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Abstract

We report here our preliminary investigations on the mechanism of α-TTP-mediated ligand 

transfer as assessed using fluorescence resonance energy transfer (FRET) assays. These assays 

monitor the movement of the model α-tocopherol fluorescent derivative ((R)-2,5,7,8-tetramethyl-

chroman-2-[9-(7-nitro-benzo[1,2,5]oxadiazol-4-yl amino)-nonyl]-chroman-6-ol; NBD-Toc) from 

protein to acceptor vesicles containing the fluorescence quencher TRITC-PE. We have found 

that α-TTP utilizes a collisional mechanism of ligand transfer requiring direct protein–membrane 

contact, that rates of ligand transfer are greater to more highly curved lipid vesicles, and that such 

rates are insensitive to the presence of anionic phospholipids in the acceptor membrane. These 

results point to hydrophobic features of α-TTP dominating the binding energy between protein 

and membrane.
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Introduction

The human α-tocopherol transfer protein (α-TTP) is a soluble 32 kDa-protein chiefly 

expressed in the liver that is understood to be responsible for the selective retention of α-

tocopherol from dietary sources over other forms of vitamin E [1]. This role is exemplified 

by mutant forms of the protein that are known to cause neurological deficits in persons 

having “ataxia with vitamin E deficiency” (AVED) [2–6]. It is further underscored by mice 

in which the ttpA gene has been deleted, that exhibit very low levels of plasma and tissue 

α-tocopherol [7–10] and present AVED-like neuropathological symptoms [11]. Despite 

these demonstrations of α-TTP centrality to tocopherol bioavailability and distribution, little 

is known about the molecular mechanism of α-tocopherol transport in hepatocytes, nor the 

means by which a-TTP assists in the re-secretion of a-tocopherol into the plasma where 

it is carried to extrahepatic tissues by plasma lipoproteins. For instance, while it is well 

documented that the majority of plasma tocopherol is carried by LDL and HDL, treatment of 

cultured hepatocytes with brefeldin A, which inhibits lipoprotein construction and secretion 

outside the cell, did not inhibit tocopherol secretion [12]. Similarly, mice in which the 

expression of liver microsomal triglyceride transfer protein (MTTP) is disrupted and thus do 

not secrete VLDL remain tissue-sufficient in tocopherol [13].

Lipid transfer proteins enable cells to transport hydrophobic compounds (e.g., fatty acids, 

phospholipids, sterols, retinoids, and α-tocopherol) across aqueous media inside cells. The 

means by which this is accomplished has been most thoroughly described for the fatty acid 

binding proteins (FABPs) that, in all cases except for the liver FABP [14, 15], bind directly 

to membrane surfaces where they extract or deliver their preferred ligand(s). In order to 

accomplish this task, FABPs take advantage of electrostatic forces between a collection of 

basic residues on an α-helical portal region and negatively charged membrane phospholipids 

[16].

In previous work using cultured hepatocyte cells it was shown [17, 18] that expressed 

α-TTP co-locates with a fluorescent form of α-tocopherol ((R)-2,5,7,8-tetramethyl-

chroman-2-[9-(7-nitro-benzo[1, 2, 5]oxadiazol-4-yl amino)-nonyl]-chroman-6-ol; NBD-Toc) 

[19] in the late endosomal compartment. The localization of α-TTP to endosomes raises the 

possibility that the protein may prefer to associate with membranes of specific phospholipid 

composition, or defined curvature. We report here our investigations on the mechanism of α-

TTP-mediated ligand transfer assessed using fluorescence resonance energy transfer (FRET) 

assays that monitor the movement of NBD-Toc from protein to acceptor vesicles. We 

have found that α-TTP utilizes a collisional mechanism of ligand transfer requiring direct 

protein–membrane contact, that rates of ligand transfer are greater for more highly curved 

lipid vesicles, and that such rates are insensitive to the presence of anionic phospholipids in 

the acceptor membrane.

Materials and Methods

Materials

Glutathione agarose and DNase I were purchased from Invitrogen (Burlington, ON, 

Canada). N-(6-tetra-methylrhodaminethio-carbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-
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phosphoethanol-amine, triethylammonium salt (TRITC-DHPE) was from Molecular Probes 

(Invitrogen, Oregon, USA). Thrombin was obtained from GE Healthcare (Piscataway, NJ, 

USA). RNase A and Triton X-100 were from Sigma (St. Louis, MI, USA). Polycarbonate 

membranes for lipid extrusion were purchased from Avestin, Inc (Ottawa, ON, Canada). 

