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 As part of its innate immune system, the human body 
often presents cell-surface receptors in an extracellular en-
vironment as “decoys” to protect its native cells from at-
tacks by pathogenic toxins ( 1, 2 ). Central to this biological 
strategy is the enhanced capacity of cellular receptors pre-
sented as decoys to outcompete native toxin receptors on 
host cells. An extraordinarily powerful example of this na-
tive defense strategy is provided by human milk. The lipid 
shell of milk fat globules contains many membrane-
asso ciated glycoproteins (and enzymes) that are selectively 
acquired from the plasma membrane during secretion. 
Presentation of these glycoconjugates and other oligo-
saccharides in this modifi ed-membrane environment is 
thought to protect the nursing infant by offering an alter-
nate pathogen binding site ( 3–5 ). From an evolutionary 
perspective, this type of molecular lure is important in the 
reproductive process, as it has the capacity to prevent en-
teropathogens from attaching to potential host cells in 
newborns. Successfully mimicking this protective mecha-
nism could lead to improved techniques to combat infec-
tious disease. Synthetic constructs that contain potent 
receptors could mitigate pathogen attacks on host cells 
and establish the foundation for an interventional therapy 
against infection ( 6 ). 

 Our strategy focuses on reconstituted lipoprotein, nano-
meter-sized discoidal lipid bilayers of arbitrary composi-
tion bounded by apolipoprotein, to construct a versatile, 
biocompatible, and stable platform that appropriately par-
titions pathogen-binding receptors into membrane-like 
environments. The selection of reconstituted high-density 
lipoprotein (rHDL) as a biosynthetic decoy is based on 
several factors. First, rHDLs are essentially endogenous 

       Abstract   The ability to exogenously present cell-surface 
receptors in high-affi nity conformations in a synthetic sys-
tem offers an opportunity to provide host cells with pro-
tection from pathogenic toxins. This strategy requires 
improvement of the synthetic receptor binding affi nity 
against its native counterpart, particularly with polyvalent 
toxins where clustering of membrane receptors can hinder 
binding. Here we demonstrate that reconstituted lipopro-
tein, nanometer-sized discoidal lipid bilayers bounded by 
apolipoprotein and functionalized by incorporation of 
pathogen receptors, provides a means to enhance toxin-
receptor binding through molecular-level control over the 
receptor microenvironment (specifi cally, its rigidity, compo-
sition, and heterogeneity). Using a Foerster Resonance 
Energy Transfer (FRET)-based assay, we found that recon-
stituted lipoprotein incorporating low concentrations of 
ganglioside monosialotetrahexosylganglioside (GM1) binds 
polymeric cholera toxin with signifi cantly higher affi nity 
than liposomes or supported lipid bilayers, most likely a 
result of the enhanced control over receptor clustering pro-
vided by the lipoprotein platform. Using wide-area epifl uo-
rescence, we found that this enhanced binding capacity can 
be effectively utilized to divert cholera toxin away from 
populations of healthy mammalian cells.   In summary, we 
found that reconstitutions of high-density lipoprotein can 
be engineered to include specifi c pathogen receptors; that 
their pathogen binding affi nity is altered, presumably due to 
attenuation of receptor aggregation; and that these assem-
blies are effective at protecting cells from biological 
toxins.  —Bricarello, D. A., E. J. Mills, J. Petrlova, J. C. Voss, 
and A. N. Parikh.  Ganglioside embedded in reconstituted 
lipoprotein binds cholera toxin with elevated affi nity. 
 J. Lipid Res.  2010.  51:  2731–2738.   

 Supplementary key words reconstituted high-density lipoprotein • 
GM1 • pathogen • binding affi nity • inhibition of toxin binding 

 This study was supported in part by US Department of Energy Grant DE-FG02-
04ER46173 (Biomolecular Materials, Division of Materials Science & Engi-
neering) and by the Nanomedicine Development Centers of the National Institutes 
of Health Roadmap Initiative. Its contents are solely the responsibility of the 
authors and do not necessarily represent the offi cial views of the National Insti-
tutes of Health or other granting agencies. 

