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Abstract
Electron paramagnetic resonance (EPR) spectroscopy of spin-labeled lipids in com-
plex with the sphingolipid activator proteins, GM2AP and SapB, was utilized to 
characterize the hydrophobic binding pocket of these lipid transfer proteins. Spe-
cifically, the EPR line shapes reveal that the mobility of the labeled lipids within 
the binding pockets of the transfer proteins are more restricted than when in a lipid 
bilayer environment and that lipids in GM2AP are slightly more restricted than in 
SapB. EPR accessibility based relaxation measurements show that the relative ratios 
of oxygen and water accessibility to sites along the acyl chains in lipids in complex 
with GM2AP are similar to the profiles obtained for a lipid bilayer albeit with low-
ered values. The results for SapB are quite different, with the oxygen profile mim-
icking a lipid bilayer, but there is a higher degree of water accessibility to the acyl 
chains in the SapB complex, likely because of the location of the lipid at the dimer 
interface in SapB coupled to dynamics of the dimer.

1  Introduction

Gangliosides are sialic-acid-containing glycosphingolipids (GSLs) that are part of 
the glycocalyx that covers eukaryotic cell surfaces, comprising a significant part of 
cell surface glycans in neuronal cells. Gangliosides have various biochemical and 
pathobiochemical functions [1–3]. Additionally, GSL catabolism is essential for nor-
mal cellular function, and numerous lysosomal storage diseases result when aberra-
tions in GSL catabolism occur [4, 5]. The catabolism of GSLs with short oligosac-
charide head groups and ceramide requires two proteins: a water-soluble lysosomal 
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hydrolase and a small co-factor protein [4, 6, 7]. These co-factor proteins are a group 
of five lipid transfer proteins called the sphingolipid activator proteins, or SAPs [8]. 
The SAPs are predominantly water-soluble proteins that transiently interact with 
lipid vesicles under acidic conditions, where kinetics are regulated by lipid compo-
sition, charge and vesicle size [4, 7, 9–14]. In GSL catabolism, the SAPs function 
in the intra-lysosomal vesicles and extract their functional ganglioside ligand form-
ing a water-soluble protein:lipid complex for reaction with a glycosidic hydrolase. 
Numerous lysosomal storage diseases can result from disruption of this catabolic 
cascade [5, 15, 16].

Of the five known SAPs, four of these, SapA, B, C and D, are proteolytically gen-
erated from a single prosaposin (PSAP) gene, bind to a variety of GSLs, are dimeric 
in structure, and have predominantly alpha-helical secondary structure [17–19]. The 
fifth of the SAPs, the GM2 activator protein (GM2AP), exists as a monomer in solu-
tion with a structure described as a beta-cup topology [20–24]. Lipid storage disor-
ders can occur from mutations in the SAPs or GM2AP [4, 5, 15, 16].

Figure 1 shows ribbon diagrams of GM2AP and SapB that were crystallized with 
various phospholipids bound within their binding pockets. Although the SAPs have 
a primary function of ganglioside catabolism, both GM2AP and SapB can form 
complexes with phospholipids in addition to their ganglioside ligands [18–25] and 
have been implicated in functions related to immunity [26] and heart disease [27] 
and find uses in therapeutic strategies [25, 28–32]. Detailed analysis of various 
GM2AP X-ray structures reveals a rather large hydrophobic binding pocket capable 
of accommodating a variety of lipid ligands including lysolipids, detergents, phos-
pholipids, and GM2 [21–24]. The orientation of GM2 differs from that of phospho-
lipids bound to GM2AP. When phospholipids are bound (Fig.  1a) the phosphate 
group is located near the two putative membrane binding loops [23]. In contrast, 
when GM2 is modeled into the electron density, the ceramide tails pack nearer the 
helical loop region implicated in interacting with the hydrolase, whereas the GM2 
head group is disordered and protruding outside of the hydrophobic binding pocket 
[24]. The crystal structure of SapB shows phosphatidylethanolamine, a lipid con-
taminant that occupies the protein’s hydrophobic pocket throughout purification, 

Fig. 1   Ribbon diagrams showing structures of a GM2AP with POPG bound (PDB ID 1PUB), b and 
SapB with POPE bound (PDB ID 1N69). In both structures the lipid molecules are rendered in ball and 
stick format



1183

1 3

Characterization of the Lipid Binding Pocket in GM2AP and SapB…

occupying a cleft between two monomers, with the lipid head group pointing in 
towards the protein interior (Fig. 1b). More recently, SapB has been crystallized in 
complex with chloroquine [30].

Here, we report the characterization of the physical environment of the lipid bind-
ing pocket of GM2AP and SapB by electron paramagnetic resonance (EPR) spec-
troscopy of spin-labeled lipid:protein complexes, with a series of n-doxyl phosphati-
dylcholine (n-PtdChol) and TEMPO-phosphatidylcholine (tempo-PtdChol) lipids 
(Fig. 2) as spin-probes. This method was previously applied to the phosphatidylin-
ositol transfer protein Sec14p [33, 34]. We find for GM2AP and SapB, although 
the mobility of the lipids is similar in both proteins, the site-specific accessibility of 
nickel relaxation agents, and by inference, water to the lipids is higher in SapB than 
in GM2AP. Oxygen accessibility to GM2AP is also very low. Results also show that 
the mobility of the lipid is restricted in the protein:lipid complex when compared to 
a lipid bilayer. Protein:lipid complexes were prepared via the natural lipid extrac-
tion properties of these proteins, thus further demonstrating their ability to bind and 
extract non-ganglioside lipids in a pH dependent manner.