The following phospholipids were obtained from Avanti Polar Lipids (Alabaster, AL, 

USA): Liver bovine L-α-phosphatidylcholine (liver PC), soy L-a-phosphatidylcholine (soy 

PC), porcine brain L-α-phosphatidylserine (PS), bovine liver phosphatidylinositol (PI), 1,2-

dioleoyl-sn-glycerol-3-phosphocholine (DOPC), oleoyl lysobisphosphatidic acid (LBPA), 

and 1,2-dioleoyl-sn-glycerol-3-phosphate (DOPA). NBD-Toc was previously synthesized in 

our lab [19]. All other reagents were from BioShop Canada Inc. (Burlington, ON, Canada).

Protein Expression and Purification

Human α-TTP flanked by NotI and SalI restriction sites was subcloned into pGEX-4T-3 

vector. This construct was transformed into E. coli BL21 (DE3) for protein expression [20]. 

E. coli cultures were grown in baffled flasks at 37 °C until OD 600 nm was between 0.4 

and 0.6. The bacterial culture was cooled to room temperature before being induced with 

400 μM IPTG. To improve the production of soluble α-TTP, the culture was grown at room 

temperature for 18 h. The cells were harvested and stored at −80 °C until use.

After being frozen and thawed three times, the E. coli pellet was re-suspended in buffer A 

(150 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1 mM DTT and 0.1 

mM PMSF). Lysozyme (4 mg/ml) was added to the cell suspension and followed by 30 min 

incubation on ice. Nucleic acids were digested with the addition of 10 mM MgCl2, DNase I 

(1,000 units/ml lysate) and RNase (50 μg/ml), followed by an additional 30 min incubation 

on ice. The cells were then homogenized and centrifuged at 40,000g for 30 min at 4 °C. The 

supernatant was applied to a glutathione affinity column, and nonspecific binding proteins 

were removed by 15 column volumes wash each of buffer B (Buffer A plus 0.5% Triton X 

and 10 mM MgCl2) and buffer C (50 mM Tris, pH 8, 150 mM NaCl, 10 mM MgCl2 and 0.1 

mM DTT), respectively. On-column thrombin cleavage of GST-TTP was completed after 2 

h of incubation at RT with 50 units of thrombin in PBS per 1 ml of resin. The α-TTP was 

eluted in buffer C and a final concentration of 0.5 mM PMSF was added to prevent further 

thrombin-induced degradation. GST bound on the column was eluted with PBS containing 

20 mM glutathione, and the column was regenerated with 3 M NaCl in PBS. Each purified 

sample was subjected to SDS-PAGE analysis. The Bradford assay was used to determine 

protein concentration. Purified protein was stored at 4 °C and used within a few days after 

the purification. In general, α-TTP ligand transfer activity remained intact within 5 days of 

purification.

Lipid Vesicle Preparation

Acceptor lipid vesicles for ligand transfer assays contained 97 mol% PC and 3 mol% 

quencher TRITC-PE, unless otherwise specified. For anionic lipid vesicles, 15 mol% of 

indicated anionic phospholipid was incorporated in vesicle preparations. Chloroform was 

evaporated from lipid mixtures under a stream of N2 and residual solvent removed by 

continued evaporation under 0.5 mmHg. Lipid mixtures were rehydrated in SET buffer (250 

mM Sucrose, 100 mM KCl, 50 mM Tris, 1 mM EDTA, pH 7.4). The lipid suspensions 
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were vortexed and incubated for 30 min at room temperature before liposome preparation. 

Large unilamellar vesicles (LUV) were prepared with a Liposofast mini-extruder (Avestin, 

Inc.). Briefly, lipid suspensions were extruded through a polycarbonate membrane (100-nm 

membrane for standard LUV preparation) for 15 passages to produce uniform size LUV. 

Small unilamellar vesicles (SUV) were prepared, following the procedure described by 

Schroeder and Thompson [21] with minor modifications. Briefly, lipid suspensions were 

sonicated using a titanium microprobe and a W-375 cell disruptor (Heat Systems-Ultrasonic, 

Inc.). Lipid samples were sonicated on ice for 45 min with output setting level of 2.5 and 

35% duty cycle. The resulting liposomes were centrifuged at 110,000g for 2 h at 4 °C to 

remove large vesicles and titanium particles. To compare the difference between probe and 

bath sonicated SUV, SUV were also prepared by sonication for 45 min with a Branson 

bath sonicator Model 2510 (Branson, USA). SUV produced from both methods appeared 

to behave similarly toward α-TTP mediated tocopherol transfer. Ideally, a phosphorous 

assay should be performed to determine the phospholipid concentration after each vesicle 

preparation. However, due to the presence of a high sucrose content in the SET buffer, 

lipid samples turned black during acidic digestion at 190 °C, and thus such assays could 

not be used regularly to assess phospholipid concentration. To confirm that there is no loss 

of phospholipids due to extrusion and sonication procedures, the phosphorous assay was 

performed initially with SET buffer without sucrose, and the result suggested that the lipid 

concentration remains the same before and after the preparation. For the experiments that 

compared the vesicles of different size, the same rehydrated lipid mixture (multilamellar 

vesicles) was used to generate SUVs or LUVs of the same stock concentration. An 

estimation of vesicle concentration can be determined based on the emission spectrum of 

quencher TRITC-PE at approximately 575 nm. Lipid samples were prepared freshly for each 

experiment.

