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Abstract
Lipid transfer proteins (LTPs) play important roles in cellular biology, and fluorescence spectroscopy
has found wide range use as a facile means for time-resolved monitoring of protein-lipid interactions
[1]. Here, we show how the fluorescence emission properties of dansyl-DHPE can be exploited to
characterize lipid extraction and lipid transfer kinetics. The GM2 activator protein serves as an
example LTP where the ability to independently characterize lipid extraction from donor vesicles,
formation of a protein:lipid complex in solution, and release of lipid from the complex to acceptor
liposomes is crucial for full kinetic characterization of lipid transfer.

Lipid transfer, lipid trafficking and lipid sorting all play important roles in cellular biology,
and examples include but are not limited to the following: lipid metabolism, organelle
membrane structure, cholesterol metabolism and trafficking, food and pollen allergens, and
lipoprotein metabolism, to name a few[2–6]. As such, facile assays for monitoring kinetics of
lipid extraction and of lipid release are desired. Here we show that the fluorescence properties
of dansyl-DHPE, specifically the sensitivity of the emission wavelength and quantum yield to
the polarity of the local environment[7], can be exploited as a means for monitoring lipid
extraction from and lipid release to POPC liposomes.

In general, the study of lipid transfer includes but is not limited to the following steps: binding
of the LTP to the donor vesicle, extraction of a ligand and release of the LTP:ligand complex,
binding of the LTP:ligand complex to the acceptor vesicle, and release of the ligand to the
acceptor vesicle with subsequent dissociation of the protein. Full characterization of the process
requires the ability to track and quantify the relocation of the given ligand from donor to
acceptor vesicles, including characterization of the protein:ligand complex in solution.

GM2AP is a non-enzymatic accessory protein in the degradation of neuronal gangliosides. Its
primary function is to extract GM2 out of intralysosomal vesicle membranes forming the GM2-
AP:GM2 complex, which is the substrate for GM2 hydrolysis by a water soluble hydrolyase
[8]. GM2AP is also known to transfer GM2 between donor and acceptor vesicles[9]. The
molecular level details of the mechanism by which GM2AP functions remain unclear. Hence,
we are interested in understanding how this protein binds to lipid vesicles, recognizes specific
lipid ligands, extracts lipids (specific or non-specific) from membranes and transfers/releases
its ligands. Here, we have utilized GM2AP as an example LTP to demonstrate the utility of
the fluorescent properties of dansyl-DHPE for monitoring the kinetics of lipid transfer and
extraction.
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In addition to its specific ligand, GM2AP has been shown in vitro to bind to other lipids and
fatty acids[10]. This crystal structure analysis of GM2AP with various ligands bound reveals
a unique β-cup hydrophobic cavity which can accommodate lipid molecules in different
binding modes. For example, when GM2 binds to GM2AP, the ceramide tails of GM2 occupy
a hydrophobic pocket within the β-cup protein and the tetrasaccharide moiety projects out of
the protein surface into the aqueous environment. When phosphatidylglycerol binds to
GM2AP, a different orientation of the lipid ligand is observed, where the distal end of the fatty
acid chains occupies a similar position as the ceramide tail, however the phosphoglycerol head
group is completely buried within the hydrophobic pocket[10].