2 � Methods

2.1 � Materials

E. coli l-α-phosphatidylethanolamine (PE), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho(tempo)choline (tempo-PtdChol) and 1-acyl-2-(n-(4,4-dimethyloxa-
zolidine-N-oxyl) stearoyl)-sn-glycero-3-phosphocholine (n-doxyl PtdChol) with 
the doxyl spin label positioned at n = 5, 7, 10, 12, 14, and 16 of the stearoyl chain 
were purchased from Avanti Polar Lipids (Alabaster, AL) as chloroform solutions. 
All lipids were used as received without further purification. Nickel (II) ethylen-
ediamine-N,N-diacetic acid (NiEDDA) was prepared as described previously [35]. 
TLC plates were silica coated aluminum and were purchased from Whatman (San-
ford, Maine). Unless otherwise stated, all other reagents were from Fisher Scientific 
(Pittsburg, PA) and used as received.

Fig. 2   Chemical structures of selected spin labeled phosphatidylcholine (SL-PtdChol)
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2.2 � Protein Expression and Purification

Recombinant human GM2AP was over expressed and purified as described previously 
following the methods of Wright [21–24]. Codon optimized DNA encoding SapB was 
synthesized by DNA2.0 Inc. (Menlo Park, CA). The DNA fragment was inserted into 
pET 16 b(+) multiple cloning sites between Nco I and BamH I. The resultant plas-
mid was transformed into Origami 2 (DE3) cells (Novagen, Germany). Expression and 
purification of SapB followed the method of Ahn with modification [18, 36]. Briefly, 
transformed Origami 2 (DE3) cells were grown at 37 °C to OD600 = 0.6 in 1 L of LB 
media containing 100 μg/mL ampicillin. Protein was over expressed by induction with 
isopropyl β-d-1-thiogalactopyranoside (IPTG) and cells were grown for an additional 
6 h at 37 °C at 250 rpm. The cell pellets were collected and resuspended in lysis buffer 
(25 mM NaCl, 50 mM Tris HCl, pH 7.5) and lysed by passing through a French press 
(three times) and sonicating for 1 min. The lysates were clarified by centrifugation at 
30,000g for 20 min and the supernatant was then heated to 85  °C in water bath for 
10 min, followed by centrifugation at 30,000 g for 20 min. The supernatant was loaded 
to a 5 ml Q-Sepharose column (GE, Piscataway, NJ) pre-equilibrated in binding buffer 
(same as lysis buffer). After washing with 5 × volume of binding buffer, the protein was 
eluted with a linear gradient of elution buffer (1 M NaCl, 50 mM Tris HCl, pH 7.5). 
Fractions containing SapB were pooled and loaded onto a HiPrep 16/60 Sephacryl 
S-200 HR gel filtration column (GE) pre-equilibrated with 50  mM sodium acetate 
(NaOAc), pH 4.8. The purity of final protein samples were verified by SDS-PAGE gel. 
The structural integrity was verified by comparing circular dichroism spectra (Figure 
S1) with that reported for native SapB purified from porcine kidney [37] and recom-
binantly expressed SapB [25]. Sample homogeneity was also verified by HSQC NMR 
of 15N labeled protein (Figure S2) and shows vast improvement over previously pub-
lished NMR spectra for SapB [19]. Data were collected at the UF AMRIS facility and 
processed as described previously [38].

2.3 � Preparation of Liposomes

Liposome dispersions of n-doxyl PtdChol and tempo-PtdChol were prepared by trans-
ferring the desired volume of lipid in chloroform into a glass vial, removing the organic 
solvent by a stream of nitrogen, and vacuum desiccating overnight to remove any 
residual solvent. For preparation of protein:lipid complexes, the dried lipid films were 
rehydrated in 50 mM NaOAc buffer, pH 4.8. To investigate effects of pH on extraction 
progression, lipid samples were also hydrated in 50 mM Tris pH 8.0 buffer as described 
previously [9]. For all samples, rehydration proceeded at room temperature followed 
by vortex mixing and three freeze–thaw cycles to ensure even distribution of the buffer. 
The stock lipid concentrations were 1 mM.

2.4 � Formation of Protein:SL‑PtdChol Complexes and Ligand Exchange Studies

Protein complexes of both GM2AP and SapB with spin-labeled phosphatidylcho-
line (SL-PtdChol) lipids proceeded by mixing ~ equimolar concentrations (1.2:1, 
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protein:lipid at 150 μM protein-dimmer for SapB) with preformed MLV dispersions 
at 22  °C. Nominally, lipid and protein samples were prepared in 50  mM NaOAc 
buffer, pH 4.8. For GM2AP at pH 4.8, complete sequestration of the lipids from the 
MLVs was completed in nearly 1 h. However, for SapB, this process took 8–12 h for 
completion, likely because the purified SapB protein contained phosphatidyletha-
nolamine in the binding pocket [18]. For power saturation samples, an appropriate 
volume of stock NiEDDA solution was added to the protein:lipid complexes after 
complete solubilization of the liposome dispersions to give a final concentration of 
50 mM (for GM2AP) and 12.5 mM or 25 mM (for SapB). NiEDDA concentration 
was verified by UV-VIS spectroscopy.