We measured the size of all lipid vesicles using a single angle (90°) quasi-elastic light 

scattering (QELS) instrument (Bookhaven Instruments Corporation) with a Melles Griot 

HeNe Laser (35 mW, 632.8 nm) and BI-APD 8590 digital auto-correlator. A cumulative 

statistical method was used to calculate particle size distributions. We found that all 

vesicles have nominal diameters larger than expected from the pore size of the filters when 

the extrusion method is used. We also note that the sucrose-containing buffer elicited a 

significant background signal that led to an overestimation of the size of small vesicles. 

Increased vesicle size has been seen previously with vesicles made in sucrose-containing 

buffers [22]. In general, the size variation is larger than expected for smaller vesicles than for 

bigger ones.

The average diameters of vesicles (nm) and their polydispersity index (in parentheses) were, 

by probe sonication; 106 nm (0.283), bath sonication; 134 nm (0.262); and by extrusion 

through polycarbonate filters of nominal pore size 30 nm (91 nm, 0.122), 50 nm (107 nm, 

0.119), 100 nm (158 nm, 0.116), and 200 nm (219, 0.103). When vesicles of expected size 

100 nm were prepared in Tris buffer rather than SET, the average size was 114 nm (0.085) 

emphasizing the overestimation of vesicle size that occurs in SET buffer.

We also separately determined the size of the smallest vesicles we prepared by sonication 

and extrusion on a DyanProTM NanoStar (Wyatt Technology). In this case probe sonication 
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gave vesicles of an average size of 67 nm (polydispersity 0.326) and extruded vesicles using 

30 nm filters, 55 nm (0.034).

Partition Coefficient of NBD-Toc Between α-TTP and PC Lipid Vesicles

Kinetic analyses of FRET-based ligand transfer assays are only useful if the transfer is 

essentially unidirectional. In this work we have monitored the decrease in fluorescence 

intensity as NBD-Toc bound to α-TTP (where the signal is high) is transferred to PC 

vesicles containing the quencher TRITC-PE (where the signal is low). In order to be 

assured of unidirectional transfer, the partition coefficient (Kp) of NBD-Toc between α-TTP 

and vesicles must be known. Once Kp is known, appropriate concentrations of donor 

protein-ligand complex and acceptor vesicles can be chosen. The Kp of NBD-Toc was 

measured following literature procedures for fluorescent fatty acid transfer from albumins 

and FABPs to lipid vesicles [15, 23]. Briefly, several solutions were prepared containing a 

9:1 ratio of α-TTP:NBD-Toc (final protein and ligand concentrations were 1 lM αTTP:0.1 

μM NBD-Toc in SET, pH 7.4) that assured the absence of appreciable amounts of free 

NBD-Toc. (The Kd of NBD-Toc for α-TTP was determined to be between 8.5 [24] and 

56 nM [19] depending on the assay conditions and whether the α-TTP used was a GST 

or Histagged fusion. Natural α-tocopherol has a Kd of 25 nM using a tritiated-tocopherol 

binding assay [25]). These high affinities of the protein for the ligand suggest that the 

α-TTP concentrations for both kinetic and partitioning experiments are sufficient to bind all 

available NBD-Toc. The samples were incubated for 15 min with gentle rotation. To each of 

these solutions were added amounts of LUVs or SUVs containing TRITC-PE (measured as 

μM total phospholipid) so that the final lipid concentration ranged from 50 to 400 μM. The 

resulting mixture was incubated for 15 min to allow NBD-Toc to equilibrate between α-TTP 

and acceptor SUVs or LUVs, the fluorescence spectrum of NBD-Toc from 475 to 600 nm 

was recorded, and the changes in the fluorescence at 520 nm were applied to the following 

equation [23, 26] to calculate partition coefficients:

1/ΔF = 1/Kp 1/ΔFmax (molα − TTP/mol PC)
+1/ΔFmax

(1)

where ΔF is the difference between the initial fluorescence of NBD-Toc bound to α-TTP 

and the fluorescence at a given protein/PC ratio, and ΔFmax is the maximum fluorescence 

change [15]. A plot of 1/ΔF versus (1/ΔFmax) (mol α-TTP/mol PC) gave a straight line 

whose slope was equal to 1/Kp.