We found that GM2AP also binds dansyl-DHPE. The complex is formed by injecting dansyl-
DHPE in ethanol into a solution of GM2AP (pH 4.8), and unbound ligand is removed by gel-
filtration chromatography. UV-VIS absorption spectra show a GM2AP:dansyl-DHPE ratio of
1:1, which is consistent with analysis of the GM2AP:POPG crystal structure. For the
protein:lipid complex, the maximal emission fluorescence wavelength is near 484 nm, which
is similar to dansyl-DHPE dissolved in benzene[7]. A red-shift to 518 nm is obtained for
extruded 100 nm large unilamellar vesicles of POPC:dansyl-DHPE(4:1), and is similar the
emission wavelength when dansyl-DHPE is dissolved in methanol. Figure 1A shows
fluorescence emission spectra for dansyl-DHPE in these environments. The differences in
fluorescence intensity and emission wavelengths are consistent with previous literature reports
characterizing the fluorescent properties of this fluorophore[7], and these findings provide a
model picture for dansyl-DHPE sequestration into the hydrophobic binding pocket of GM2AP.
When dansyl-DHPE is in POPC LUVs, the head-group labeled fluorophore is in contact with
the relatively high polarity aqueous solution. When the ligand is bound to GM2AP, it likely
adopts a conformation similar to the model of phosphatidylglycerol, which has the head group
buried within the hydrophobic pocket of GM2AP, consistent with a polarity similar to a solution
of benzene. These changes in spectral properties can be exploited to monitor the kinetics of
both the extraction of dansyl-DHPE from POPC liposomes as well as the release/transfer of
the fluorescence lipid from the GM2AP:dansyl-DHPE complex to liposomes.

Results for lipid extraction are shown in Figure 1B. Here, purified GM2AP is mixed with
extruded POPC:dansyl-DHPE (4:1) LUVs. Upon extraction from the membrane and formation
of the protein:lipid complex, both a blue shift in the maximum emission wavelength and an
increase in fluorescence intensity are seen. In Figure 1B, the molar ratio of GM2AP to total
dansyl-DHPE is 25:1, where GM2AP is added in excess to ensure nearly complete extraction
from the outer leaflet. (However, note that dansyl-DHPE is likely distributed on both leaflets
of the vesicle and we assume that only the outer leaflet is accessible for ligand extraction.)
After GM2AP was added and rapidly mixed, spectral scans were recorded every 15 seconds.
Figure 1B plots as a function of time, both the intensity at 484 nm and the maximum emission
wavelength for the extraction process. The maximal emission wavelength shifts from a value
of 518 nm, corresponding to dansyl-DHPE in the liposome membrane, to 486 nm, which is
very close that for the purified GM2AP:dansyl-DHPE complex (484 nm). Both plots can be
fit fairly well with a single exponential first order process with halt life of 1.5±0.1 min.

The fluorescence change of dansyl-DHPE can be exploited when studying ligand release from
the protein complex with transfer to the POPC vesicle. Here, the GM2AP:dansyl-DHPE
complex was prepared, and after recording the spectrum of the complex, POPC vesicles were
added and spectra were recorded over a time period of 600 minutes. Figure 1C plots the
fluorescence emission intensity at 484 nm as a function of time, and a two component first
order process fits the data fairly well, with half lives of t1=21±2 min and t2=124±4 min. The
inset in Figure 1C shows representative spectra over this time period. By comparing the kinetic
results in Figure 1, we clearly see that the extraction of dansyl-DHPE from POPC vesicles is
much faster than the release from the protein complex to POPC vesicles. We are currently
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investigating the relevance of the two component release process for the mechanism of GM2AP
lipid transfer, and those experiments are beyond the scope of the work presented here.
Nevertheless, the significance here is that these data demonstrate the utility and sensitivity of
dansyl-DHPE as a general tool for probing the details of lipid extraction and transfer.

The ability of GM2AP to extract dansyl-DHPE from the liposomes forming a solution stable
GM2AP:dansyl-DHPE complex was independently confirmed by sedimentation assays using
ultracentrifugation of sucrose loaded vesicles coupled to fluorescamine labeling for
quantification of the protein remaining in solution and measurement of the fluorescence signal
of dansyl-DHPE as a function of protein concentration[11]. For GM2AP, it is important to
consider the formation of the protein:lipid complex when characterizing lipid extraction/
transfer assays, as the 6 sedimentation assays reveal that nearly 80% of the protein at
equilibrium exists in solution (Data are shown in Supp Info). This finding requires that the
results of the commonly used octadecylrhodamine (R18) method to assay GM2AP function
be interpreted carefully. Typically, in the R18 assays, donor vesicles are prepared that contain
5–15% R18, which is self quenching when incorporated into vesicles at these concentrations.
Upon addition of a LTP and acceptor vesicles, the fluorescence intensity increases as ligand
is extracted from the acceptor vesicle and transferred to the donor vesicle[9,12].