2.5 � EPR Spectroscopy

CW X-band EPR spectra were obtained on either a modified Bruker ER200 spec-
trometer with an ER023M signal channel, an ER 032M field control unit or a Bruker 
E500 spectrometer equipped with a loop gap resonator (Medical Advances, Milwau-
kee, WI). The typical sample size for EPR measurements was 10 μL of ~ 150 μM 
SL-PtdChol:protein complex in NaOAc buffer, pH 4.8. Samples were loaded into 
0.60 I.D × 0.84 O.D. capillary tubes. Sample temperature was maintained by passing 
nitrogen gas through copper coil submerged in a refrigerated bath (Thermo Scien-
tific NESLAB RTE-7 digital one (− 25 to 150 °C ± 0.01) containing 40% ethylene 
glycol that then flowed to a quartz Dewar (Wilmad-Labglass) that surrounded the 
loop-gap resonator. Unless stated otherwise, cw-EPR experiments were performed 
at 22 ± 0.2  °C. For variable temperature experiments, the bath temperature was 
altered until the desired sample temperature was obtained. Sample temperature was 
measured by inserting an Omega temperature sensor and probe (OMEGA Engineer-
ing, Inc. Stamford, CT). All samples were allowed to equilibrate for 20 min. Typi-
cal temperature stability achievable with this set up is ± 0.1–0.2  °C [39, 40]. The 
spectral parameters for data collection were as follows: 2 mW microwave power; 
100 kHz modulation frequency; 1.0–1.6 G modulation amplitude; 150 G magnetic 
field sweep; 40.6 s sweep time; and 16 ms detector time constant. When the time 
course of complex formation was monitored, single EPR scans were collected over 
the required time period. For end point spectra, typically 16 scans were signal aver-
aged. Labview software was used for baseline correction and double integral area 
normalization. This software was generously provided by Drs. Christian Altenbach 
and Wayne Hubbell (UCLA).

2.6 � Power Saturation EPR Spectroscopy

For power saturation experiments, samples (typically 7 μL) were placed into gas per-
meable TPX tubes (Medical Advances, Milwaukee WI), and saturation of the cen-
tral resonance was monitored over microwave powers that varied from 0.2 to 63 mW. 
Power saturation data were collected on the Bruker ER200 spectrometer with a loop 
gap resonator.  Three different data sets were collected for each SL-PtdChol:protein 
complex. The first data set was collected in a stream of nitrogen, the second in a stream 
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of air (20% oxygen). Compressed gas tanks were utilized during the experiments and 
the temperature was controlled by passing the gas through a copper coil submerged in a 
refrigeration bath. For the third data set, i.e., those containing NiEDDA, samples were 
purged with nitrogen gas prior to and during data collection. All data were collected at 
22 ± 0.5 °C. Note, this temperature was easier for us to regulate with minor fluctuations 
than 25 °C.

2.7 � Calculation of Line shape Parameters for motion Analyses

Due to the anisotropic nature of the g-tensor and A-tensor (hyperfine interaction) 
in nitroxide and doxyl spin-labels, motions within the nanosecond time regime 
modulate the X-band CW spectral line shape [41–46]. Here we utilize two different 
line shape analyses to characterize and compare motion of the SL-PtdChol lipids 
within the lipid:protein complexes. As the rate of spin-label motion increases and 
becomes more isotropic, line shapes narrow. The line width of the central X-band 
CW EPR spectrum reflects changes in motional averaging and becomes narrowed 
as motional rate and disorder increase. As such, the inverse of the peak-to-peak 
line width of the central resonance is commonly utilized as a mobility parameter 
defined as M = (∆Hpp)−1, where larger values indicate increased motional averag-
ing. Spectra of doxyl-labelled lipids for sites within the acyl chains that experi-
ence restricted motion are broadened with additional spectral features that can be 
exploited to define an order parameter of motion, S, that is calculated by the fol-
lowing expressions:

where T|| and T⊥ are measured from the experimental spectra. Tzz = 30.8  G, 
Txx = Tyy = 5.8 G, which have been determined from N-oxyl-4´,4´-dimethloxazolidine 
derivative of 5-a-cholestane-3-one, present as an impurity in single crystals of cho-
lesteryl chloride and where a′ accounts for differences in solution polarity effects 
[47–49].

