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 For the effective degradation of lysosomal sphingolipids 
with short oligosaccharide head groups, special lipid bind-
ing and transfer proteins (the sphingolipid activator pro-
teins) are needed. The sphingolipid activator proteins 
consist of the GM2 activator protein (GM2AP) and the sa-
posins (Saps) A–D. They all facilitate the interaction of the 
membrane-bound substrate with the water-soluble enzyme 
at the water-membrane interface and differ from sphingo-
lipid transfer proteins of the cytosol ( 6 ). The anionic lyso-
somal phospholipid, BMP, is also known to dramatically 
enhance (glyco)sphingolipid hydrolysis by lysosomal hy-
drolases and sphingolipid activator proteins ( 7–9 ). 

 Even at low pH values (pH <5.0), BMP conveys negative 
surface charge to luminal lysosomal vesicles ( 10, 11 ). This 
favors an electrostatic binding of the positively charged ac-
tivator proteins and the polycationic hydrolases, and en-
hances degradation of (glyco)sphingolipids substantially 
( 7, 9, 10, 12–16 ). 

 The GM2AP, which has a hydrophobic binding cavity 
for lipids and a binding site for  � -hexosaminidase A (HexA) 
( 17–19 ), arranges the interaction of ganglioside GM2 with 
HexA and facilitates the formation of a Michaelis-Menten 
complex with access of the catalytic site to the carbohy-
drate head group ( 20, 21 ). The whole working mechanism, 
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 Components of eukaryotic plasma membranes reach 
the intraendolysosomal vesicles by endocytotic membrane 
fl ow ( 1 ). Those vesicles have been identifi ed as platforms 
for lipid and membrane degradation ( 2 ). They differ from 
the limiting endosomal membrane by the absence of a gly-
cocalix, a lower cholesterol content, and the cumulative 
occurrence of the anionic bis(monoacylglycero)phosphate 
(BMP) ( 3–5 ), which is of functional signifi cance. 
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chose reconstitution experiments in a detergent-free liposo-
mal in vitro approach. In all assays, liposomes were used as 
substrate-carrying membranes to mimic the intraendolyso-
somal vesicles. The lipid composition of the vesicles can be 
manipulated exactly, thus allowing analysis of the infl uence 
of the lipid composition, pH value, and ionic strength on 
GM2AP, affecting not only GM2 hydrolysis but also solubili-
zation and transfer of membrane lipids. 

 MATERIALS AND METHODS 

 Materials 
 1,2-Dioleoyl- sn -glycerol-3-phosphocholine (DOPC), bis(monoole-

oylglycero)phosphate (BMP), multivalent cationic lipid 5 (MVL5), 
and 1,2-dioleoyl- sn -glycero-3-ethylphosphocholine (EPC) were 
purchased from Avanti Polar Lipids (Alabaster, AL). C18-SM and 
D-erythro-C18-ceramide (Cer) were purchased from Matreya (Pleas-
ant Gap, PA). GM2 was available in our laboratory. Cholesterol, 
desipramine, 4-methylumbelliferyl-2-acetamido-2-deoxy- � -D-
glucopyranoside (MUG), 4-methylumbelliferone, PG, and PI were 
purchased from Sigma (Taufkirchen, Germany). Lissamine rho-
damine B 1,2-dihexadecanoyl- sn -glycero-3-phosphoethanolamine 
(rhodamine-PE) triethylammonium salt was purchased from Life 
Technologies, Molecular Probes, Inc. (Eugene, OR). 

 Human embryonic kidney cells (HEK-293 cells) were from 
Sigma and TurboFectin 8.0 was from Origene Technologies, Inc. 
(Rockville, MD). MEM-medium and IPL41-medium were obtained 
from Gibco BRL (Bethesda, MD). Geneticin disulfate (G418) was 
obtained from Carl Roth GmbH (Karlsruhe, Germany).  Spodoptera 
frugiperda  (SF-21) cells were available in our laboratory. Sequenc-
ing of the GM2AP was done by Chromatec (Greifswald, Germany). 

 Ni-NTA-agarose Superfl ow was from Qiagen (Hilden, Germany), 
the cationic exchange material Poros HS 20 and Macro-Prep 
High S Support were obtained from Applied Biosystems/Applere 
(Freiburg, Germany) and Bio-Rad (Hercules, CA). 

however, is still a matter of debate. A scheme of the postu-
lated mechanism and the liposomal activity assay can be 
seen in   Fig. 1  .  Until now, it was not known exactly whether 
the degradation took place at the surface of the intralyso-
somal vesicles or in solution. 

 GM2AP is known to be a quite promiscuous lipid binding 
protein ( 22, 23 ). Its activity depends on numerous physio-
logical parameters, including the lateral pressure of the 
lipid bilayer ( 24 ), the pH value ( 25 ), the vesicle curvature, 
and the presence of negatively charged lysosomal lipids, es-
pecially BMP ( 9 ). The isoelectric point of the GM2AP is situ-
ated at pH 4.8 ( 26 ). Due to the cumulated occurrence of 
lysine residues, it has positively charged surface domains, 
especially at the low pH values existent in the lysosomal en-
vironment. This contributes to the interaction of the activa-
tor protein with the anionic membrane-bound BMP. 

 Anionic membrane lipids have been identifi ed as stimu-
lating lipid modifi ers of many membrane-associated re-
actions, e.g., phosphatidylglycerol (PG) stimulates steps 
of ganglioside biosynthesis at the Golgi compartment ( 27, 
28 ). BMP, phosphatidic acid, phosphatidylserine, and phos-
phatidylinositol (PI) stimulate the transfer of cholesterol 
by Niemann-Pick protein type C2 (NPC2) ( 29–32 ). On the 
other hand, plasma membrane-stabilizing SM strongly in-
hibits cholesterol transfer by NPC2, even in the presence 
of anionic lipids ( 31 ). Therefore, SM has to be degraded 
fi rst by the acid sphingomyelinase (ASM) to facilitate the 
release of cholesterol from inner membranes. Because of 
this, a defective ASM in Niemann-Pick disease types A and 
B not only leads to accumulation of SM, but also second-
arily triggers the storage of cholesterol ( 33 ). 

 This work studies the function of membrane lipids in the 
regulation of (glyco)sphingolipid turnover. Therefore, we 

  Fig. 1.  Scheme of the in vitro assay for the degrada-
tion of liposomal bound ganglioside GM2 by HexA in 
the presence of GM2AP. A: Assay for enzymatic hydro-
lysis of liposomal GM2. The radiolabeled GM2 (red) 
is incorporated into liposomes (lipid composition vari-
able), mimicking intralysosomal vesicles. The GM2AP 
recognizes membrane bound [ 14 C]GM2 and pres-
ents it to the HexA (light blue) for degradation. The 
enzymatic digestion may occur either at the surface 
of the membrane or as shown in solution at the water-
soluble Michaelis-Menten complex. The emerging 
[ 14 C]GM3 was measured. GM2AP: purple, sugar chain; 
black, HexA recognition site; green, carbohydrate 
recognition region; pink, lipid binding side. B: Struc-
ture of the [ 14 C]GM2 used in the assay shown in (A). 
Position of the radioactive label is marked by a yellow 
  cross.   
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 The difference in molecular mass between g-rGM2AP and 
g-rGM2AP-His 6  is based in the additional six histidine-residues 
and a variant glycosylation resulting from the different expres-
sion systems. 

 HexA was purifi ed from human liver to apparent homogene-
ity, as described previously ( 36 ). Purity and identity were verifi ed 
by SDS gel electrophoresis with silver staining and Western blot. 
Activity was determined by a MUG/4-methylumbelliferone assay 
( 37 ) with 0.8  � U/1  � g HexA. One unit of enzyme activity (1 U) 
is defi ned as the amount of enzyme that catalyzes the hydrolysis 
of 1  � mol of MUG per minute at 37°C. 

 Preparation of liposomes 
 Large unilamellar vesicles were prepared as previously de-

scribed ( 38 ). Appropriate amounts of lipids from stock solutions 
were mixed and dried under a stream of nitrogen. The lipid mix-
ture was then dispersed in 1 ml of 20 mM citrate buffer (pH 4.2) 
(unless stated otherwise). The dispersion was vortexed, sonifi ed 
in a sonifi er bath for 15 min, and subjected to eight freeze-thaw 
cycles to obtain a uniform distribution of buffer and solutes across 
the bilayers. Thereafter, the lipid suspension was passed through 
polycarbonate fi lters with a pore size of 100 nm in a mini-extruder 
(LiposoFast Avestin, Ottawa, Canada). Samples were subjected to 
21 passes. 