Transfer of NBD-Toc to Lipid Vesicles Investigated by FRET

The rate of NBD-Toc transfer from α-TTP to lipid vesicles was investigated utilizing a 

FRET assay. Experiments were performed using a Photon Technologies, Inc. QuantaMaster-

QM-2001–4 fluorometer (Photon Technologies International, Inc.) equipped with SPF-17 

stopped-flow device which were used to determine the kinetics of NBD-Toc transfer to 

quencher TRITC-PE containing acceptor vesicles. The emission spectrum of NBD-Toc 

overlaps with the excitation spectrum of TRITC-PE, thus, upon mixing of donor (a-TTP 

bound NBD-Toc) and acceptor (TRITC-PE containing vesicles), the fluorescence intensity 

decreases with time. The excitation and emission wavelengths used were 466 and 526 
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nm, respectively. Standard transfer experiments were performed by incubating 0.45 μM 

NBD-Toc with 4 μM α-TTP for 15 min prior to mixing with 200 μM acceptor vesicles 

using the SPF-17 stopped-flow device. The final concentrations after mixing were 0.225 μM 

NBD-Toc, 2 μM α-TTP and 100 μM vesicles. The ratio of α-TTP to NBD-Toc was kept 

at 9:1 to ensure that there was no free ligand and that the fluorescence signal was solely 

attributed to protein-bound NBD-Toc. A 50-fold excess of acceptor vesicle was used based 

on the partition coefficient of NBD-Toc between α-TTP and vesicles. All experiments were 

performed at 20 °C. The fluorescence quench was monitored over time and normalized 

to the starting fluorescent intensity of NBD-Toc bound to α-TTP as 100%. To study the 

intervesicular transfer of NBD-Toc, 1 mol% of NBD-Toc was incorporated into PC SUV or 

LUV, and the transfer of NBD-Toc from these vesicles to PC LUV or SUV were monitored. 

In our assay condition, after subtraction of the signal due to slight ligand photobleaching, the 

rate of NBD-Toc transfer was best fitted with a single exponential decay Eq. 2 provided by 

Prism software (version 5, GraphPad Software, Inc., El Camino Real, San Diego, CA, USA).

y = y0 − yinf ∗ exp( − k ∗ x) + yinf (2)

where y0 is the initial fluorescence when NBD-Toc bound to α-TTP, k is the rate constant, 

x is the half time, and yinf is the remaining fluorescence signal after NBD-Toc has been 

transferred to the acceptor vesicle, which in our case is approximately 55% of the original 

fluorescence signal.

Results

A representative determination of the partition coefficient of NBD-Toc between α-TTP and 

vesicles of different size is shown in Fig. 1. The slopes of the lines for both LUVs and 

SUVs over this lipid concentration range are very similar and shallow. The average values 

of the determined partition coefficient, Kp, of NBD-Toc between α-TTP and bovine liver 

phosphatidylcholine unilamellar vesicles were determined to be 0.064 ± 0.026 (n = 4) for 

LUVs and 0.098 ± 0.035 (n = 3) for SUVs. These values are not significantly different 

from each other. As the units of Kp are (mol lipid-bound NBD-Toc/mol phospholipid)/(mol 

protein-bound NBD-Toc/mol protein) the magnitude of Kp shows that NBD-Toc binds to α-

TTP with ~10–15 times greater affinity than to lipid. Thus, for our transfer assay conditions 

to reflect unidirectional movement from protein to vesicle, an excess of phospholipids must 

be provided. Our assays use a 50-fold molar excess of phospholipids over α-TTP and 

represent a convenient concentration that assures unidirectional transfer, is not wasteful of 

phospholipids, and maintains the rate of transfer within the kinetic window of our stopped-

flow device (mixing dead time ~20 ms). At equilibrium, the assays show a ~50% loss of the 

original fluorescence from protein-bound NBD-Toc.

However, it was observed that spontaneous intervesicular ligand transfer in the absence of 

α-TTP occurred at a higher rate for donor SUVs than donor LUVs (Fig. 2). Note that 

the fastest observed rate was for movement of NBD-Toc from donor SUV to acceptor 

SUV; when the donor vesicles were LUVs the rates were lowered by about 50%. This 

may represent a combination of the enhanced water-solubility of NBD-Toc (calculated 

log P = 7.34) compared to natural α-tocopherol (log P = 9.60), and the ease of ligand 
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movement from the differing lipid packing of SUVs and LUVs. Our previous work with 

NBD-tocopherol in hepatocytes [17, 18] showed that this ligand partitions to membranes 

and that residence time in mainly endosomal membranes is dependent on the inducible 

expression of TTP that clears the fluorescence signal from the cell. This behavior completely 

mimics similar secretion assays done using 14C-α-tocopherol. Furthermore, we recently 

reported on the effect of tocols on aspects of membrane curvature using differential 

scanning calorimetry (DSC) [27]. All of the tocopherols and tocotrienols lowered both the 

gel to liquid crystalline transition temperature (TM) and the liquid crystalline to inverted 

hexagonal transition (TH) of dielaidoyl phosphatidylethanolamine. We have repeated such 

measurements with NBD-α-tocopherol and found them to be more similar to natural α-

tocopherol than any other tocol. In the above-cited work, the numbers for α-tocopherol 

were: ΔTM (°C/mol fraction) = −41 ± 4 and ΔTH (°C/mol fraction) = −300 ± 35. The 

values for NBD-α-tocopherol were ΔTM = −33 ± 4 and ΔTH = −262 ± 17, suggesting 

that NBD-tocopherol has the same effect on the physical attributes of a membrane as does 

α-tocopherol.