 Manuscript received 5 April 2010 and in revised form 14 May 2010. 

  Published, JLR Papers in Press, May 14, 2010  
  DOI 10.1194/jlr.M007401  

 Ganglioside embedded in reconstituted lipoprotein binds 
cholera toxin with elevated affi nity  

  Daniel A.   Bricarello,  *   Emily J.   Mills,  *   Jitka   Petrlova ,  †    John C.   Voss ,  †   and  Atul N.   Parikh   1, *  

 Departments of Applied Science* and Biochemistry and Molecular Medicine, †   University of California , 
Davis,  CA  95616 

 Abbreviations: ApoA-I, apolipoprotein A-I; CH, cholesterol; CTB, 
cholera toxin subunit B; DPH, 1,6-diphenyl-1,3,5-hexatriene; FITC, 
fl uorescein-isothiocyanate; FRET, Foerster Resonant Energy Transfer; 
GM1, monosialotetrahexosylganglioside; NBD, N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl); rHDL, reconstituted high-density lipoprotein; RPE, 
retinal pigment epithelium; TR, Texas red. 

  1  To whom correspondence should be addressed.  
   e-mail: anparikh@ucdavis.edu 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data. 



2732 Journal of Lipid Research Volume 51, 2010

lipid receptor) is an excellent candidate. Naturally-occur-
ring GM1 is a native receptor for cholera toxin. It is 
thought to localize in highly ordered, cholesterol-enriched 
specialized lipid microdomains (called “rafts”) in the ex-
tracellular leafl et of the plasma membrane ( 20 ). Binding 
is multivalent in this receptor-ligand pair as the protein 
toxin has a pentameric confi guration of the binding 
epitope (i.e., fi ve B-subunits) ( 21 ). In host cells, the pro-
tein toxin exploits the translational mobility of ganglioside 
by attaching to multiple receptors, disrupting lipid organi-
zation, and eventually penetrating the plasma membrane 
( 22 ). At fi rst glance, it would appear that an effective toxin 
decoy could be constructed by simply equipping a syn-
thetic lipid vesicle (or comparable lipidic mesophases) 
with an exaggerated GM1 concentration. However, closer 
examination reveals additional factors that render this 
strategy ineffective. The ligand-receptor interaction in-
volves attachment of the toxin to the ganglioside pentasac-
charide moiety via hydrogen bonds ( 21, 23 ), which can 
also form between GM1 headgroups. These headgroup-to-
headgroup links result in preferential association between 
GM1 molecules within the lipid bilayer, forming clusters 
visible in Transmission Electron Microscopy (TEM) and 
Atomic Force Microscopy (AFM) images. ( 24, 25 ). Such 
preclustering of GM1 limits its availability for attachment 
to the invading protein toxin. As a consequence, simply 
increasing receptor concentration is not suffi cient. Engi-
neering the membrane structure to limit receptor cluster-
ing is necessary to enhance toxin binding. 

 MATERIALS AND METHODS 

 Materials 
 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC), sphingomyelin, 
cholesterol (ovine wool)(>98%), and GM1 ganglioside (brain, 
ovine, ammonium salt) were obtained from Avanti Polar Lipids 
(Alabaster, AL). 1,6-Diphenyl-1,3,5-hexatriene (DPH), Texas 
Red 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, tri-