 Unless stated otherwise, liposomes with no net charge contained 
5 mol% cholesterol, the assay-specifi c marker lipids, and DOPC as 
a host lipid. Negatively charged liposomes contained 5 mol% cho-
lesterol, 20 mol% BMP, the assay-specifi c marker lipids, and DOPC 
as a host lipid. When the composition of liposomes was varied, the 
amount of DOPC was adjusted appropriately. 

 Determination of the lipid content of liposomes and fi nal 
concentration of the liposomal suspension 

 Aliquots of the stock solution of liposomes, before and after 
passing through the membranes in the mini-extruder, were evap-
orated in a stream of nitrogen. The lipids were dissolved in 50  � l 
of chloroform/methanol (1/1, v/v) and separated by thin-layer 
chromatography with chloroform/methanol/water (60/25/4, 
v/v/v) as the mobile phase. After development, plates were air-
dried, sprayed with a solution containing 8% (w/v) H 3 PO 4  and 
10% (w/v) copper (II) sulfate pentahydrate, and charred at 
180°C for 10 min. The lipids were quantifi ed using densitometry 
(Camag, Muttenz, Schweiz) at 595 nm. Determinations of lipid 
contents were done in triplicate. The indicated mole percent of 
lipid in the fi gures and in the text corresponds to the actual con-
tent following preparation of liposomes by extrusion. 

 Activity assay with GM2AP and HexA   
 A scheme of the in vitro activity assay ( 9 ) for the enzymatic 

degradation of liposomal ganglioside GM2 is given in  Fig. 1 . 
Preparation of vesicles was done as shown above (see Preparation 
of liposomes). Lipid concentration of the negatively charged 
vesicles containing 2 mol% [ 14 C]GM2 was 0.5 mM. 

 All other chemicals were obtained from Merck and Sigma, and 
were of analytical grade. 

 Synthesis of 2-NBD-GM1 
  �  -D-galactopyranosyl-(1,3)-2-acetamido-2-deoxy- �  -D-

galactopyranosyl-(1,4)-[ � -D-N-acetyl-neuraminyl-(2,3)]- � -D-
galactosylpyranosyl-(1,4)- � -D-glucopyranosyl-(1,1)-(2S,3R,4E)-2-
[(2R/S-N-(7-nitrobenz-1,3-diazol-2-oxa-4-yl)-amino)-octadecan-
amido]-4-octadecen-1,3-diol (2-NBD-GM1) was synthesized in 
a multistep synthesis starting from the GM1 isolated from natural 
sources. The added functionality of 2-aminogangliosides allowed 
us to introduce the chromophore into the region between the 
polar head group and the hydrophobic anchor of the lipid ( 34 ). 
The chemical structure is shown in supplementary Fig. 2. 

 Synthesis of [ 14 C]GM2 
 [ 14 C]GM2 was synthesized from its corresponding lyso-lipid, 

following previously reported procedures ( 35 ). The chemical 
structure can be seen in  Fig. 1B . 

 Protein preparation 
 Glycosylated recombinant GM2AP with hexahistidine-tag 

(His 6 -tag) (g-rGM2AP-His 6 ) at the C terminus was expressed in 
the Baculovirus Expression Vector System using SF-21 cells, and 
was purifi ed as reported previously ( 17 ). The molecular mass, 
determined by MALDI-MS, was 20.527 kDa  . 

 Glycosylated recombinant GM2AP (g-rGM2AP) without any tag 
was expressed in HEK-293 cells and purifi ed by cation exchange 
chromatography. The protein expression vector pCMV6-XL4 
(supplementary Fig. 1), including  Homo sapiens  GM2 ganglioside 
activator transcript variant 1 (NM_00405), was bought from Ori-
gene Technologies, Inc. (Rockville, MD) as transfection-ready 
DNA (SC126904). The vector was transfected into competent  Esch-
erichia   coli  DH5 �  and grown overnight on lysogeny broth plates, 
containing ampicillin for selection of transfection. One single col-
ony was grown overnight in liquid lysogeny broth medium with 
ampicillin. Contained vectors were purifi ed using a QIAprep Spin 
Miniprep kit (Qiagen). Identity was proofed by DNA-sequencing 
(Seqlab, Göttingen, Germany). 

 The purifi ed vector was transfected into HEK-293 cells (50–
70% confl uence) using TurboFectin 8.0 (Origene Technologies, 
Inc.) following the protocol. Selection of transfected cells was 
done for 2 weeks using G418. 

 Fifteen cell culture fl asks (175 cm 2 ) of stabile transfected HEK-
293 cells grown to confl uence were harvested, washed with PBS, 
dispersed in 15 ml water, and sonifi ed (3 × 3 min, 120 W, Cu-
phorn, Branzon, MO). After centrifugation, the supernatant was 
adjusted to pH 4 and kept at 4°C for 12 h. After additional cen-
trifugation, sodium phosphate was added to the supernatant to a 
fi nal concentration of 50 mM. 

 Purifi cation was done by cation exchange chromatography 
using a step gradient from 0 to 1 M NaCl in 50 mM phosphate 
buffer (pH 4). The column was washed with two column volumes 
50 mM phosphate buffer (pH 4). Afterwards, the supernatant of 
the acid precipitation was applied to the column and washed with 
two column volumes 50 mM phosphate buffer (pH 4). Elution of 
proteins was done with 50 mM phosphate buffer (pH 4) adding 
steps of 0.2 M NaCl successively. The g-rGM2AP was found in 
high purity, concentrated in 15 ml eluate. 

 Purity of the protein preparations was better than 95%, as con-
fi rmed by SDS gel electrophoresis with silver staining (  Fig. 2  ).  
Identity was confi rmed by Western blotting, protein sequencing 
(Chromatec, Greifswald, Germany), and MALDI-MS (Autofl ex II 
TOF/TOF; Bruker Daltonik, Bremen, Germany). The specifi ed 
molecular mass was 18.007 kDa. 

  Fig. 2.  SDS-PAGE with silver staining (SS) and Western blot 
(WB) of the two g-rGM2AP preparations. 1, g-rGM2AP-His6 (silver 
staining); 2, g-rGM2AP-His6 (Western blot); 3, g-rGM2AP (silver 
staining); 4, g-rGM2AP (Western blot).   
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Fluorescence measurements were performed at 37°C using an 
excitation wavelength of 480 nm and an emission wavelength of 
522 nm. 

 The value of 100% of accessible fl uorescence (maximal de-
quench) (F 6/7(2-NBD) −F D+A ) was calculated as the measured fl uores-
cence of liposomes containing 2 mol% 2-NBD-GM1 in the same 
dilution as the assay preparation divided by two and multiplied by 
6/7 (F 6/7(2-NBD) ). This was done because, in the FRET-assay, only 
the 2-NBD-GM1 of the outer leafl et can be transferred and 1/7 of 
the 2-NBD-GM1 stays back in the donor vesicle. The small amount 
of basis fl uorescence of donor and acceptor vesicles at the begin-
ning of the assay (F D+A ) was subtracted. 

 The percentage of the accessible fl uorescence observed in 
the FRET assay was calculated accordingly as: [F D+A+P −F D+A ]/
[(F 6/7(2-NBD) −F D+A )/100  ], where F D+A+P  is the released fl uorescence 
when GM2AP is added to donor and acceptor liposomes  . 

 The “baseline of total fusion”, shown in the fi gures, was experi-
mentally determined: Former experiments indicated an en-
hanced fusion of liposomes by g-rGM2AP-His 6 . Liposomes were 
prepared containing the combined lipid composition of all do-
nor and acceptor vesicles of the FRET assay, representing the 
highest dequench of NBD-fl uorescence that can be reached by 
vesicle fusion. The measured fl uorescence value represents the 
baseline of total fusion shown in the fi gures. Fluorescent values 
above this line can be reached only by transfer of 2-NBD-GM1. 

 Because of its enhanced fusogenic properties, we did not use 
g-rGM2AP-His 6  in the FRET-assay. 

 The mean error was determined with less than 10%. 