To test whether α-TTP uses a collisional mechanism of transfer where membrane binding 

is required [16], the concentration of acceptor phospholipids was increased while keeping 

the protein:ligand concentration constant. If protein–membrane collision is required then 

the rate of transfer should increase with increasing concentration of phospholipid. As 

shown in Fig. 3, the rate of transfer of NBD-Toc from α-TTP is quite insensitive to LUV 

concentration. However, the rates did increase about 50% (0.011 ± 0.0017–0.017 ± 0.005 

s−1) when the LUV concentration was increased from 50 to 750 μM. When SUVs were the 

ligand acceptor the enhancement of transfer was much more dramatic as the lipid amount 

was raised, increasing ~4.5-fold from 25 to 625 μM phospholipids. Indeed, we have noted 

a 4-nm red-shift of the intrinsic tryptophan fluorescence of α-TTP when bound to PC 

SUVs [28] suggesting that α-TTP binding to these vesicles is accompanied by a significant 

environmental change around tryptophan residues.

Supporting evidence for a collisional versus diffusional mechanism can be obtained if the 

rate of transfer is not affected by an increase in ionic strength of the medium. High ionic 

strength slows the rate of transfer if the ligand must first leave the protein and diffuse to 

a nearby membrane. Hydrophobic compounds such as α-tocopherol and NBD-Toc, which 

already have very low aqueous solubility, would be even less likely to exist free in buffer 

due to the increased solvent polarity of the high salt buffer. This has been demonstrated for 

the liver FABP [15]. Figure 4 shows that there is no transfer rate reduction for movement of 

NBD-Toc from α-TTP to SUVs (100% PC or 15 mol% PS in PC) up to 1.0 M salt.

We hypothesized that α-TTP would show enhanced rates of ligand transfer to membranes 

that contained anionic lipids, since this has been noted for other lipid transfer proteins such 

as the FABPs [26, 29–32], and cellular retinol binding protein I [33]. However, when SUVs 

were prepared containing 15% of anionic phospholipids such as bovine liver PI, DOPS, 

LBPA, or DOPA, rates of NBD-Toc transfer by α-TTP showed only minor rate variations 

(Fig. 5). An increase in the concentration of PS from 15 to 25% did not significantly 

increase the observed rate. Transfer rates from TTP to LUV were 4–10 times slower than 

for SUVs (data not shown). Inclusion of 15% cholesterol in bovine liver PC vesicles (both 
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SUV and LUV) had no effect on the rate of transfer when compared to vesicles without 

cholesterol. The greater rate of transfer to SUV over LUV was, however, maintained (data 

not shown).

To explore further the effect of membrane surface curvature, vesicles of differing size were 

prepared by liposome extrusion through specific pore size filters and by sonication. The 

rates of NBD-Toc transfer to PC vesicles of 50-, 100-, or 200-nm diameters were similar 

(k = ~0.017 ± 0.0009 s−1, Fig. 6). Sonicated vesicles, using either an immersion probe or 

bath sonicator, are generally accepted to yield SUVs of about ~25 nm in diameter [34, 35] 

and consistently showed 5–7 fold faster rates of ligand transfer than larger vesicles. For the 

probe-sonicated vesicles the rate was 0.114 ± 0.023 s−1 and for bath sonicated was 0.098 ± 

0.005 s-1.

To assess the influence of lipid packing on the transfer process, the rate of NBD-Toc transfer 

to acceptor phospholipid vesicles of differing degrees of unsaturation is shown in Fig. 7. 

Three different sources of phosphatidylcholine were tested: soy PC (that has a saturated 

to unsaturated lipid ratio (S/U) of 0.30 and is composed predominantly 18:2 acyl chains; 

synthetic dioleoylphosphatidylcholine (DOPC); and bovine liver PC (which has a S/U ratio 

of 0.91). (Product data from Avanti Polar Lipids, Alabaster, AL). The rates of α-TTP 

mediated ligand transfer were faster to SUV than LUV acceptors, and soy PC lipids that 

contain a larger fraction of unsaturated acyl chains supported a transfer rate twice as fast as 

either DOPC or bovine liver PC.

Discussion

The α-tocopherol transfer protein is one important mechanism for the selective retention 

of α-tocopherol over other forms of vitamin E found in the diet. The selectivity of α-

tocopherol binding to a-TTP [25, 36], coupled with enhanced oxidative metabolism of non-

α-tocols [37, 38], explains how plasma levels of α-tocopherol exceed those of γ-tocopherol 

for North Americans despite the dietary surplus of γ-tocopherol [39]. Once bound to α-TTP, 

α-tocopherol is secreted from hepatocytes by an as yet unknown mechanism, and carried in 

plasma by lipoproteins [1, 40, 41].