particles and likely to be fully biocompatible. Native lipo-
proteins, in their nascent form, are composed of a nano-
meter-scale (10–20 nm) discoidal patch of lipid bilayer 
bounded by wild-type apolipoprotein (  Fig. 1  ). The recon-
stituted version self-assembles after simply combining 
some or all of the constituent components under appro-
priate conditions ( 7–9 ). Second, the lipid bilayer environ-
ment of their core allows incorporation of membrane 
receptors ( 10 ) a priori during their reconstitution. Previ-
ous studies document successful inclusion of a wide range 
of membrane proteins and receptors, including proton 
pumps ( 11 ), membrane-associating enzymes ( 12, 13 ), and 
signaling molecules ( 10, 14 ). Third, because many patho-
gen interactions with cellular receptors are polyvalent in 
nature, the small nanoscale dimensions of rHDL make it 
unique in reducing clustering and increasing the proba-
bility of monovalent interactions. Specifi cally, the contigu-
ous lipid bilayer provided by this construct is only 10–20 
nm in diameter ( 8 ) and, with proper construction, can be 
engineered to contain just a few receptors, potentially re-
ducing the average number of receptors per structure by a 
factor of 10 2  (  Table 1  ). Fourth, the rHDL platform com-
partmentalizes the membrane into discrete nanoscale 
particles. Thus, after the initial attachment of ligand, re-
cruitment and cross-linking of additional membrane-
bound receptors is hindered by their disperse distribution 
across multiple particles. And fi nally, recombinant lipo-
proteins or their synthetic analogs have been tested in a 
variety of studies as potential therapeutic treatments ( 15–
19 ), thus extending their relevance to our current efforts. 

 To perform a comparative analysis of the effects of the 
membrane-scaffold on receptor-ligand interactions, a well-
characterized system with high specifi city is needed. The 
interaction of cholera toxin (an AB 5  protein ligand) with 
membrane-bound monosialoganglioside GM1 (a glyco-

  Fig.   1.  Potential protective mechanism. Polyvalent ligands (red) 
binding to both receptors (purple) embedded in lipoprotein (yel-
low) and nonclustered receptors within a fl uid membrane (gray). 
Depicted from left to right in the fl uid membrane are incidents of 
ligand-receptor monovalent binding, receptor clustering, and re-
ceptor cross-linking.   

 TABLE 1. Results of linear regressions fi t to both vesicle and 
rHDL systems with varying concentrations of GM1 

GM1 (mol%)
Association 

Constant (µM) -1 R 2 
Receptors 

per Particle

Vesicles 0.25 8.8 ± 2.4 0.989 148
0.50 6.9 ± 1.8 0.993 295
1.0 6.2 ± 1.6 0.998 590
Raft  a  4.1 ± 1.1 0.994 590
5.0 11 ± 0.6 0.997 2950

rHDL 0.25 24 ± 4.3 0.995 0.5
0.50 27 ± 6.2 0.979 1
1.0 27 ± 5.4 0.979 2
5.0 13 ± 3.0 0.995 10

Association constant has units 10 6  M  � 1  and is given as the mean 
average of duplicate runs with uncertainty equal to the standard 
deviation. The R 2  value of each fi t is reported along with the average 
number of GM1 molecules per lipid structure. Abbreviations: DOPC, 
1,2-dioleoyl-sn-glycero-3-phosphocholine; GM1, monosialotetrahexo-
sylganglioside; rHDL, reconstituted high-density lipoprotein.

  a  1 mol% GM1 added to vesicles constructed of equimolar con-
centrations of DOPC:SM:cholesterol(CH).
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 Preparation of vesicles 
 Small unilamellar vesicles (SUV) were prepared using stan-

dard vesicle extrusion methods. Typically, DMPC and GM1 sus-
pended in chloroform were mixed in a glass vial. The solvent was 
evaporated under a stream of nitrogen and subsequently evacu-
ated for at least 1 h in a vacuum desiccator. The dried mixture 
was then suspended in PBS heated to 35°C. The total lipid con-
centration was 1 mg/ml. The desired amount of hydrated aque-
ous solution was then sonicated and passed through an Avanti 
Mini-Extruder (Avanti, Alabaster, AL) using 100 nm polycarbon-
ate membrane fi lters (Avanti) 21 times at 35°C. Vesicles were 
used immediately following extrusion. 