 RESULTS 

 Although GM2AP is known to play a key role in the ly-
sosomal degradation of ganglioside GM2 ( 26 ), its exact 
function, mechanism, and regulation in the lysosomal envi-
ronment are not well-defi ned. It was observed earlier by our 
group that the lipid composition of the GM2-carrying mem-
branes is crucial for the interaction of GM2 with both 
GM2AP and HexA ( 9, 25 ). The lipid composition of the lu-
minal endolysosomal vesicles changes drastically during 
endocytosis due to sorting out of cholesterol and digestion 
of other membrane lipids along the endocytotic pathway 
( 4, 40–42 ). Cholesterol is sorted out by the transfer proteins 
NPC2 and Niemann-Pick protein type C1 (NPC1). NPC2, 
a soluble intralysosomal glycoprotein, transfers choles-
terol to NPC1, a transmembrane protein of the endosomal 
membrane ( 5 ). For extraction of cholesterol by NPC2, the 
composition of the intraendosomal membrane is highly im-
portant. In former experiments we showed that BMP and 
Cer stimulate cholesterol transfer by NPC2 while SM inhib-
its it ( 31 ). Because SM is degraded to Cer by the ASM, this 
enzyme seems to play a major role in the effl ux of choles-
terol from the intraendosomal membrane. 

 To analyze those extensive coherences, liposomal recon-
stitution experiments using liposomes, which may mimic 
luminal vesicles of the late endosomal/lysosomal compart-
ment, were carried out. The infl uence of various mem-
brane lipids, such as BMP, cholesterol, Cer, and SM, on the 
ability of GM2AP to present GM2 to HexA for degradation, 
on its ability to mobilize membrane lipids, and its qualifi -
cation to transfer a ganglioside analog, 2-NBD-GM1, be-
tween liposomal membranes were investigated. 

 Liposome dispersion (40  � l) was mixed with 10  � U HexA and 
5  � g (0.277 pmol) g-rGM2AP or 5  � g (0.243 pmol) g-rGMAP-
His 6,  made up to 80  � l with buffer. The samples were kept on ice 
prior to addition of the proteins and afterwards incubated at 
37°C for 1 h in 20 mM sodium citrate (pH 4.2) (unless stated 
otherwise). Afterwards the assay was put on ice and stopped by 
adding 20  � l methanol. Thereafter, the assays were dried under 
a stream of nitrogen, redissolved with 20  � l chloroform/methanol 
(1/1, v/v), vortexed, and sonifi ed for 15 min  . After that, the 
solution of lipids was applied to a high-performance thin-layer 
chromatography plate (Merck, Darmstadt, Germany). Lipids were 
separated in chloroform/methanol/0.22% CaCl 2  (55/45/10, 
v/v/v). Radioactive bands of [ 14 C]GM3 and [ 14 C]GM2 were visu-
alized with a Bio Imaging Analyzer 1000 (Fuji, Japan), and the 
quantifi cation was performed with the image analysis software 
“Tina” (Raytest, Staubenhardt, Germany). 

 The mean error was less than 10%. 

 Lipid mobilization assay by surface plasmon resonance 
(SPR) spectroscopy 

 Biomolecular interaction analysis was carried out at 25°C with 
a Bialite instrument (Biacore, now GE Healthcare, Chalfont 
St. Giles, Buckinghamshire, UK). 

 Preparation of vesicles was done as shown above (see Prepara-
tion of liposomes). In the lipid mobilization assay, negatively 
charged liposomes with 10 mol% GM2 in 20 mM sodium citrate 
buffer (pH 4.2) were used (unless stated otherwise). 

 Sensorchips providing an immobilized surface with lipophilic an-
chors attached to a dextran matrix (Pioneer HPA chip) were ob-
tained from Biacore. One hundred microliter vesicles (0.5 mM total 
lipid concentration), diluted in 20 mM sodium citrate buffer (pH 
4.2) (unless stated otherwise), were injected into the system at a fl ow 
rate of 5 ml/min. This resulted in a shift of approximately 2,000 
resonance units (RUs), which corresponds to a lipid monolayer. 
GM2AP (0.2 mM) in running buffer [20 mM sodium citrate buf-
fer( pH 4.2)] was injected into the fl ow cells at a rate of 20  � l/min 
for 3 min, followed by buffer alone. 

 SPR study for analyzing the interaction of GM2AP with 
membrane lipids in the presence of desipramine 

 According to previous experiments with ASM ( 39 ), negatively 
charged liposomes containing 5 mol% cholesterol, 5 mol% BMP, 
and 10 mol% GM2 were immobilized on a Pioneer HPA chip. 
The running buffer was 20 mM sodium citrate buffer (pH 4.2). 
GM2AP (0.2 mM) in running buffer was injected into the fl ow 
cells at a rate of 20  � l/min. Afterwards, desipramine (30 mmol/l, 
dissolved in water) was injected for 3 min (fl ow rate 20  � l/min), 
followed by buffer alone. 

 Lipid transfer assay by Förster resonance energy transfer 
 In the Förster resonance energy transfer (FRET) assay for in-

tervesicular transfer of 2-NBD-GM1 (depicted in   Fig. 3  ),  donor 
and acceptor vesicles were prepared separately. Negatively charged 
liposomes (containing 5 mol% cholesterol and 20 mol% BMP) 
with 2 mol% 2-NBD-GM1 and 4 mol% rhodamine-PE in 20 mM 
sodium citrate (pH 4.2) were used as donor vesicles (unless stated 
otherwise). The acceptor vesicles were made of the same lipids 
without 2-NBD-GM1 and rhodamine-PE. 

 The fi nal lipid concentrations in the assay were 4 and 24 nmol 
for donor and acceptor vesicles, respectively (donor-acceptor 
vesicle ratio is 1:6). The experiment was started by the addition of 
0.083 pmol (1.5  � g) g-rGM2AP or 0.073 pmol (1.5  � g) g-rGM2AP-
His 6 . Increase in NBD-fl uorescence in the acceptor vesicle was 
measured continuously, as described previously ( 34 ), with a spec-
trofl uorophotometer (RF-5000; Shimadzu, Düsseldorf, Germany). 
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 Transfer assay by FRET 
 The donor liposomes contained the fl uorescent labeled 

lipid to be transferred and a quencher. Upon transfer of 
2-NBD-lipid to quencher-free acceptor liposomes, the NBD-
fl uorescence rose according to the amount of lipid trans-
ferred. This transfer experiment could be impaired when 
donor and acceptor liposomes fuse (equal to dequench 
by dilution). Therefore, in the experiments, we used an 
enhanced amount of quencher molecules to ensure suffi -
cient concentration in the fused vesicles to quench NBD-
fl uorescence. Thus, an increase of the NBD-fl uorescence 
was due to the effect of protein-mediated transfer rather 
than protein-mediated fusion  . 

 We used 2-NBD-GM1 in place of 2-NBD-GM2 in our 
transfer experiments, because it is known that GM1 and 
GM2 are equally bound to GM2AP ( 44 ), and the former 
was more available to us than the latter. 

 A scheme of the FRET assay is illustrated in  Fig. 3 . 
 To measure the fl uorescence achieved by fusion of the 

liposomes contained in the assay preparations, the fl uores-
cence value of liposomes with the various lipid compositions 

 Expression and purifi cation of recombinant glycosylated, 
tagged, and tag-free GM2AP 

 In this study, two different GM2AP preparations were 
used. The g-rGM2AP was expressed without any tag in 
HEK-293 cells and g-rGM2AP-His 6 , by the Baculovirus Ex-
pression Vector System ( 17 ), in SF-21 cells. Both prepara-
tions were characterized for pureness and functionality 
(see the Materials and Methods). 

 Per 1 l expression medium, an amount of approximately 
30 mg rGM2AP-His 6  was purifi ed by cationic exchange 
chromatography and metal-ion affi nity chromatography 
on Ni-NTA-agarose. 

 From 15 cell culture fl asks (175 cm 2 ) with confl uent 
stable transfected HEK-293 cells, 6 mg g-rGM2AP were 
achieved using acid precipitation and cationic exchange 
chromatography. The g-rGM2AP was found in high purity, 
concentrated in three fractions. 

 Previous experiments had shown that g-rGM2AP-His 6  
has a highly enhanced membrane-fusion ability ( 43 ) (data 
not shown). Therefore, r-gGM2AP-His 6  was not used in our 
transfer studies. 