2.8 � Calculation of Collision Parameters from Power Saturation Measurements

The analysis used here follows that originally described by Altenbach [35, 50, 51]. For 
each of the three sample conditions, the values of P1/2, which are related to the prod-
uct (T1eT2e)−1, were determined by plotting the intensity of the central nitroxide reso-
nance line, App(0), as a function of microwave power, P, and fitting with the following 
expression:

(1)S =
T|| − T

⊥

Tzz − Txx

(
a

a�

)

(2)a = 1∕3
(
Txx + Tyy + Tzz

)

(3)a� = 1∕3
(
T|| + 2T

⊥

)
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where I is a scaling factor, P1/2 is the power at which the resonance amplitude is 
one half its unsaturated value, and ε is a measure of the homogeneity of the res-
onance saturation. The relative accessibility of the paramagnetic species (either 
oxygen or NiEDDA) can be determined by the change in the values of P1/2 under 
paramagnetic versus diamagnetic (nitrogen) conditions. The collision parameter, 
π, is related to the change in T1e of the nitroxide and the frequency of collision 
with either NiEDDA or oxygen. Values for π are determined from the following 
expression:

where ∆Hpp is the peak-to-peak width (in Gauss) of the central transition line. Val-
ues for π with NiEDDA are determined analagously. DPPH is used to standardize 
resonators so values on different instruments and labs can readily be compared. 
For our resonator, the values of P1/2 (DPPH) and ∆Hpp (DPPH)π were 11.4 ± 0.2 
and 1.97 ± 0.02; respectively. π values for NiEDDA were calculated by substituting 
P1/2 (NiEDDA) for P1/2 (Oxy) in Eq. 2. When the power saturation method is uti-
lized to determine the location of a spin-labeled site within a membrane bilayer, a 
depth parameter, Φ, is often defined. This value can be calculated by the following 
expression:

Here, we use this same parameter to compare the local environment of the lipid 
within the binding pocket of the protein to that in the lipid bilayer. Our results for 
samples containing NiEDDA are reported as normalized values to 20 mM NiEDDA 
for comparison to work of others [52–56].

3 � Results

3.1 � Formation of SL‑PtdChol:Protein Complexes

The formation of complexes between GM2AP and SapB with SL-PtdChol lipids 
was achieved by adding a slight excess of protein (1.2:1 P:L molar ratio) to pre-
formed MLV dispersions of the target SL-PtdChol lipids. These proteins are known 

(4)App(0) = I
√
P

�
1 + (2−� − 1)

P

P1∕ 2

�−�

(5)
oxy∏

≡

ΔP�
1∕ 2

(Oxy)

P�
1∕ 2

(DPPH)
=

P1∕ 2(Oxy)
/
ΔHpp(Oxy) − P1∕ 2(N2)

/
ΔHpp(N2)

P1∕ 2(DPPH)
/
ΔHpp(DPPH)

,

(6)� = ln

(
ΔP�

1∕ 2
(oxy)

ΔP�
1∕ 2

(NiEDDA)

)
.



1188	 Y. Ran, G. E. Fanucci 

1 3

to bind to, extract and transfer a variety of lipids and lipid-like molecules [18, 22, 
23, 30, 57], where rates of extraction and transfer are modulated by lipid composi-
tion, charge and solution pH [4, 11, 14]. This lipid extraction ability was utilized to 
form SL-PtdChol lipid:protein complexes of both GM2AP and SapB where the SL-
PtdChol was extracted from MLV dispersions. Figure 3 shows how the extraction 
process coupled to formation of the SL-PtdChol:protein complex can be observed 
via changes in the EPR spectra. The EPR spectra of all SL-PtdChol MLVs without 
addition of protein reveal a broad spectral component (~ 27 G peak-to-peak width) 
that results from exchange and dipolar interactions of the 100% spin-labeled lipid 
sample. Figure 3a shows the spectrum for 14-doxyl PtdChol MLVs in the absence 
of protein (t = 0). Under acidic conditions that mimic the lysosome, 3  h after the 
addition of SapB, the spectrum becomes characteristic of a 14-doxyl-PtdChol mol-
ecule in a non-spin labeled lipid milieu overlain upon the broad background from 
the exchange broadened signal of the MLV. This finding can be explained by hav-
ing spin-labeled lipid in two environments that are exchanging slowly. One of these 
environments is the binding pocket of the protein (which for a 1:1 complex would 
have no line shape broadening); the other is the MLV dispersions where the high 
concentration of spins leads to significant exchange broadening. After sufficient time 
has passed, the line shape becomes devoid of exchange broadening; indicating that 
nearly all of the lipid molecules have been extracted into the binding pockets of the 
proteins in a 1:1 complex (sample also becomes clear). Within the signal-to-noise 
ratio (SNR) of the EPR experiments, these results indicate that nearly all of the 
14-doxyl PtdChol in the MLV dispersions have been sequestered by the proteins; 
thus forming 1:1 lipid:protein complexes.
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Fig. 3   EPR characterization of lipid:protein complexes. a 150 Gauss CW X-band EPR spectra of 
14-Doxyl PtdChol as an MLV dispersion before addition of SapB (t = 0), after incubation with slight 
excess of SapB for 3 and 8 h. Number of scans averaged were 36, 4 and 16; respectively. Samples were 
stored and data were collected at 22 °C. All samples were prepared in 50 mM NaOAc, pH 4.8. The time 
course of the formation of each protein-lipid complex was followed by monitoring the relative percent-
age change in normalized spectral intensity of the central resonance, ∆I%, defined as 100(I(t) – Io)/Is. The 
intensity of the last time points were set as Is except data set collected at pH 6.4, for which the Is of the 
data set at pH 4.8 was used. Io is small and was approximated to be zero. b Complex formation as a func-
tion of time for GM2AP with tempo-PtdChol at pH 4.8 (solid circles), 14-doxyl PtdChol at pH 4.8 (solid 
squares) and at pH 6.4 (open squares). c Complex formation of SapB with 14-doxyl PtdChol at pH 4.8. 
The solid lines are fits with exponential functions
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For all samples prepared here, the time course of the complex formation via 
lipid extraction proceeds over minutes to hours depending upon pH and is found 
to differ for GM2AP and SapB. Because the time course is on the minutes to hour 
time scale, the progression of the formation of the lipid:protein complex can be 
monitored by collecting EPR spectra and plotting the relative percentage change 
in the normalized intensity, ΔI (%), of the central resonance line as a function of 
time. This takes advantage of the fact that the spectral line shape becomes nar-
rower, and hence, more intense, as the spin-exchange from the MLV dispersion is 
removed upon sequestration of the spin-labeled lipid into the lipid binding pocket 
of the protein. We are approximating the central line intensity to be proportional 
to the fraction of lipid in the lipid:protein complex because the intensity before 
addition of protein of the exchange broadened line at the position of the central 
transition can be approximated to zero. To ensure SL stability over time in the 
acidic solutions, the total lipid concentration of the resultant lipid:protein com-
plex samples was determined by double integration of the resultant EPR spectrum 
and compared to a standard curve of 4-hydroxy TEMOPL. In all cases, spin-label 
concentration was ~ 95 ± 5% of the original stock SL-lipid concentration used to 
form MLVs.