 Reconstitution of GM1-laden high-density lipoprotein 
 The 100 nm DMPC/GM1 vesicles were mixed with wild-type 

apoA-I (0.1–0.25 mg/ml) at an 80:1 lipid-to-protein molar ratio 
and incubated overnight (15–18 h) at 24°C. Samples prepared in 
this manner were used the following morning. 

 Fluorescence spectroscopy 
 Spectroscopic analysis was performed with a Perkin-Elmer LS 

55 Fluorescence Spectrometer (Waltham, MA). The donor probe 
used in the Foerster Resonant Energy Transfer (FRET) quench-
ing assays was 70 µM DPH in ethanol, which only fl uoresces in a 
hydrophobic environment, added at a 200:7 lipid-to-probe ratio. 
After a 30 min delay to allow DPH partitioning, FITC-labeled 
cholera toxin subunit B was added in 5 µg aliquots to the GM1-
laden lipid solution and allowed to bind for 5 min. Control analy-
ses indicate this period of time is suffi cient for the reaction to 
equilibrate. Subsequent binding of cholera toxin was then 
tracked by monitoring the reduction in DPH emission due to 
Forster Resonant Energy Transfer. FITC and DPH share signifi -
cant spectral overlap (  Fig. 2A  ), allowing FRET over a Foerster 
distance of 4.5 nm ( 28 ). GM1 and CTB concentrations were se-
lected to span a range of GM1/CTB ratios from 20 to 1. This 

ethyl-ammonium salt (TR-DHPE), N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, 
triethyl-ammonium salt (NBD-PE), along with Alexa594-labeled 
cholera toxin subunit (CTB) were purchased from Invitrogen 
(Carlsbad, CA). Fluorescein-isothiocyanate (FITC)-labeled 
cholera toxin subunit B was obtained from Sigma Aldrich 
(Milwaukee, WI). All lipids were suspended and stored in 
chloroform or chloroform/alcohol mixture in the freezer 
( � 20°C) until use. DPH was suspended in ethanol at 50 µM. 
All chemicals were used without further purifi cation. Organic-
free deionized water of high resistivity (18.2 M � -cm) was ob-
tained by processing water fi rst through a reverse-osmosis 
deionization unit and then a Millipore Synthesis water fi ltra-
tion unit (Billerica, MA). Phosphate-buffered saline (pH = 7.4) 
was obtained from Gibco-Life Technology (Rockville, MD) 
and used as buffer medium. 

 Expression and purifi cation of recombinant human 
apoA-I 

 Human apolipoprotein A-I (apoA-I) was expressed in bacterial 
cells using the pET-20b-based (Novagen, Inc., Madison, WI) vec-
tor pNFXex with attached His Tag ( 26 ), kindly provided by 
Dr. M. Oda (CHORI, Oakland, CA). The pNFXex plasmid was 
transferred into the  Escherichia coli  stain BL21 Star (DE3) cells 
(Invitrogen) and cultivated at 37°C in LB medium with 50 µg/ml 
of ampicillin. Protein expression was induced for 3–4 h following 
the addition of 0.5 mM IPTG. ApoA-I was purifi ed from the solu-
ble fraction of the cells using His-Trap-Nickel-chelating (GE Bio-
sciences, NJ) column as described previously ( 27 ). Briefl y, the 
soluble extract was loaded and washed using a mobile phase of 
PBS (pH 7.4) with 3 M guanidine•HCl. The apoA-I was then 
washed in PBS (pH 7.4) containing 100 mM imidazole, and then 
eluted with PBS containing 500 mM imidazole. Imidazole was re-
moved from the protein sample by using Bio spin columns (Bio-
Rad) equilibrated with PBS (pH 7.4). 