  Fig. 3.  FRET assay for interliposomal lipid transfer. Transfer of fl uorescent labeled lipid from donor to 
acceptor liposomes by GM2AP is monitored in real time ( 34 ). Fluorescence of the donor vesicles (I) contain-
ing the 2-NBD-GM1 is quenched by rhodamine-PE. The acceptor vesicles (II) do not contain any labeled 
lipid. The ratio of donor to acceptor vesicles is 1:6. Transfer of 2-NBD-GM1 is started by adding a catalytic 
amount (1.5  � g) of g-GM2AP or g-rGM2AP-His 6  to the assay volume of 400  � l. Incubation at 28°C differs 
between 15 and 90 min. The fl uorescence of the NBD group is stimulated at a wavelength of 480 nm, and 
the increase of fl uorescence in the acceptor vesicles is detected by 528 nm. 2-NBD-GM1 carries its NBD 
group between its hydrophobic lipid anchor and its sugar chain (supplementary Fig. 2) and has a “low off 
rate” comparable to that of GM1 in contrast to the commercially available NBD-derivatives ( 34 ). The com-
mercially available NBD-derivatives carry their NBD group at the end of the acyl chain, which results in a 
“high off rate”, caused by the amphiphilic character of the NBD group  . Therefore these derivatives are not 
suitable analogs of ganglioside GM1 and not useable for our transfer studies. Fusion of donor and acceptor 
vesicles may also result in a slight increase of the fl uorescence. The maximal achievable fl uorescence by 
vesicle fusion has been determined by control experiments (see Materials and Methods) and is shown in the 
fi gures as “baseline total fusion.” The basic composition of the donor vesicle is 2 mol% 2-NBD-GM1 and 
4 mol% rhodamine-PE with PC as host lipid (BMP, cholesterol, etc. are varied as given in the fi gure). The 
acceptor vesicle composition is PC as host lipid (BMP, cholesterol, etc. are varied as given in the fi gures).   
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GM2 by HexA, lipid mobilization, and lipid transfer by 
GM2AP.  Using negatively charged liposomes (containing 
20 mol% BMP and 5 mol% cholesterol beside the marker 
lipids and DOPC), hydrolysis of [ 14 C]GM2 in assay prepa-
rations with g-rGM2AP-His 6  (light blue bar) is enhanced 
almost 4-fold compared with the hydrolysis of [ 14 C]GM2 
in the presence of the untagged g-rGM2AP (black bar) 
( Fig. 4A ). This turnover-enhancing effect of the hexa-
histidine residue was measured at various liposomal lipid 
compositions. 

 It was further observed that the His 6 -tag inhibits mobili-
zation of membrane lipids by GM2AP ( Fig. 4B ). The RUs 
above the baseline (orange) represent material bound to 
the lipid layer during the experiment, whereas negative 
RUs below the baseline represent material loss, which not 
only includes protein (GM2AP) added during the experi-
ment, but also lipid material mobilized and released from 
the lipid layer. 

 Any increase of RU values indicates binding of addi-
tional material (e.g., GM2AP) to the lipid layer and any 
drop of RU values indicates loss of material, GM2AP or 
lipids, from the lipid layer. However, it remains unclear 
for all data above the baseline (RU = 0), whether the loss 
is due to removal of lipid or to removal of both, a mixture 
of protein and lipid. 

 If the RU value drops below the baseline, we can be cer-
tain that lipids from the lipid layer have been removed in 
amounts at least equal to the RU values given ( 8 ). Release 
and mobilization of liposomal lipids have been analyzed 
previously by using radiolabeled membrane lipids ( 8 ). 

 However, injection of His 6 -tagged GM2AP resulted in 
an increase of RUs corresponding to adsorbed material 
at the liposome layer. After injection of buffer, the RUs 
dropped, but the signal did not go under the baseline, so 
that some material was released but no explicit mobiliza-
tion of lipids could be detected (light blue line). On the 
other hand, injection of tag-free g-rGM2AP resulted fi rst 
in an increase of RUs, and after injection of buffer, a de-
crease of the signal below the baseline was observed. This 
indicates that protein adsorbed to the liposome layer and 
material was released even before buffer was injected, thus 
triggering a massive mobilization of lipids (black line). So 
the His 6 -tag seems to strongly inhibit the mobilization of 
membrane lipids by GM2AP ( Fig. 4B ). 

 The intervesicular transfer of 2-NBD-GM1 by both 
GM2APs was investigated by a FRET assay using liposomes 
with a negative or no net charge. Transfer of 2-NBD-GM1 
was detected by a rise in fl uorescence. 

 The increase of fl uorescence was extremely acceler-
ated by the His 6 -tagged GM2AP ( Fig. 4C ). After 5 min, 
17% of the transferrable 2-NBD-GM1 had been transferred 
by g-rGM2AP-His 6 , while after 5 min almost no fl uores-
cence was detectable in the assay with the untagged ac-
tivator protein. 

 Earlier experiments suggested that g-rGM2AP-His 6  is ca-
pable of fusing liposomes ( 43 ). Therefore, g-rGM2AP-His 6  
was not used in further FRET measurements. 

of total fused liposomes were measured. These results 
served as the baseline of total fusion, which show the maxi-
mum fl uorescence reachable by fusion of vesicles. Values 
going above this line can only be reached by transfer of 
2-NBD-GM1 in the absence of fusion. 

 His 6 -tag has a high impact on the ability of GM2AP to 
present GM2 for degradation, to mobilize lipids, and to 
transfer 2-NBD-GM1 between membranes 

   Figure 4   shows the strong infl uence of the six histidine 
residues at the C-terminal end of GM2AP on hydrolysis of 

  Fig. 4.  The His 6 -tag changes the abilities of GM2AP substantially. 
A: Liposomes containing 5 mol% cholesterol, 20 mol% BMP, and 
2 mol% [ 14 C]GM2, made up to 100 mol% by DOPC (called negatively 
charged liposomes in all experiments), were used in an in vitro lipo-
somal activity assay with g-rGM2AP-His 6  (light blue) and g-rGM2AP 
(black). Mean error was determined with less than 10%. B: In con-
trast to g-rGM2AP-His 6  (light blue), g-rGM2AP (black) mobilized 
lipids from the HPA sensor chip. After immobilization of liposomes 
made of 5 mol% cholesterol, 20 mol% BMP, 10 mol% GM2, and 
DOPC as a host lipid (negatively charged liposomes), GM2AP was 
injected into the fl ow cell, [2.5  � M in 20 mM sodium citrate (pH 
4.2)] at a fl ow rate of 20  � l/min for 180 s. This was followed by injec-
tion of protein free buffer (220 s, 20  � l/min), indicated by an arrow. 
Curves falling below the baseline (orange) suggest mobilization of 
membrane lipids. C: Intervesicular transfer of 2-NBD-GM1 with neg-
atively charged acceptor vesicles (liposome composition of 5 mol% 
cholesterol and 20 mol% BMP with DOPC as host lipid). Negatively 
charged donor vesicles contained additional 2 mol% 2-NBD-GM1 
and 4 mol% rhodamine-PE. The transfer of 2-NBD-GM1 is sub-
stantively accelerated by a His 6 -tag on the GM2AP (light blue lines) 
compared with g-rGM2AP (black lines). The “baseline total fusion” 
shown in the FRET measurements, shows the highest level of fl uo-
rescence reachable by fusion of vesicles. For defi nition of “accessible 
fl uorescence” see the Materials and Methods.   
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 We could demonstrate that BMP (20–35 mol%) and 
other anionic lipids like PI and PG (20 mol%) strongly 
stimulate the GM2AP-mediated hydrolysis of GM2 by HexA 
(  Fig. 7A  , supplementary Fig. 3).  In the case of g-rGM2AP-
His 6 , the hydrolysis rate was enhanced 5-fold (from 0.07 
pmol/h/pmol GM2AP without BMP to 0.38 pmol/h/pmol 
GM2AP using 20 mol% BMP). In the case of g-rGM2AP, 

 Hydrolysis of GM2, mobilization of membrane lipids, 
and transfer of 2-NBD-GM1 by GM2AP are dependent 
on a low pH value around 4.2 

 During maturation of lysosomes, the pH value is low-
ered to a pH value around 4. At this value, many lysosomal 
exohydrolases possess their pH optima. For hydrolysis of 
GM2 by HexA in the presence of GM2AP, a narrow pH 
profi le has been observed at pH 4.2 ± 0.3 ( 25, 45, 46 ). 

 The effects on GM2 hydrolysis (  Fig. 5A  ), mobilization 
of membrane lipids ( Fig. 5B ), and intervesicular trans-
fer of 2-NBD-GM1 ( Fig. 5C ) were investigated at differ-
ent pH values (3.0, 4.2, 5.0, and 6.0) using negatively 
charged liposomes.  At pH 4.2, GM2 was degraded to 
GM3 in the presence of HexA and GM2AP ( Fig. 5A ). At 
pH values of 3.0, 5.0, and 6.0, no hydrolysis of liposomal 
GM2 could be observed in the detergent-free liposomal 
assay system. 