Using this approximation, we found that the data can be sufficiently fit with a 
single exponential (i.e., formation of the complex follows pseudo-first order kinet-
ics) and the speed of complex formation can be modulated by pH. Example time 
course data sets for GM2AP with 14-doxyl PtdChol at pH 4.8 and pH 6.4 are shown 
in Fig. 3b. Within a few minutes, nearly complete extraction of spin-labeled lipid is 
achieved at pH 4.8 (solid squares) whereas the process is slowed as pH is increased 
(open squares). This result is expected given that SAPs are found in the acidic 
lysosome of cells and the pH dependence of lipid extraction and transfer of fluo-
rescent lipids and fatty acids, as well as ganglioside degradation, have previously 
been documented [9–13, 15, 58–60]. The profile for complex formation for all of the 
n-doxyl PtdChol lipids are similar (data not shown), with relatively fast extraction 
at pH 4.8. The formation of tempo-PtdChol:GM2AP (solid circles) via extraction 
from MLVs is slower than that of the n-doxyl PtdChol lipids investigated here, but is 
completed within 3 h. Data for GM2AP with tempo-PtdChol are included in Fig. 3b 
for comparison.

In contrast, formation of all SL-PtdChol:SapB complexes proceeds much slower 
than observed for GM2AP; therefore, all SapB samples were allowed to react over 
night at room temperature for complete lipid solubilization to be achieved. The EPR 
results monitoring the formation of 14-doxyl PtdChol:SapB at pH 4.8 (solid squares) 
is shown in Fig. 3c. The quality of our E.coli expressed SapB was verified via CD 
and HSQC NMR spectroscopy (Figures S1 and S2; respectively). Therefore, we do 
not believe the slowness of this process reflects poor protein quality. However, the 
slower time course may reflect the presence of phosphatidylethanolamine (PE) in 
the binding pocket that is not readily removed during the purification procedure (PE 
is seen in TLC analysis of purified protein, data not shown); PE can also be seen in 
X-ray structures of SapB [18]. Another explanation for the apparent slowed com-
plex formation is that SapB may contain more than one lipid in the pocket during 
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extraction [61]. Similar slow complex formation with SapB was observed independ-
ent of the type of lipid vesicles prepared (Figure S3).

Interestingly, the progression of complex formation amongst PE bound, dan-
syl-DHPE bound or unbound GM2AP are indistinguishable (Figure S3), perhaps 
indicating that for GM2AP the relative affinity for SL-PtdChol is greater than 
PE analogs or both lipids bind at the same time but in different pockets/orien-
tations. Complex formation with SL-PtdChol when GM2AP was already bound 
to GM1 or GM2 gangliosides (i.e., GM1:GM2AP and GM2:GM2AP preformed 
complexes) proceeded slower than for unbound GM2AP, with doxyl-labeled 
lipids exchanging quicker than tempo-PtdChol (Figure S4). Overall, these results 
show that complexes can be formed by extraction of the SL-PtdChol lipids from 
liposomes and provide evidence that the time course of extraction/complex for-
mation of spin-labeled phospholipids from neutral vesicles at pH 4.8 is slower for 
SapB than for GM2AP.