α-TTP is a soluble protein that is assumed to bind peripherally to membranes given its 

localization to late endosomes [18] and it ability to bind phospholipid vesicles in vitro 

[28]. The membrane-binding characteristics of peripheral membrane proteins are known to 

combine both electrostatic interactions and hydrophobic forces [42]. Proteins that depend 

chiefly on the presence of anionic phospholipids such as PS for favorable membrane binding 

include lipopolysaccharide binding protein (LBP) [43, 44], and bactericidal/permeability-

increasing protein (BPI) [45, 46]. BPI (a family member along with PLTP and LBP) has a 

group of basic residues on its amino terminus that are responsible for recognition of acidic 

sites on bacterial endotoxin. The fatty acid binding proteins (FABPs) also have a cluster of 

basic residues on the loop capping the binding cavity that are key to their recognition of 

anionic membranes [16, 26, 29]. Figure 5 shows that when anionic lipids were incorporated 

at 15 mol% (and 25% PS) there was no effect on the rate of ligand transfer to SUV or 

LUVs. It remains possible that more significant differences might be apparent at much 
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higher anionic lipid concentration, but we chose to use 15 mol% of these lipids since PI, PA, 

and LBPA rarely if ever occur in concentrations higher than this.

Other proteins have been shown to rely more on hydrophobic surface penetration into the 

lipid bilayer. The human phospholipid transfer protein (PLTP) uses a hydrophobic patch in 

the N-terminal tip of the protein for membrane binding. Mutations of these residues showed 

reduced binding [47]. Other contributions of hydrophobic residues for membrane binding 

have been noted for bee venom secreted PLA2 [48] and human group × secreted PLA2 [49, 

50].

A protein that uses predominantly hydrophobic interactions for membrane binding would 

presumably have difficulty arriving at any specific cellular bilayer membrane since all 

bilayers contain a hydrophobic core. Many proteins are directed to membranes that contain 

specific lipids such as the phosphatidylinositol phosphates (PIPs) through protein motifs 

such as the FYVE and PX domains that specifically recognize these anionic lipids [51–54]. 

Indeed, it has been recently noted that α-TTP may also have some specificity for membranes 

containing PIPs even though α-TTP does not contain a FYVE or PX domain [55].

Bilayer curvature is also a variable in membrane recognition and binding by proteins. 

Biological membranes are in constant flux, undergoing fusion, exo- and endocytosis 

processes, all of which generate areas of high curvature and/or curvature stress [56–58]. 

The size of the organelle thus does not necessarily reflect local membrane curvature or 

curvature stress since such forces can occur in local portions of larger membranes [59].

α-TTP is known to localize to late endosomes [17, 60], structures that have complex 

membrane dynamics and topology [61–63]. Late endosomes occur in dense tubular, multi-

lamellar, and multi-vesicular subclasses [64] and are reported to be 200–750 nm in diameter 

[64–66]. The endosome-specific phospholipid LBPA (lysobisphosphatidic acid, also known 

as bis(monoacylglycero)phosphate, BMP) [67, 68] appears key to multivesicular body 

(MVB) structure and function. The interior vesicles of the MVB (called “exosomes” as they 

are destined for exocytosis) are “pinched” from the MVB limiting membrane at sites rich 

in LBPA and lysolipids that, at low pH, stabilize this highly curved membrane substructure 

[69]. The exosomes, however, are not enriched in LBPA [70]. α-TTP has been shown to 

co-localize with LBPA in rat McARH7777 cells transfected with α-TTP [71]. Our results 

suggest that this is not due to a specific attraction of α-TTP for LBPA, but rather the effect 

of LBPA on the properties of the endosomal membrane and the pH-dependent formation 

of the highly curved MVB [72–74]. The failure of LBPA to enhance α-TTP transfer of 

NBD-Toc in our assays may be due to lack of an internal acidic pH as in MVBs or, more 

likely, that SUVs—whether they contain LBPA or not—already have sufficient membrane 

curvature to enhance in vitro α-TTP binding and thus ligand transfer. Therefore, the co-

localization of α-TTP with LBPA [71] may be a secondary effect (high curvature) rather 

than due to a direct interaction of α-TTP with LBPA. Contrarily, the Niemann-Pick-type 

C2 protein that also occurs in endosomes has recently been shown to exhibit enhanced 

cholesterol transfer in the presence of SUVs containing 25% anionic lipids such as PI and 

PS, but is most pronounced in the presence of LBPA [75].
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The sensitivity of membrane binding proteins to bilayer curvature is common. For example, 

an increased rate of ligand transfer from protein to SUVs over LUVs has been observed 

previously for FABPs [30, 76, 77]. The binding of sterol carrier protein 2 [78], and the 

glycolipid transfer protein (GLTP) [79] have also been shown to favor more highly curved 

membranes. The lipid-packing sensor of Arf GTPase activating protein 1 (arfGAP1) known 

as ALPS2, also preferentially binds to the more highly curved surface of SUVs [80, 81].