 In the lipid mobilization assay, the signal fell below the 
baseline at pH 4.2, indicating mobilization of membrane 
lipids by g-rGM2AP ( Fig. 5B ). At all other pH values, an in-
crease in RUs could be detected, showing that the GM2AP 
attached to the lipid layer. 

 The highest intervesicular transfer rate of 2-NBD-GM1 
(46%) was reached after 40 min at pH 4.2, while assay prep-
arations with slightly lower pH values (3.0) and slightly 
higher pH values (5.0) resulted in greatly reduced transfer 
rates of about 30% ( Fig. 5C ). At pH values of 6.0 and 7.0, 
the intervesicular transfer rate was strongly reduced further 
to 8 and 2%, respectively. 

 High ionic strength reduces hydrolysis of GM2, lipid 
mobilization, and transfer of 2-NDB-GM1 

   Figure 6   shows the inhibiting effects of the high ionic 
strength on GM2AP functions (GM2 hydrolysis, mobili-
zation of membrane lipids, and transfer of 2-NBD-GM1) 
using negatively charged liposomes.  High ionic strength 
had an inhibitory effect on hydrolysis of GM2. In the case 
of g-rGM2AP-His 6 , the hydrolysis of GM2 was nearly 5-fold 
higher without adding NaCl compared with the assays 
containing 113 or 226 mM NaCl. In the case of g-rGM2AP, 
the hydrolysis of GM2 was halved using buffer with NaCl 
( Fig. 6A ). 

 Mobilization of lipids was observed only in the absence 
of NaCl addition ( Fig. 6B ). Transfer of 2-NBD-GM1 at the 
 t  = 40 min was reduced from 46 to 27% on the addition of 
226 mM NaCl ( Fig. 6C ). 

 Therefore, the addition of sodium chloride was omitted 
in further studies. 

 BMP stimulates enzymatic digestion of GM2, the 
mobilization of membrane lipids, and the intervesicular 
transfer of 2-NBD-GM1 by GM2AP 

 BMP is a unique lysophospholipid basically found in ly-
sosomes and late endosomes, especially in their intrave-
sicular membranes ( 4, 29 ). Formerly it has been shown 
that the degradation of (glyco)sphingolipids by lysosomal 
hydrolases in the presence of sphingolipid activator pro-
teins is enhanced by adding BMP to the lipid composition 
of artifi cial vesicles ( 9, 10, 14 ). 

  Fig. 5.  Turnover of liposomal GM2 by HexA in presence of 
GM2AP, mobilization of membrane lipids, and transfer of 2-NBD-
GM1 by GM2AP are sharply dependent on acidic pH values. A: Turn-
over of [ 14 C]GM2 in the liposomal activity assay depends strongly on 
a pH value around 4.2. The infl uence of the pH value on the conver-
sion of GM2 to GM3 by HexA in the presence of g-rGM2AP (black/
gray) and g-rGM2AP-His 6  (white) was investigated in an in vitro lipo-
somal assay using negatively charged liposomes. Signifi cant hydroly-
sis of GM2 to GM3 was only observed at pH 4.2. Mean error was 
determined with less than 10%. B: Using negatively charged lipo-
somes, binding and mobilization of membrane lipids by g-rGM2AP 
was extremely dependent on the pH value. At a pH of 4.2, the in-
jected g-rGM2AP adsorbed to the liposome layer; material was re-
leased, in part, before injection of buffer. After injection of buffer, 
material was released up to 50% (black line). However, at pH 3.0, 
5.0, and 6.0 (gray lines, dashes and dots), no substantial mobilization 
of lipids was detected. C: Negatively charged liposomes contained 
2-NBD-GM1, rhodamine PE, 5 mol% cholesterol, 20 mol% BMP, 
and as host lipid DOPC in 20 mM sodium citrate (pH 4.2) (black 
line), pH 3.0 (gray dots), pH 5.0 (gray line), pH 6.0 (gray dashes), 
and pH 7.0 (light gray line  ). The intervesicular transfer of 2-NBD-
GM1 from donor to acceptor liposomes depends on the pH value. 
The highest transfer activity was observed at the pH value of 4.2, and 
(black line). At pH 5.0 and pH 3.0 the transfer of 2-NBD-GM1 was 
reduced (dark gray line and dots), while it was nearly negligible at 
pH 6.0 and pH 7.0 (gray dashes and light gray line). For a defi nition 
of “accessible fl uorescence,” see the Materials and Methods.   
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adsorbed to the lipid layer. The signal dropped by wash-
ing with buffer, giving evidence that material was mobi-
lized and released. Afterwards, the signal fell slightly 
below the baseline, indicating that only a small amount 
of chip bound lipids was released (light gray line  ). A simi-
lar result was obtained using 35 mol% BMP (gray line). 
In liposomes containing 20 mol% BMP, the injection of 
g-rGM2AP resulted in a signal going far below the base-
line, indicating that up to 50% of total chip bound lipids 
were mobilized (black line). 

 The intervesicular transfer of 2-NBD-GM1 took place 
only in the presence of BMP and was nearly doubled in the 

a 10-fold enhancement from 0.01 pmol/h/pmol GM2AP 
to more than 0.1 pmol/h/pmol GM2AP was reached by 
using 20 mol% BMP. 

 As shown in  Fig. 7B , the mobilization of membrane lip-
ids by GM2AP was only observed in the presence of BMP 
(10–35 mol%). Using uncharged liposomes or slightly 
negatively charged liposomes with 5 mol% BMP, the sig-
nal did not fall below the baseline, indicating no detect-
able mobilization of chip bound material. In the presence 
of liposomes with 10 mol% BMP, an increase of RUs was 
observed, indicating that the injected g-rGM2AP was 

  Fig. 6.  Infl uence of ionic strength on the turnover of liposomal 
GM2, mobilization of membrane lipids, and transfer of 2-NBD-
GM1. A: High ionic strength reduced hydrolysis of GM2 by HexA 
in presence of g-rGM2AP (black/gray) or g-rGM2AP-His 6  (white). 
The infl uence of ionic strength was investigated in an in vitro lipo-
somal activity assay using negatively charged liposomes. The highest 
hydrolysis rate was measured at pH 4.2. Mean error was determined 
with less than 10%. B: Binding, as well as mobilization of membrane 
lipids by g-rGM2AP, depends on ionic strength, as shown by SPR 
studies, using immobilized negatively charged liposomes. Without 
adding NaCl, g-rGM2AP mobilized approximately half of the chip 
bound lipids (black line). Higher ionic strength had an inhibiting 
effect on the lipid mobilizing abilities of g-rGM2AP (gray dashes 
and gray line). Orange line, baseline after loading of liposomes. C: 
FRET measurements showed a reduced intervesicular transfer of 
2-NBD-GM1 by g-rGM2AP using a citrate buffer (pH 4.2) with high 
ionic strength (113 mM NaCl, gray dashes; 226 mM NaCl, gray 
line). The negatively charged donor liposomes contained 2 mol% 
NBD-GM1 and 4 mol% rhodamine-PE, respectively. The orange 
baseline of total fusion indicates the fl uorescence obtainable by 
fusion of vesicles. For defi nition of accessible fl uorescence, see the 
Materials and Methods.   

  Fig. 7.  BMP enhances hydrolysis of liposomal GM2, mobilization 
of membrane lipids, and transfer of 2-NBD-GM1 by GM2AP. A: 
Turnover of GM2 was investigated in an in vitro liposomal activity 
assay using negatively charged liposomes with 5–35 mol% BMP and 
uncharged liposomes (0 mol% BMP). Enhancement of BMP stim-
ulated the hydrolysis of [ 14 C]GM2 using g-rGM2AP (black/gray) 
and g-rGM2AP-His 6  (white). Mean error was determined with less 
than 10%. B: The SPR binding and mobilization studies were done 
with uncharged liposomes and negatively charged liposomes con-
taining 5–35 mol% BMP. Using liposomes with 0–5 mol% BMP, the 
injected g-rGM2AP adsorbed to the lipid layer (light gray dashes); 
using 10 mol% BMP or 35 mol% BMP, little mobilization of lipids 
was observed (light gray line and gray line). Substantial lipid mobi-
lization could be detected (black line) only with liposomes contain-
ing 20 mol% BMP. C: Intervesicular transfer of 2-NBD-GM1 was 
measured by a FRET assay using negatively charged liposomes with 
varying BMP content and uncharged liposomes. Without BMP in 
the liposomes, no transfer of 2-NBD-GM1 could be measured (light 
gray dashes). Enhancement of BMP content up to 35 mol% (gray 
line) led to a successive enhancement of 2-NBD-GM1 transfer by 
g-rGM2AP. For a defi nition of accessible fl uorescence, see the Ma-
terials and Methods.   
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respectively.  The results are compared with the normally 
used negatively charged liposomes with 5 mol% cholesterol 
and 20 mol% BMP. Increasing cholesterol concentration up 
to 40 mol% inhibited the GM2AP-mediated hydrolysis of 
GM2 by HexA (Fig. 8A). The GM2 degradation was reduced 
by about 60% in the presence of g-rGM2AP and 40 mol% 
cholesterol, whereas 20 mol% cholesterol led to a decrease 
of only 10%. His-tagged g-rGM2AP-His 6  also reduced the hy-
drolysis by about 15% at 20 mol% cholesterol and to around 
50% at 40 mol% cholesterol. 