3.2 � Local Lipid Dynamics in the Protein Binding Pocket

Some of the earliest characterizations of the gradient in acyl-chain mobility in 
lipid bilayers came from analysis of the EPR spectral line shapes of n-doxyl fatty 
acids incorporated into liposomes and cellular membranes [47, 62–65]. The rela-
tive mobility of the spin-label is reflected by the linewidth of the central tran-
sition, ∆Hpp, of the doxyl/nitroxide X-band CW spectrum (Fig.  4a). Another 
parameter utilized to describe the anisotropic motion of doxyl spin-labels in lipid 
environments is the order parameter, S, which is determined by measuring vari-
ous spectra feature (Fig. 4b, c) and Eqs. 1, 2, 3 where a value of 1 is indicative 
of “frozen” rigid-limit spectra, and where S = 0 indicates more isotropic motion. 
Here, various SL-PtdChol lipids were used to characterize the lipid dynamics in 
the hydrophobic binding pockets of GM2AP and SapB. Figure 5a shows a stack 
plot of EPR spectra for each SL-PtdChol:protein complex. Figure 5b reports the 
inverse mobility parameter (∆Hpp)−1. In general, for both GM2AP and SapB the 

Fig. 4   Illustrative X-band CW EPR spectra showing how mobility line shape parameters are measured 
from spectra. a The central line width, ∆Hpp and the parallel (b) and perpendicular (c) tensor components 
utilized to determine the order parameter, S. All parameters are reported in units of Gauss (G)
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mobility of each SL-PtdChol is similar at all positions except D16, which displays 
higher mobility in SapB. Additionally, the mobility of the doxyl-moiety for posi-
tions n = 5 to 14 is relatively invariant and more restricted than for SL-PtdChol in 
lipid bilayers. As expected from crystal structures, the mobility of tempo-PtdChol 
is high and similar to what is found in a lipid bilayer. Figure 5c plots values of 
the order parameter, S, [49] determined from the spectra of the GM2AP lipid 
complexes and SL-PtdChol in DOPC (DOPC spectra shown in Figure S5). For all 
cases, SL-PtdChol in the protein-lipid complexes at each site is more restricted 
than in the bilayer, especially for sites n = 10 to 16 and the lipid within the protein 
pocket does not show the typical mobility gradient when in a lipid bilayer envi-
ronment [40, 47].

3.3 � Temperature Effects on Spin Label Mobility in SL‑PtdChol SapB and GM2AP 
Complexes

The EPR line shapes for n-doxyl PtdChol lipids in GM2AP and SapB reveal a 
high degree of structural rigidity. Variable temperature experiments provide 
a means of interrogating the effective energy barrier required for lipid move-
ment within the pocket. Figure 6a shows stack plots of EPR spectra for several 
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Fig. 5   a Stack plot of 150 Gauss CW X-band EPR spectra of n-doxyl and tempo-PtdChol with GM2AP 
(black) and SapB (red) at 22  °C. Each set is vertically offset and plotted with equal intensities of the 
central resonance line for ease of comparison of changes in breadth (and hence mobility) if observed. 
Corresponding line shape parameters of b mobility (∆Hpp

−1) and c order parameter, S, are plotted. Data for 
GM2AP are plotted as solid circles. Data for SapB are reported with open grey circles. Asterisks repre-
sent values for DOPC bilayers. Error bars were obtained from three separate measurements of the same 
sample on different days and are most affected by fluctuations in temperature stability
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SL-PtdChol:GM2AP complexes over the temperature range of 9–28  °C. As the 
temperature is increased, the EPR spectrum narrows and becomes more intense, 
indicating the lipid is experiencing increased motion. From the slopes of Arrhe-
nius type plots (Figure S6) relative differences in the energy barrier for lipid 
mobility within GM2AP and SapB can be seen. Figure  6b compares the slope 
values obtained via this effective Arrhenius analysis for several SL-PtdChol lipids 
in GM2AP and SapB. In general, results show a trend of an increasing energy 
barrier to motion of the spin probe as the position moves from the head group to 
the end of the acyl chain. For most sites, there is also a slightly higher barrier to 
label mobility in GM2AP than in SapB.
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Fig. 6   a Stack plots of 150 G CW EPR spectra of 7-doxyl, 12-doxyl, 16-doxyl and tempo- PtdChol 
GM2AP complexes over the temperature range of 9–28 °C in 3° increments (top to bottom). Spectra are 
integral area normalized and vertically offset for clarity. b Graphical representation of the slope values 
obtained from Arrhenius type plots of ln(∆Hpp

−1) versus 1/T for GM2AP (grey bars) and SapB (open bars) 
complexes. The value of the slope is proportional to the energy barrier for lipid mobility in the pocket. 
Error bars represent the 95% confidence limit in the value of the slope obtained from linear regression 
analysis
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3.4 � Local Accessibility of Lipids in the Protein Binding Pocket