Wootan and Storch [82] observed faster rates of fluorescent fatty acid transfer from 

adipocyte and heart fatty acid bind protein (A- and H-FABP) to SUVs. They noted that 

this may be due to the greater number of SUVs versus LUVs prepared from an equal amount 

of lipid, and suggested that this could be the prime reason for the approximately ten-fold 

greater rate for transfer to SUVs than LUVs. We observed approximately the same increased 

rate of transfer to extruded 30 nm vesicles (~5-fold) and sonicated vesicles (~11-fold) as 

did Wootan and Storch. These authors also noted, however, that tighter packing of the 

phospholipid acyl chains in LUV due to their more flat lamellar structure may also have 

decreased rates of ligand transfer to LUVs. Our preparation of vesicles of different size used 

equal molar amounts of phospholipids. If we assume that vesicles are of uniform size and 

unilamellar, that the membrane thickness is ~5 nm, and that the area per phospholipid (here 

assumed to be DOPC) is 67.4 nm2 [83], then the total available surface area for protein 

lipid interaction can be calculated (See Supplementary Material). The area available on the 

outer leaflet of vesicles increases by only 1.5 times when vesicle size is reduced from 200 

to 20 nm when an equal amount of phospholipid is used for all samples. If the rate of 

ligand transfer was determined solely by the available surface area, we should have seen 

no more than an ~1.5 fold increase in transfer rate as vesicle size was varied from the 

larger 200 nm LUVs to smaller SUVs. However, we repeatedly saw transfer rate increases 

of ~11-fold on moving from extruded LUVs, to SUVs prepared by either extrusion or 

sonication, substantiating that TTP prefers to bind to SUV membranes of higher curvature.

It is worth noting that the spontaneous rates of NBD-tocopherol transfer between vesicles 

shown in Fig. 2 clearly shows that LUVs are both poorer donors and acceptors of NBD-

tocopherol. Coupling this with our previous observation that TTP binds much better to 

SUVs than LUVs [28], suggests that in fact, the transfer of NBD-tocopherol to SUVs is 

faster due to the ease of both protein and ligand insertion into the membrane.

The collisional insertion of a ligand into a membrane by a protein can, in theory, be broken 

into two discrete steps: (1) binding of the protein-ligand complex to the acceptor membrane, 

and (2) insertion of the ligand into the bulk of the membrane. Our results do not rule out 

the possibility that ligand insertion occurs at different rates when the membrane structure 

is perturbed. However, the spontaneous rate of ligand movement from LUV donors to SUV 

or LUV acceptors suggests that NBD-Toc (as a model of α-tocopherol) inserts equally well 

into both membrane types. The presence of anionic lipids could enhance protein binding 

through electrostatic interactions between the protein and the phospholipid head group, or 

it might make ligand insertion easier if the anionic phospholipids have changed the packing 

density of the membrane. The present work cannot rule out packing density changes in 

the acceptor membrane, but the fact that each anionic phospholipid supported near equal 
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transfer rates whether they are present in SUVs or LUVs suggests that packing is not an 

important variable in rates of NBD-Toc transfer by α-TTP.

The only phospholipid composition that changed the rate of NBD-Toc transfer to vesicles by 

α-TTP were soy PC lipids. The higher degree of unsaturation in these plant lipid samples 

may provide a more receptive membrane environment for tocopherol as it is well-known 

that tocols prefer to partition into those phospholipid phases that are rich in polyunsaturated 

lipids [27].

In this report we have used only the wild type α-TTP to explore the variables that affect 

the rates of ligand movement from protein to membrane. The lack of effect of anionic 

phospholipids suggests that membrane recognition may rely more on hydrophobic forces, 

something that has been well interpreted by several comprehensive surveys [84–88]. We 

have now begun studies with mutant forms of α-TTP that perturb the putative hydrophobic 

face of the protein that is offered to membranes. We will soon report their ability to bind 

membranes and effect ligand transfer.