However, as the data in Figure 2 show, it is very important to consider the formation of a
protein:lipid complex when analyzing the results from the R18 transfer assays. Figure 2 plots
the increase in fluorescence intensity as a function of time observed for two different
experiments: (1) donor vesicles of POPC:R18 (19:1) mixed with GM2AP (filled squares) and
(2) donor vesicles of POPC:R18 (19:1), acceptor vesicles (POPC only) and GM2AP (open
circles). The percentage dequenching observed for both experiments are nearly identical.
Hence, care must be taken when interpreting the results from such an assay regarding actual
ligand transfer. The observed dequenching is likely arising from the formation of the
protein:R18 complex in solution, and NOT transfer to the liposome. This potential drawback
of the R18 methodology has also been noted by others[13,14]. Nevertheless, the R18
dequenching assay has found utility as a means of characterizing relative lipid binding affinities
for numerous proteins, including GM2AP[9].

It should be noted that the use of the dansyl-DHPE to characterize lipid extraction and transfer
does not allow for an independent monitoring of membrane binding/partitioning of the protein
or protein:lipid complex. Other biophysical characterizations are necessary to fully
characterize each of the steps within the process. In addition, although dansyl-DHPE is not the
specific substrate of GM2AP, this assay can be used in future studies in competition based
assays where GM2 is present, as well as for investigating the effect that various lipid
compositions of both the acceptor and donor vesicle have upon the extraction and transfer
processes, respectively.

As shown here, dansyl-DHPE can be utilized to study lipid transfer pathways by separating
the procedure into two steps of lipid extraction from liposomes and lipid release from a
protein:lipid complex. It is likely that this assay will be of use in the study of a variety of LTPs
and provides an alternative to radioactive labeled lipids or other fluorescent based assays.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig.1.
Changes in fluorescence emission spectra during extraction and release of dansyl-DHPE. (A)
The fluorescence emission spectra of 0.2 µM GM2AP:dansyl-DHPE complex (solid line) and
1 µM POPC:dansyl-DHPE (4:1) vesicles (dashed line). The spectra were recorded on a
FLUOROMAX-3 fluorometer with excitation at 340 nm with a 90° and a 0° orientation of the
excitation and emission polarizer, respectively. All experiments were performed at 20°C by
using a water bath circulator. GM2AP functions in the acidic compartment of the lysosome;
therefore all studies herein are performed in 50 mM sodium acetate buffer at pH 4.8 (B) Plots
of the relative emission intensity at 484 nm (filled squares) and the value of maximal emission
wavelength (λmax) (open square) as a function of time during the extraction of dansyl-DHPE
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from 1 µM(final concentration) POPC:dansyl-DHPE (4:1) vesicles by GM2AP. GM2AP was
added to 5 µM final concentration. Solid lines show fits to a first order single exponential rate
process. (C) Plot of the relative emission intensity as a function of time for the release of dansyl-
DHPE from 0.25 µM GM2AP:dansyl-DHPE complex with 20 µM POPC vesicles present
(filled circle). The solid line is the best fit to a two-component first order processes. The inset
plots representative spectra over a 600 minute time period showing how the spectral intensity
decreases and the wavelength red shifts overtime (indicted by the arrows).
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Fig. 2.
Results from two different R18 dequenching assays. In the first experiments (filled squares)
only donor vesicles and GM2AP were mixed. Spectra were recorded for GM2AP final
concentration of 0.75 µM with 20 µM POPC:R18 (95:5) vesicles. In the second experiments,
(open circles) donor vesicles, GM2AP and acceptor vesicles were mixed. Here, 20 µM
POPC:R18 (95:5) donor vesicles and 20 µM POPC vesicles were incubated for 10 min;
GM2AP was added to a final concentration of 0.75 µM. Before addition of GM2AP, the
emission intensity at 590 nm was set as 0% dequenching. The intensities after complete
solubilization of the POPC:R18 (95:5) vesicles by 0.1% Triton-100 was set as 100%
dequenching. Spectra collected with 570 nm excitation wavelength.
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