 Transfer of 2-NBD-GM1 is reduced by the inclusion of 
20–35 mol% cholesterol to anionic vesicles ( Fig. 8C ). With 
liposomes containing 5 mol% cholesterol, 47% transfer of 
2-NBD-GM1 was observed after 40 min, compared with 
32% observed on the addition of 35 mol% cholesterol. 

 SM inhibited and Cer enhanced hydrolysis of GM2, while 
mobilization of membrane lipids and intervesicular 
transfer of 2-NBD-GM1 by GM2AP were inhibited 
by both lipids 

 In the late endosomes, SM is degraded to Cer by ASM 
( 14 ). Furthermore, it has been shown that Cer functions as 
a cholesterol competitor and promotes the exit of choles-
terol from membranes ( 48 ). Therefore, both SM and Cer 
may play important roles in lysosomal lipid degradation. 

 The inhibiting effects of SM (20 mol%) and the stimu-
lating effects of Cer (20 mol%) in negatively charged lipo-
somes on GM2 hydrolysis are shown in   Fig. 9A  .  Further on, 
the inhibiting effects on mobilization of membrane lipids 
( Fig. 9B ) and transfer of 2-NBD-GM1 ( Fig. 9C ) compared 
with negatively charged liposomes with 5 mol% choles-
terol and 20 mol% BMP were observed. 

 SM (20 mol%) inhibited the GM2AP-mediated hydroly-
sis of GM2 by HexA from 0.11 pmol/h/pmol GM2AP to 
0.08 pmol/h/pmol GM2AP, representing 27% inhibition; 
while 20 mol% Cer enhanced turnover of GM2 by almost 
100% (to 0.21 pmol/h/pmol GM2AP) ( Fig. 9A ). The in-
hibiting effect of SM was reversed by the inclusion of an 
equal amount (20 mol%) of Cer into the vesicles. 

 A mixture of both SM and Cer at medium concentra-
tions (10 mol% each) showed the best results for hydroly-
sis of GM2 by enhancing it effectively to 0.3 pmol/h/pmol 
(  Fig. 10A  ).  

 Cer strongly reduced the mobilization of membrane 
lipids from negatively charged vesicles, while SM inhib-
ited it almost completely ( Fig. 9B ). In the presence of Cer 
(20 mol%), the signal fell slightly below the baseline, indi-
cating that g-rGM2AP was able to mobilize lipids under these 
conditions (green line). In the presence of SM (20 mol%), 
g-rGM2AP was adsorbed to the lipid layer and material was 
released by injection of buffer without going below the 
baseline (red line). The highest mobilization of membrane 
lipids was observed in the absence of both SM and Cer 
(black line  ). 

 A mixture of both SM and Cer, at medium concentra-
tion, resulted in nearly the same fi ndings as measurements 
with Cer alone ( Fig. 10B ). 

 SM (20 mol%) also extremely reduced intervesicular 
transfer of 2-NBD-GM1 at negatively charged vesicles, from 

presence of 35 mol% BMP compared with 10 mol% BMP 
in the liposomal membranes ( Fig. 7C ). 

 High cholesterol levels strongly inhibit hydrolysis 
of GM2, mobilization of membrane lipids, 
and intervesicular transfer of 2-NBD-GM1 

 In the late endosomal compartment, cholesterol is sorted 
out from the inner membranes by NPC2 ( 47 ). The inhibi-
tory effects of high cholesterol levels (20–40 mol%) in nega-
tively charged liposomes on GM2 hydrolysis are shown in 
  Fig. 8A  , while the mobilization of membrane lipids and 
transfer of 2-NBD-GM1 are shown in  Fig. 8B  and  Fig. 8C , 

  Fig. 8.  High cholesterol levels inhibit hydrolysis of liposomal 
GM2, mobilization of membrane lipids, and transfer of 2-NBD-
GM1 by GM2AP. A: A high cholesterol content of 40 mol% strongly 
inhibited the hydrolysis of [ 14 C]GM2 by HexA in the presence of 
GM2AP [g-rGM2AP (light gray) and g-rGM2AP-His 6  (white)] using 
negatively charged liposomes. However, a cholesterol content be-
low 20 mol% had negligible infl uence on the turnover of [ 14 C]GM2 
by g-rGM2AP (dark gray) and g-rGM2AP-His 6  (white  ). Mean error 
was determined with less than 10%. B: The injected g-rGM2AP ad-
sorbed to the lipid layer but almost no material was released by 
injection of protein free buffer (light gray line and dashes) only 
when using negatively charged liposomes with high cholesterol lev-
els of 35–40 mol%. Using cholesterol  � 20 mol%, g-rGM2AP ad-
sorbed to the lipid layer and lipids were mobilized, especially when 
GM2AP free buffer was injected (gray and black lines). C: High 
cholesterol levels reduced the rate of intervesicular transfer of 
2-NBD-GM1 by g-rGM2AP in the FRET assay (gray and light gray 
lines) compared with liposomes with 5 mol% cholesterol (black) 
using negatively charged liposomes. For a defi nition of accessible 
fl uorescence, see the Materials and Methods.   
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of other membrane lipids. For example, Cer is needed as 
a precursor of other (glyco)sphingolipids, such as gluco-
sylceramide, SM, and gangliosides such as GM1 and GM2. 
Thus a knockout affecting the biosynthesis of one of these 
lipids would fatally interfere with proper formation of 
membrane lipids. Therefore, it would not allow the eluci-
dation of its regulatory functions with regard to the me-
tabolism of other membrane lipids  . 

 Therefore, we used three different in vitro approaches, 
based on liposomes with well-defi ned and modifi able lipid 
compositions, to investigate the regulatory infl uence of indi-
vidual membrane lipids on the capability of GM2AP, a lipid 
binding and transfer protein, to transfer lipids such as 
2-NBD-GM1 between membranes, to mobilize membrane 

47 to 16% ( t  = 40 min), while the inhibition caused by Cer 
was less pronounced ( Fig. 9C ). A mixture of SM and Cer 
(10 mol% each) resulted in a mean transfer of 2-NBD-
GM1 (12%) ( Fig. 10C ). 

 DISCUSSION 

 Membrane lipids are essential building blocks of bio-
logical membranes. Therefore a genetic block (knockout) 
of their biosynthesis is detrimental to life. In addition, 
many membrane lipids are precursors for the biosynthesis 

  Fig. 9.  Infl uence of SM and Cer on hydrolysis of liposomal GM2, 
mobilization of membrane lipids, and intervesicular transfer of 
2-NBD-GM1 by GM2AP. A: SM reduces, while Cer enhances. hydro-
lysis of GM2 by HexA in the presence of g-rGM2AP (black, red, 
green, blue) and g-rGM2AP-His 6  (white) in the in vitro liposomal 
activity assay using negatively charged liposomes containing SM 
(0 or 20 mol%) and Cer (0 or 20 mol%). Mean error was determined 
with less than 10%. B: After immobilization of negatively charged li-
posomes with 0 or 20 mol% Cer and 0 or 20 mol% SM, g-rGM2AP 
was injected to the fl ow cell. The highest mobilization of lipids was 
measured (black line) in the absence of both lipids. In the presence 
of liposomes with Cer (20 mol%), g-rGM2AP was able to mobilize 
lipids (green line); while in presence of SM (20 mol%, red line) and 
a mixture of both lipids (blue line), the signal did not fall below the 
baseline (orange line). C: The 2-NBD-GM1 fl uorescence was mea-
sured continuously in a FRET assay using negatively charged lipo-
somes with 0 or 20 mol% Cer and 0 or 20 mol% SM  . The highest 
transfer of 2-NBD-GM1 was achieved with liposomes without SM and 
Cer (black line). SM and Cer alone had inhibiting effects (red and 
green lines), while the lowest transfer was achieved with the combi-
nation of Cer and SM (blue line). For a defi nition of accessible fl uo-
rescence, see the Materials and Methods.   