The local accessibility of a nitroxide spin label to paramagnetic colliders pro-
vides information that can be used to investigate protein docking at bilayer 
interfaces [9, 53, 66–70], protein folding and assembly [71–73], and mem-
brane protein structure and conformational changes [43, 55, 74–78]. Although 
pulsed EPR methods provide a more direct experimental approach of measuring 
changes in the nitroxide spin–lattice relaxation lifetime [33, 79]; the power satu-
ration method is a robust and relatively easy way to obtain accessibility informa-
tion without the need for specialized pulsed EPR instrumentation [35, 50]. Pre-
viously, the accessibility of the soluble paramagnetic nickel complex, NiEDDA, 
to the Sec14p lipid transfer protein was characterized by pulsed EPR relaxation 
measurements [33]. Here, the accessibility of NiEDDA to each of the SL-Ptd-
Chol lipids in complex with either GM2AP or SapB was investigated by CW 
power saturation experiments. The local accessibility gradient of a spin label to 
oxygen, which is preferentially soluble in the hydrophobic interior of the lipid 
bilayer, and to a water-soluble metal-complex can be utilized to determine the 
‘depth’ of the spin-label along the bilayer normal [54, 71, 80]. The depth param-
eter, Φ, is often utilized to determine the location of a spin label on a membrane 
protein within the lipid bilayer and compared to values obtained from n-doxyl 
PtdChol lipids used calibration curves. Here we utilize the same parameter, 
which shows the relative accessibility of each spin-labeled site to both oxygen 
and NiEDDA. With NiEDDA concentrations normalized to 20 mM and oxygen 
supplied from air tanks at typical atmospheric pressures, values of Φ approach 
−3 indicating location in bulk water, values of Φ of ~ 0 indicate a location near 
the bilayer interface (equal collisions with oxygen and Ni complex), and values 
approaching +3 are indicative of an environment similar to that deep within a 
bilayer interior [43, 53, 54, 56, 80]. The limiting values of Φ are impacted by 
the identity of the Ni complex (i.e., NiAA versus NiEDDA) and concentration, 
as well as the oxygen concentrations and temperature, as the relaxation mecha-
nism is dominated by collisions [70]. Hence, care must be taken when compar-
ing actual values of Φ across experiments. Our values reported here have been 
normalized to 20 mM NiEDDA for this comparison.

Figure 7a plots values of Φ obtained for each SL-PtdChol in complex with either 
GM2AP or SapB. For GM2AP, the trend in the Φ parameter follows that expected 
for n-doxyl PtdChol lipids when incorporated into a membrane bilayer [43, 56, 
80]. The tempo-PtdChol lipid bound with GM2AP has very high accessibility to 
NiEDDA whereas 5-doxyl PtdChol has a Φ value near zero. As the position of the 
spin label moves incrementally along the acyl-chain, the value of the depth param-
eter becomes more positive, indicating a higher accessibility to oxygen than to the 
aqueous metal complex. The Φ parameter value at site 16 is similar to that of site 7, 
possibly indicating protrusion from the pocket, similar to how the 16-doxyl lipid is 
stated to “snorkel” to the bilayer interface because of the hydrophilic nature of the 
tail termini [81]. This trend of relative accessibility to polar and non-polar paramag-
netic mimics that of the lipid bilayer.
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and discussed in terms of observations seen within lipid bilayers and other membrane protein systems. 
b Plots of collision parameter, Π, of GM2AP (solid squares) and SapB (solid circles) complexes with 
n-doxyl and tempo-PtdChol. The Π values for spin-labeled sites of the C2 domain of cPLA2 bound to 
PC:PS bilayers (3:1) (open triangles), of bacteriorhodopsin (open stars) and of n-doxyl labeled lipids 
(open squares) (about 1 mol% in PC:PS = 3:1, room temperature) are plotted for comparison. Data for 
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determined empirically for membrane bound and aqueous exposed sites in proteins. Space fill representa-
tion of c GM2AP (PDBID:1PUB) and d SapB (PDBID:1N69) showing a front (top) and back (bottom) 
view of the crystallized protein-lipid complexes. In each case, the lipid molecules are rendered in differ-
ent colors to show the relative accessibility of each site to solvent
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In contrast, however; for all n-doxyl acyl chain positions along the PtdChol lipid 
in complex with SapB, near zero or negative values of Φ are obtained. Results indi-
cate that the oxygen accessibility at SL-PtdChol in SapB is slightly higher than the 
equivalent site in in GM2AP, but where the NiEDDA accessibility is also higher. 
In fact, experimentally to collect data, concentrations of NiEDDA were lowered for 
samples of SapB (12. 5 and 25 mM versus 50 mM) compared to GM2AP. This find-
ing may be explained by the dimeric nature of SapB and perhaps more time average 
fluctuations of water accessibility to the lipid tails. Collision parameters, π, for oxy-
gen and NiEDDA are graphically depicted in Fig. 7b. This empirical phase diagram 
is constructed by plotting values of π given in the literature for sites in bacteriorho-
dopsin [56], KcsA [82], and the C2A domain of synaptotagmin [54] as well as for 
n-doxyl lipids in membrane bilayers [54]. Typically, sites that are within the bilayer 
have low accessibility to NiEDDA with high accessibility to oxygen. Sites that are 
in the bulk aqueous solvent or are solvent exposed have the opposite trend. Acces-
sibility of both oxygen and NiEDDA are very low in GM2AP (solid grey squares), 
which may not be expected based upon the apparent exposure in the crystal structure 
(Fig. 7c). Most sites for the lipids in SapB (solid circles) have higher accessibility 
to oxygen than those in GM2AP (solid squares). However, the accessibility of the 
NiEDDA to the n-doxyl PtdChol in SapB (solid circles) is also much higher than 
in GM2AP or even a bilayer environment. Perhaps dynamics of the dimeric SapB 
protein with the lipid in the interface allows for greater water penetration than would 
again be expected from the space filling model of the crystal structure (Fig. 7d).