The α-TTP is selective for more highly curved membranes as observed by its fast transfer 

of NBD-Toc to small unilamellar vesicles of ~25 nm diameter versus vesicles of diameter 

larger than ~50 nm, but does not show any preference for anionic lipids when binding 

membranes. This preference for highly curved membranes may be linked to the localization 

of α-TTP to the late endosomes whose membranes are quite dynamic, and form small 

internal vesicles with the aid of the endosome-specific phospholipid LBPA. The degree of 

phospholipid unsaturation may also be a controlling feature for delivery of tocopherol to 

membranes since the plant-derived soy PC supported faster ligand transfer than did pure 

DOPC or bovine liver PC, both of which have a lower unsaturation content.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AVED Ataxia with vitamin E deficiency

DOPA Dioleoylphosphatidic acid

DOPC Dioleoylphosphatidylcholine

EDTA Ethylenediaminetetraacetic acid

FABP Fatty acid binding protein
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FRET Fluorescence resonance energy transfer

HDL High density lipoprotein

LBPA Lysobisphosphatidic acid

LDL Low density lipoprotein

LUV Large unilamellar vesicle

MVB Multivesicular body

NBD-Toc (R)-2,5,7,8-tetramethyl-chroman-2-[9-(7-nitro-

benzo[1,2,5]oxadiazol-4-yl amino)-nonyl]-chroman-6-ol

PC Phosphatidylcholine

PE Phosphatidylethanolamine

PI Phosphatidylinositol

PIPs Phosphoinositide phosphates

PMSF Phenylmethanesulfonyl fluoride

PS Phosphatidylserine

POPC 1-Palmitoyl-2-oleoyl phosphatidylcholine

PUFA Polyunsaturated fatty acid

SUV Small unilamellar vesicle

TRITC-PE N-(6-tetramethylrhodaminethio-carbamoyl)-1,2-dihexadecanoyl-sn-

glycero-3-phosphoethanol-amine, triethylammonium salt

VLDL Very low density lipoprotein
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Fig. 1. 
Partitioning of NBD-Toc between α-TTP and SUVs or LUVs. Titration of NBD-Toc (0.225 

μM) bound to α-TTP (2 μM) with PC SUVs (filled diamonds) or LUVs (filled squares) at 

a concentration of 50, 100, 200 and 400 μM. The change in fluorescence intensity between 

NBD-Toc bound to α-TTP and vesicles at each lipid concentration is expressed as ΔF. The 

partition coefficients determined for this particular experiment are 0.122 and 0.082 for SUVs 

and LUVs, respectively
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Fig. 2. 
Intervesicle transfer of NBD-Toc from donor vesicles to acceptor vesicles. 1 μM NBD-Toc 

incorporated in 100 μM donor PC SUVs or LUVs was transferred to 100 μM acceptor 

bovine liver PC SUVs or LUVs containing 3% TRITC-PE. Data shown represent an average 

of six determinations ± the standard deviation
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Fig. 3. 
Effect of lipid concentration on the rate of NBD-Toc transfer from α-TTP to PC SUVs and 

LUVs. Transfer of 0.125 μM NBD-Toc from 1.25 lM α-TTP to SUVs (open squares) or 

LUVs (filled squares) at the indicated concentration was monitored at room temperature. 

Results are the average of three curves ± the standard deviation
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Fig. 4. 
Effect of ionic strength on the rate of NBD-Toc transfer to PC or PS SUVs. 0.225 μM 

NBD-Toc transferred from 2 μM α-TTP to 100 μM PC SUVs (filled circles) or PC SUVs 

containing 15% PS (filled squares) in the presence of an increasing concentration of KCl. 

Data shown represents an average ± the standard deviation, n = 12 for PC at 100 mM KCl, n 
= 3 for other conditions tested. The data shown are compiled from separate experiments with 

different protein and lipid preparations
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Fig. 5. 
NBD-Toc transfer from α-TTP to anionic SUVs. Transfer of 0.225 μM NBD-Toc from 2 μM 

α-TTP to 100 μM bovine liver PC SUVs containing 15 mol% of PS, PI, LBPA and DOPA or 

25 mol% of PS. Results are the average ± the standard deviation, n = 3 for PI, PS, LBPA and 

DOPA and n = 12 for PC only controls. No statistical differences were observed between PC 

vesicles and those of variant lipid composition, as assessed by unpaired t tests
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Fig. 6. 
Effect of vesicle size on the rate of NBD-Toc transfer from α-TTP. PC vesicles were 

prepared by probe sonication, bath sonication or extrusion. The transfer of NBD-Toc (0.225 

μM) from 2 μM α-TTP to 100 μM vesicles of various sizes was monitored. Data shown 

represents the average ± the standard deviation n = 12 for the probe-sonicated PC SUV, 

n = 18 for 100 nm PC LUV, n = 3 for other conditions tested. Vesicles sizes represent 

the nominal pore size of the filters used for extrusion. For full details on the vesicles size 

distribution see “Materials and Methods”
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Fig. 7. 
Effect of lipid saturation on α-TTP mediated NBD-Toc transfer. Transfer of 0.225 μM 

NBD-Toc from 2 μM α-TTP to 100 μM PC LUVs (closed bar) and SUVs (hatched bar) of 

soy PC, DOPC or liver PC was monitored. Data shown represents an average ± the standard 

deviation, n = 3 for soy PC and DOPC, n = 12 for PC SUVs and n = 18 for PC LUVs
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