  Fig. 10.  Increasing Cer levels enhanced hydrolysis of liposomal 
GM2 by HexA in presence of GM2AP, but not mobilization of lipids 
and intervesicular transfer of 2-NBD-GM1 by r-gGM2AP; whereas 
increasing SM levels are always inhibitory in all three assay systems. 
A: A reduction of SM level and an increase of Cer leads to an en-
hanced hydrolysis of liposomal GM2 by HexA in the presence of 
g-rGM2AP (fi lled columns) and g-rGM2AP-His 6  (white). An equi-
molar presence of both SM (10 mol%) and Cer (10 mol%) resulted 
in the highest turnover rates for GM2. Mean error was determined 
with less than 10%. B: The addition of SM and Cer leads to reduced 
lipid mobilization (colored lines) compared with the studies without 
both lipids (black line). C: SM and Cer slow down intervesicular 
transfer of 2-NBD-GM1 by g-rGM2AP in the FRET-assay. SM (10 or 
20 mol%) or Cer (20 mol%) reduced transfer of 2-NBD-GM1 (col-
ored lines). The highest transfer of 2-NBD-GM1 was achieved with 
liposomes without SM and Cer (black line). For a defi nition of ac-
cessible fl uorescence, see the Materials and Methods.   
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the fl uorescence levels obtained by intervesicular transfer 
of the 2-NBD-GM1. The NBD-fl uorescence measured above 
the level reached by complete fusion was considered to be 
generated by transfer of 2-NBD-GM1. Therefore, a baseline 
of total fusion was included in the results of the FRET mea-
surements as a control. 

 Lysosomal degradation of ganglioside GM2 is dependent 
on a pH value around 4.2 and is inhibited by high ionic 
strength 

 In lysosomes, the catabolism of GM2 occurs at lumi-
nal vesicular surfaces, mainly by the water-soluble HexA 
(and to a small part by the labile HexS) with the essen-
tial help of a lipid transfer protein, GM2AP. GM2AP inter-
acts with HexA ( 50 ) and seems to lift membrane bound 
GM2 and present it to the water-soluble hydrolase. The 
optimal hydrolysis of liposomal GM2 by HexA in the pres-
ence of GM2AP takes place in a narrow pH range around 
4.2 ( 25, 26 ); whereas on the contrary, HexA has a broad 
pH profi le of pH 3–7.4 with synthetic water-soluble sub-
strates ( 45 ). 

 In reconstitution experiments with liposomes containing 
GM2, but no other negatively charged lipids, as models of 
the luminal intralysosomal vesicles, the degradation of GM2 
by HexA resulted in a physiologically irrelevant low catabolic 
rate, even in the presence of GM2AP. This low catabolic 
rate could be increased by several stimulating modifi ers, 
such as low ionic strength and anionic lipids, as reported 
earlier ( 8, 9, 25 ). In addition to the stimulating lipid modi-
fi ers, we now report also on inhibitory lipid modifi ers, cho-
lesterol, and SM, which even inhibit hydrolysis of GM2 in 
the presence of stimulatory BMP. 

 During endocytosis, the lipid content of the intralysosomal 
membranes is changed dramatically. While the content of 
BMP is enhanced ( 4, 29, 52 ), cholesterol levels are reduced 
simultaneously and the lysosomes are acidifi ed. The pH value 
changes from 7.4 at the plasma membrane to 4.2–5.5 in the 
lysosome ( 53, 54 ). Accordingly, the pH optima of many lyso-
somal exohydrolases are found in this range [e.g., pH 4.7 for 
GM1- � -galactosidase ( 55 ), pH 4.5 for arylsulftase A ( 56 ), and 
pH 3.8–4.3 for acid ceramidase ( 57 )]. 

 Whereas HexA has a rather broad pH profi le in the 
range of 3–7.4 with water-soluble synthetic substrates 
( 45, 46 ), hydrolysis of GM2 by HexA in the presence of 
GM2AP is confi ned to a rather narrow pH value around 
4.2 ( Fig. 5A ), as observed before ( 25, 45 ). Accordingly, 
we found that the mobilization of membrane lipids by 
g-rGM2AP was also extremely dependent on a low pH value 
around 4.2 ( Fig. 5B ), whereas the transfer of 2-NBD-GM1 
by g-rGM2AP showed a broader pH profi le, with an opti-
mum at pH 4.2 ( Fig. 5C ). 

 The catabolism of ganglioside GM2 is not only strongly 
affected by the frequently changing lipid composition of 
intraendolysosomal membranes, but also by ionic strength. 
Addition of 113 mM or 226 mM NaCl   to 20 mM sodium 
citrate buffer reduced hydrolysis of GM2 by HexA in the 
presence of g-rGM2AP or g-rGM2AP-His 6  ( Fig. 6A ). Also, 
the intervesicular transfer of 2-NBD-GM1 and mobiliza-
tion of membrane bound lipids by GM2AP were reduced 

bound lipids, and on the GM2AP-mediated hydrolysis of 
liposomal GM2 by HexA. 

 The His 6 -tag changes the overall properties of GM2AP 
 The His 6 -tag has been used for facilitated isolation and 

purifi cation of recombinant proteins for a couple of years. 
The g-rGM2AP-His 6 , expressed and purifi ed in our lab, 
showed higher activity in liposomal assays for hydrolysis of 
GM2 by HexA than g-rGM2AP ( Fig. 4A ), but a loss of its 
ability to mobilize membrane lipids was observed ( Fig. 4B ). 
This was independent of its concentration, the lipid com-
position of the liposomes, the buffer system, and the pH 
value used (data not shown). The g-rGM2AP-His 6  bound 
tightly to the negatively charged vesicles, presumably me-
diated by extra positive charges carried by the His 6 -tag at 
low pH values. 

 These results corroborate earlier fi ndings that an elonga-
tion of GM2AP by a peptide of 10 histidine residues not only 
affected membrane binding properties of GM2AP, but also 
affected its lipid extraction properties, as observed with N-(5-
dimethylaminonaphthalene-1-sulfonyl)-1,2-dihexadecanoyl-
 sn -glycero-3-phosphoethanolamine (dansyl-DHPE)   ( 49 ). 

 The isoelectric point of the tag-free GM2AP was found 
to be 4.8 [by measurements ( 26 ) and calculation (ExPASY 
ProtParam)], whereas that of g-rGM2AP-His 6  was calcu-
lated to be 6.1. This higher value resulted from positive 
charges of the hexahistidine residue. 

 We assume that the disturbing infl uence of the His 6 -tag 
is based on its positive charge at low pH values. In the case 
of the GM2AP, the C-terminal-tag places positive charges 
at the opposite side of the positively charged domain of 
the protein ( 43 ). This may infl uence lipid binding proper-
ties and the ability of GM2AP to escape from negatively 
charged membranes ( 11, 16 ). 

 The observation that the tightly membrane bound His 6 -
tagged g-rGM2AP-His 6  strongly stimulated hydrolysis of li-
posomal bound GM2 by HexA ( Figs. 4–10A ) suggests that 
the g-rGM2AP-His 6 -mediated hydrolysis by HexA occurred 
directly at the liposomal surface and not after forming a 
soluble complex, as postulated earlier for the untagged 
GM2AP ( 26, 50, 51 ). 

 The g-rGM2AP-His 6 , or a number of g-r-GM2AP-His 6  mol-
ecules, may also bind two vesicles simultaneously. Bringing 
two vesicles (donor and acceptor) together could facili-
tate the intervesicular transfer of 2-NBD-GM1 by r-gGM2AP-
His 6 , even if r-gGM2AP-His 6  would not leave the vesicular 
membrane. 