4 � Discussion

4.1 � Dynamics in GM2AP and SapB May Modulate Solvent Exposure to the Lipid 
Binding Pocket

Figure  7c, d show space filling models of GM2AP:PG and SapB:PE complexes 
determined from X-ray crystallography. Results from EPR power saturation meas-
urements (π values) show that for GM2AP in solution, the accessibility of the acyl-
chains to aqueous soluble NiEDDA is lower than expected from the degree of expo-
sure of the acyl chains in the GM2AP:PG crystallographic complex, indicating that 
the protein dynamics may cause the loops to close around the lipid when in solu-
tion [83]. In fact, πNiEDDA values are comparable to those for membrane embedded 
sites in bacteriorhodopsin (stars in Fig. 6b). On the other hand, values for πO2 for 
GM2AP are substantially lower than those observed for spin labelled lipids within 
a lipid environment or membrane embedded sites on bateriorhodopsin. In SapB, the 
lipid binding “pocket” is formed within the dimer interface and shows a high degree 
of exposure of the PE head group with the acyl-chains burred within the interface 
with little solvent exposure. In agreement, the πNiEDDA values for both tempo- and 
5-doxyl PtdChol:SapB are similar to those seen for the membrane associated C2 
domain. However, values of πO2 for both tempo- and 5-doxyl PtdChol:SapB are also 
higher than expected for aqueous exposure. Perhaps SapB closes around the lipid, 
or that oxygen penetrates more readily into the pocket than within a lipid bilayer. 
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For sites 7-16 in SL-PtdChol:SapB complexes, πNiEDDA values are higher than those 
seen in GM2AP, membrane bound sites in bR and lipid bilayers. Again, this finding 
is surprising based upon the static crystal structure, indicating that protein dynam-
ics in solution may allow more water penetration to the interior of the lipid binding 
pocket [18].

Although the documented function of SAPs is in stimulating ganglioside catabo-
lism within the lysosomal compartment of cells [1, 6–8, 15], this work shows that 
SAPB and GM2AP can readily extract and bind and phospholipids. These findings 
and work of others suggests that other functional roles of SAPs may revolve around 
their ability to transfer and bind phospholipids in other cellular locations [25, 28–32, 
61]. Clearly both GM2AP and SapB not only form relatively stable complexes with 
the SL-PtdChol molecules, but both proteins are capable of extracting these ligands 
from lipid bilayer dispersions without anionic lipids or the unique endosomal lipid 
bis(monoacylglycero)phosphate; albeit with slower times [11].

4.2 � Use of Spin‑Labels in Characterizing Protein:Lipid Interactions

Spin-labeled lipids have received extensive usage in studies that characterize the 
dynamics and lipid packing arrangements in various lipid bilayers [47, 62–65, 81], 
and these spin-probes have also been extensively utilized to study lipid-protein inter-
actions of either integral membrane proteins or surface associated membrane pro-
teins [84–92]. Here, we show how SL-lipids can provide valuable information not 
only about the local environment within the lipid binding pocket, but also provide 
indirect evidence regarding relative affinity and lipid transfer ability. To date, we 
have not been able to form GM2AP or SapB lipid complexes with phospholipids 
containing fluorescent probes on the fatty acid chains, indirectly showing that the 
smaller doxyl spin-probe can be more readily accommodated within the hydropho-
bic lipid binding sites. Furthermore, although GM2AP will extract dansyl-DHPE 
from neutral vesicles [58], SapB does not. Yet, SapB does form a complex when 
dansyl-DHPE is added from ethanolic solution (data not shown) and will extract 
and form a complex with the tempo-head group-labeled lipid and when tempo-PC 
is presented from lipid dispersions. Although spin-probes (and fluorescent tags) are 
larger and likely more perturbing than a radioactive labeled lipid, detailed informa-
tion about the physical and chemical environment can be gleaned from analysis of 
various spectroscopic properties of spin-labeled lipid ligands and the EPR methods 
described within should be applicable to a wide range of lipid binding and lipid 
transfer proteins with an appropriately spin-labeled ligand analog. Perhaps the SL-
PtdChol:protein complexes can be exploited to assay the relative affinity of these 
proteins for various lipid ligands as has been performed by other methods [13, 57, 
61], providing valuable information comparable to that from studies where fluores-
cent probes were utilized to modify various lipid-ligands of lipid transfer proteins 
[13, 58, 93–97].
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5 � Conclusions

The environment of the lipid binding pocket and mobility of lipids bound to two 
SAPs, namely GM2AP and SapB, were characterized via EPR spectroscopy of pro-
tein in complex with spin-labeled phospholipids. The lipid:protein complexes were 
prepared by allowing the proteins to extract the ligands from lipid dispersions. This 
process was slow, occurring over minutes to hours, and spectra were collected dur-
ing the time course of the lipid extraction and complex formation. EPR line shapes 
of the bound lipids, in both GM2AP and SapB, reveal that the lipids in the pro-
teins are more restricted in their mobility than when in lipid bilayers, and the lipids 
in GM2AP are found to be more restricted than those in SapB. EPR power satura-
tion studies show that the lipids in SapB have a higher degree of water accessibility, 
likely resulting from the location of the binding site residing at the dimeric interface. 
Results surprisingly show that both GM2 and GM1 can be displaced by the spin-
labeled lipids in GM2AP. These findings, taken together with our previous studies, 
indicate that GM2AP and SapB have an affinity for phospholipids that readily com-
petes with gangliosides and we speculate that the molecular basis behind this finding 
is that the lipid head group size increases in non-polar character (dansyl > tempo), 
and the affinity for those glycerophospholipids decreases.
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