the intracellular distributions of glycolipid by
directly transferring GSL to specific sites within cells or to act as regulatory sensors that affect
GSL metabolism can be expected to be of utmost importance in cells because of the life-and-
death processes in which GSLs (and their metabolites) are known to participate, i.e. cell
proliferation, differentiation, development, and apoptosis. Although GLTP appears to be a
prime candidate for playing a key role in such in vivo processes, ’the jury is still out’ on these
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timely issues that are currently at the forefront of GLTP research efforts. Definitive insights
into such matters will likely be gained by application of siRNA approaches and whole organism
transgenic technologies.
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Figure 1.
N-Palmitoyl-galactosylceramide showing galactose linked in either alpha (upper) or beta
(lower) configuration to the ceramide backbone. While the beta-linked form of GalCer (and
GlcCer) are normal GSL constituents of mammals, the alpha-linked forms are not. The alpha-
linked form of GalCer is found in Agelas maurifianus, a marine sponge. This glycolipid and
its synthetic analog, KRN7000, have been used as specific activators of a subset of Natural
Killer Cells known to be involved in the regulation of certain autoimmune diseases [118].
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Figure 2.
Typical resonance energy transfer assay for monitoring real-time kinetics of GLTP-mediated
intervesicular transfer of glycolipid. (Upper panel). In this case, the fluorophore pairs
undergoing energy transfer are anthrylvinyl-galactosylceramide (energy donor) and DiO-C16
(energy acceptor) in ethanol (Normalized spectras). (a) Excitation of anthrylvinyl-GalCer
(λem=440 nm). (b) Emission of anthrylvinyl-GalCer at λex=370 nm. (c) Excitation of DiO-C16
(λem=580 nm). (d) Emission of DiO-C16 at λex=440 nm. (Lower Panel). Schematic shows the
observed signal response during the movement of fluorescently labeled lipid between donor
and acceptor bilayer vesicles. Donor vesicles contain a low molar ratio of a fluorescently
labeled lipid substrate (i.e. anthrylvinyl-GalCer or BODIPY-glucosylceramide) and a non-
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transferable energy acceptor or quencher (i.e. perylenoyl-triglyceride or DiO-C16) in a suitable
membrane matrix. Acceptor vesicles are usually added in 10-fold excess or more, and the
system is allowed to equilibrate. Next, GLTP (1 μg) is added and the change in fluorescence
intensity at the RET energy donor fluorescence maxima is recorded. The transfer reaction rate
can be calculated from the obtained transfer curve by using the value for total fluorescence
intensity obtained after Triton X-100 addition. The detergent causes a complete disruption of
the vesicle system.
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Figure 3.
Mechanism of GLTP-mediated transfer of GSL between membranes in vitro. Glycolipid
transfer kinetics, GLTP-membrane partitioning, and GLTP/GSL complex structural
measurements support a mechanism in which GLTP acts as a GSL carrier that shuttles between
membranes. Because GLTP in a GSL-free state displays a relatively weak protein/membrane-
binding propensity [57], GLTP can be expected to readily partition on and off the membrane
surface. The rapid lateral diffusions rates of lipids in fluid-phase membranes and the
confinement of the glycolipid ligand to a membrane surface will likely enhance the capacity
of GLTP to associate with a glycolipid molecule among other membrane lipids. The sugar
moiety of the glycolipid acts as a primary specificity determinant, while the ceramide amide
functional group orients the entry of the hydrocarbon chain(s) through the cleft-like gate. There
is an increased interaction propensity centered about the cleft-like GLTP gate, that is
surrounded by aromatic surface residues (e.g. W142, W96, Y153, Y157, Y207, Y81) and a
half dozen Lys residues, which are known to interact favorably with membrane interfaces
[91,92], thereby potentially facilitating the opening of the gate in the membrane-associated
state and entry of the acyl chain into the hydrophobic channel of the GLTP. The accommodation
limits of the hydrophobic tunnel, shown by the crystal structures of the GSL-GLTP complexes,
strongly suggest that sphingosine is the last lipid part to enter GLTP and, most likely, the first
to depart GLTP upon interaction with a membrane. GLTP is shown in green, phospholipids in
black, and GSL with a red polar headgroup and the ceramide region made up of a lavender
(longer) acyl chain and orange (shorter) sphingoid chain. Note that the depictions detailing the
acquisition and liganding of glycolipid by GLTP (right-side of this figure) summarize structural
data findings depicted in greater detail in Figures 4, 5, and 6.
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Figure 4.
Crystal structure of the 18:1 LacCer-GLTP complex. The GLTP is shown in a green ribbon
representation. The carbon atoms of the LacCer are shown in a lavender-colored space-filling
representation. The red- and blue-colored atoms in LacCer represent oxygen and nitrogen,
respectively. Adapted from Figure S1 (panel C) of Malinina et al. [79].
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Figure 5.
GSL-GLTP interactions in the 24:1 GalCer-GLTP complex. (Upper panel) 24:1 GalCer
headgroup (sugar and amide) interactions with GLTP recognition center residues. Hydrogen
bonds are shown by black dashed lines. The bound GSL atoms colored green, red and blue
represent carbon, oxygen and nitrogen atoms, respectively. The GLTP Cα-backbone is colored
light grey, the side chains are shown in gold, and oxygen and nitrogen are in red and blue,
respectively. (Lower panel) 24:1 GalCer ceramide chain interactions with the GLTP
hydrophobic tunnel residues. The longer acyl chain occupies the tunnel while the shorter
sphingosine chain is directed outwards. Reproduced from Figure 2 of Malinina et al. [79].
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Figure 6.
‘Gate-removed’ electrostatic surface views of the GLTP hydrophobic tunnel accommodating
GSLs. The GLTP is shown in an electrostatic surface representation (blue, positive; red,
negative; grey, neutral), with gate residues 33 and 35 to 45 removed to make the tunnel and its
contents visible. (Upper panel) Structure of the 18:1 LacCer-GLTP complex exhibiting the
sphingosine-in mode. The carbon atoms of the 18:1 LacCer are shown in lavender color and
space filling representation. Both lipid chains optimally fit into the available space of the
hydrophobic tunnel. (Lower panel) Structure of the 24:1 GalCer-GLTP complex exhibiting
the sphingosine-out mode. The carbon atoms of the 24:1 GalCer are shown in a green space
filling representation. The long acyl chain, bent in a serpentine fashion, occupies the available
space of the hydrophobic tunnel, resulting in an outward positioning of the sphingosine chain.
Reproduced from Figure 3 of Malinina et al. [79].
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Figure 7.
Putative membrane interaction region of GLTP, showing the location of the three tryptophan
residues (red color). LacCer is shown in space-filling mode with carbon, oxygen, and nitrogen
atoms colored green, red, and blue, respectively. The membrane interface is represented by the
black dashed line with Trp142 penetrating the membrane surface. The figure was adapted from
the Orientations of Proteins in Membranes (OPM) Database website, (http://
opm.phar.umich.edu/families.php?family=117), which uses a computational approach to
optimize the spatial arrangement of protein structures in lipid bilayers [96,97].
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Figure 8.
Stereo view of the X-ray structure (1.36 Å) of bovine GLTP (shown in red) with bound
ganglioside GM3 (in yellow), superimposed are the structurally modeled HET-C2 homologue
(in blue) and the Arabidopsis thaliana GLTP-like protein ACD11 (in green). The crystal
structure (PDB 2I3F) of the GLTP-like protein from the algae Galdieria sulphuraria is shown
in lavender.

Brown and Mattjus Page 29

Biochim Biophys Acta. Author manuscript; available in PMC 2007 September 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