 Preliminary experiments suggested that the His-tagged g-
rGM2AP-His 6  may also fuse liposomes ( 43 ). Because fusion 
would compromise the transfer assay, we did not use the 
recombinant g-rGM2AP-His 6  for transfer assays, but used, 
instead, the naturally occurring tag-free GM2AP which is 
hardly fusogenic (Schwarzmann G, Breiden B, Sandhoff K, 
unpublished observations). In all intervesicular transfer ex-
periments, we used 4 mol% quencher (rhodamine-PE) in 
the donor liposomes, twice as high as the level of the fl uoro-
phore (2 mol%). Under these conditions, the highest level 
of dequench of NBD-fl uorescence reached by complete 
fusion of donor and acceptor vesicles was much lower than 
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and secreted from these luminal vesicles mainly by two ste-
rol binding proteins, NPC2 and NPC1 ( 11, 31, 47, 69, 70 ). 
Those intraendolysosomal vesicles have been identifi ed as 
platforms for lysosomal glycosphingolipid, sphingolipid, 
and membrane degradation ( 71–73 ). The drop in choles-
terol content is as typical for the maturation of the luminal 
vesicles as is the increase in BMP content and acidifi cation 
of the lysosomes. The sorting out of cholesterol and the 
degradation of lipids in the endocytotic pathway should 
heavily affect the composition and function of the luminal 
endolysosomal vesicles. Therefore, the question is whether 
cholesterol might be inhibitory to lysosomal catabolism of 
glycosphingolipids and has to be secreted fi rst from the lu-
minal vesicles, before glycosphingolipids can be digested 
properly by the lysosomal juice ( 5, 73 ) 

 Our experiments indeed show that a high cholesterol 
content (40 mol%), as found in neuronal plasma mem-
branes ( 68 ), strongly inhibits turnover of GM2, intervesic-
ular transfer of 2-NBD-GM1, and the mobilization of lipids 
by GM2AP, even in presence of BMP ( Fig. 8 ). These fi nd-
ings confi rm earlier observations on the essential functions 
of Sap A and Sap B, for the glycosphingolipid metabolism, 
that are impaired by high cholesterol levels ( 7, 8 ). Further-
more, it was shown that a defect of the protein NPC2 in 
Niemann-Pick disease type C not only caused an accumu-
lation of cholesterol in the liver and brain, but also, as a 
secondary effect, caused increased storage of gangliosides 
such as GM2 ( 74, 75 ). 

 It is known that anionic lipids like BMP stimulate GSL 
degradation. BMP is generated in the late endosomes and 
lysosomes and is considered as a marker lipid for those or-
ganelles. Its long half-life is based on its unusual confi gura-
tion and may possibly explain the extreme infl uence of this 
lipid on membrane degradation ( 3 ). Other anionic phos-
pholipids are quickly degraded by the lysosomal phospholi-
pase A2, reducing their infl uence. BMP has been reported 
to enhance degradation of sphingolipids and glycosphingo-
lipids by lysosomal exohydrolases in the presence of sphin-
golipid activator proteins ( 9, 10, 13, 14 ). However, as shown 
here, it enhances not only hydrolysis of GM2, but also the 
intervesicular transfer of 2-NBD-GM1 and mobilization of 
membrane lipids by GM2AP ( Fig. 7 ). BMP is formed within 
luminal vesicles presumably originating from PG ( 76, 77 ), 
and is a secondary storage compound in gangliosidoses 
( 78 ) and SM storage diseases ( 79 ). 

 BMP carries a negative charge at endolysosomal pH val-
ues (pH 4–5) ( 11 ), generating an electrostatic interaction 
between cationic proteins (such as GM2AP and HexA) 
and negatively charged vesicular surfaces  . This seems to be 
very important for mobilization of membrane bound GM2 
by GM2AP and proper catabolic rates of vesicle bound gan-
glioside GM2. Though the physiological function of in-
tervesicular lipid transfer and lipid mobilization by GM2AP 
and other SAPs is not clear, one may speculate that they 
might facilitate together with micelle-forming compounds 
(such as fatty acids or lysophospholipids released within 
the lysosome) the disintegration of luminal vesicles in the 
endolysosomal compartment and thereby enhance mem-
brane and lipid digestion. 

by increasing ionic strength ( Fig. 6B, C ). This corrobo-
rates former data on the hydrolysis of GM2 ( 25 ) and the 
mobilization of lipids by Sap D ( 8 ). 

 Membrane lipids regulate the functionality 
of membrane-associated proteins 

 It is known that the lipid composition is essential for 
membrane-based cellular functions. Lipids act as modifi ers, 
for example, as fi rst and second messengers in signal trans-
duction and by regulating membrane-associated enzymes 
and receptors  . Also the specifi c lipid composition of subcel-
lular membranes is crucial for specifi c lipid-protein interac-
tions, such as of COP I protein function modulated by SM 
( 58 ) and inhibition of phospholipase D by Cer ( 59 ). 

 Anionic phospholipids, such as BMP, strongly stimu-
late the lysosomal catabolism of a multitude of membrane 
bound (glyco)sphingolipids, such as that of GM1 ( 10 ), GM2 
( 9 ), sulfatide ( 60 ), sulfated gangliotriaosylceramide ( 12 ), 
glucosylceramide ( 16 ), CER ( 13 ), and SM ( 11 ). Malfunc-
tion in the degradation of lysosomal sphingolipids results in 
lipid accumulation causing fatal lipid storage diseases ( 61 ), 
while the accumulating material affects many other lyso-
somal proteins leading to a lysosomal traffi c jam ( 33 ). 

 Incorporation of the anionic BMP into the GM2-carrying 
liposomal membranes stimulates GM2 hydrolysis more 
than 10-fold in the presence of HexA and GM2AP. This 
may be caused by an increased electrostatic interaction be-
tween negatively charged GM2 carrying liposomes and posi-
tively charged protonated catabolic proteins at the acidic 
pH values of the incubation mixture at pH 4.2, rather than 
by an additional and independent effect of BMP on the 
membrane structure. 

 Indeed, incorporation of PG or PI, instead of BMP, 
caused an even stronger stimulation of GM2 hydrolysis 
(supplementary Fig. 3). This is also in agreement with the 
observation that anionic lipids, found to occur in lyso-
somes in substantial quantity like PI and PG ( 62-65 ), stim-
ulate GM1 hydrolysis by  � -galactosidase in the presence of 
either Sap B or GM2AP even better than BMP ( 10 ). 

 However, the incorporation of a cationic lipid (EPC or 
MVL5) led to a low hydrolysis rate of GM2 in the range 
of that observed with uncharged vesicles (supplementary 
Fig. 3). Furthermore, the addition of a cationic amphiphi-
lic drug into the assay mixture (desipramine 30 mmol/l) re-
duced GM2 hydrolysis drastically, presumably by reduced 
electrostatic interaction or even repulsion (supplementary 
Fig. 4B). In SPR studies, the cationic amphiphilic drug, desip-
ramine, also disturbed the binding of GM2AP to the mem-
brane lipids so that the protein was released (supplementary 
Fig. 4A). A similar effect had been observed before using 
membrane bound ASM ( 39 ). 

 As an essential and ubiquitous integral part of mamma-
lian membranes, cholesterol assumes crucial structural and 
regulatory functions ( 66–68 ). It is a major steroid constitu-
ent of animal tissues, which stabilizes plasma membranes, 
reduces membrane permeability for ions, and enables the 
liquid-ordered phase of lipid bilayers ( 66, 68 ). However, the 
cholesterol content decreases in the intraendolysosomal 
vesicles during endocytosis ( 4, 69 ). Cholesterol is released 
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 SM and cholesterol, essential plasma membrane stabiliz-
ing lipids, inhibited GM2 turnover and mobilization of lip-
ids by GM2AP. The combined presence of Cer and SM 
(both medium levels, as postulated in the intralysosomal 
membranes), however, greatly enhanced the turnover of 
membrane bound GM2 in negatively charged vesicles 
(containing 20 mol% BMP) at pH 4.2. 

 It has been observed that transfer of 2-NBD-GM1, turn-
over of GM2 by HexA in the presence of GM2AP, and the 
mobilization of membrane lipids by GM2AP are extremely 
enhanced by BMP and inhibited by SM and high choles-
terol levels. Hydrolysis of GM2 was also stimulated by high 
Cer levels and by rather low pH values at about 4.2. 

 The His 6 -tag, routinely added to recombinant proteins 
to facilitate their purifi cation, however, had a high impact 
on the overall properties of GM2AP in liposomal assay sys-
tems. The hexahistidine residue on g-rGM2AP-His 6  changed 
the abilities of GM2AP substantially, leading to enhanced 
hydrolysis of GM2, accelerated intervesicular transfer of 
2-NBD-GM1, and drastic inhibition of the mobilization of 
membrane bound lipids. 

 Furthermore, though the His 6 -tagged g-rGM2AP-His 6  
enhanced GM2 turnover by HexA, it blocked mobilization 
of membrane lipids by GM2AP, indicating that the GM2 
degradation, as mediated by HexA in presence of the His-
tagged g-rGM2AP-His 6 , can proceed mainly at the liposo-
mal membrane surface.  

 The authors thank Jennifer Mainzer and Andrea Raths for the 
purifi cation of HexA. Furthermore, the authors are indebted 
to Dr. M. Engeser and her colleagues for doing the MALDI 
analysis. 
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