  Fig.   2.  Characterization of FRET pair and toxin-quencher titration. A: Excitation and emission spectra of DPH and FITC-CTB. Intensity 
of each spectrum is not to scale. Inset: schematic representation of DPH (green) embedded in the hydrophobic core of the lipoprotein 
(yellow) and its proximity to a receptor (purple) and fl uorescently-labeled pentavalent ligand (red). B: Stern-Volmer plot of GM1-CTB 
binding for DMPC vesicles containing 1.0 mol% GM1. The independent axis is molarity of CTB (nM) and the dependent axis is the inverse 
normalized donor fl uorescence ( I o  / I) . Error bars are derived from instrument error. The entire collection of S-V plots are available in the 
supplementary data. CTB, cholera toxin subunit B; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DPH, diphenylhexatriene; FITC, 
fl uorescein-isothiocyanate; FRET, Foerster Resonant Energy Transfer; GM1, monosialotetrahexosylganglioside.   
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where all incubations were performed for 2 h at 37°C. Additional 
controls were also performed to determine if the presence of 
GM1 within the HDL plays a role in preventing CTB interaction 
with cells. Other samples were incubated with Alexa594-CTB and 
rHDL containing no GM1 (see supplementary data). Another set 
was incubated in 20 µl of 1 mg/ml FITC-CTB alone (data shown 
in  Fig. 5 ). The fi nal fraction of cells were incubated with 20 µl of 
1 mg/ml Alexa594-CTB concurrently with GM1-laden, NBD-
labeled (DMPC doped with 3 mol% NBD-PE) lipid complexes at 
a 1:1 GM1-to-CTB ratio. The lipid complexes employed included 
vesicles containing 1 mol% GM1, vesicles containing 10 mol% 
GM1, rHDL containing 1 mol% GM1, and rHDL containing 10 
mol% GM1. Unbound particles were removed before imaging by 
rinsing with PBS. The 1:1 GM1-to-CTB ratio is necessary as it en-
sures the amount of decoy GM1 added does not overwhelmingly 
exceed that present in RPE cells. 

 Epifl uorescence microscopy 
 A Nikon eclipse TE2000-S inverted fl uorescence microscope 

(Technical Instruments, Burlingame, CA), equipped with Retiga-
1300 CCD camera (Technical Instruments) and an Hg lamp as 
the light source, was used to visualize all fl uorescent samples. 
Images were stored and processed using simple PCI software 
(Compix, Inc., Cranberry Township, PA) augmented with a 
quantitative dynamic intensity analysis module. Fluorescence 
images were taken with the Texas Red fi lter set for both TR as 
well as Alexa-labeled CTB particles. Excitation and emission 
maxima for the TR are 583/601 nm and for Alexa Fluor are 
578/603 nm. NBD-labeled particles were imaged with the 
NBD fi lter set, which has excitation and emission maxima of 
465/537 nm. Phase-contrast images of single-layered RPE cells 
obtained under bright-fi eld illumination were aligned and 
merged with those from the fl uorescence channel(s). Visual 
inspection of these layered images shows the magnitude of 
CTB-cell interactions. The salient features are overlapping 
patterns of identical shape and shading which indicate close 
association of toxin and cells. Using these microscopy tech-
niques, it was possible to detect the adherence of fl uorescently 
tagged cholera toxin to cells and build a qualitative compari-
son of the degree of binding. All samples intended for micro-
scopic analyses were incubated at a temperature of 37°C in 
PBS at pH 7.4. 

 UV patterning and surface-supported sample preparation 
 A binary pattern of rHDL and a supported DMPC bilayer 

was constructed by fi rst adsorbing 40 µL of 2 mg/ml rHDL 
solution containing 1 mol% GM1 to a piranha-etch cleaned 
glass cover slip for 30 min. By illuminating the sample with 
deep UV radiation through a quartz-chrome mask with 50 µm 
opaque squares, rHDL was selectively removed from the grid-
like region ( 8, 33 ). Low-wavelength UV radiation produces 
short-lived reactive oxygen species in the immediate vicinity of 
the surface fi lm, resulting in the chemical degradation of or-
ganic material. After resuspending the patterned substrate in 
PBS, 80 µL of 2 mg/ml water-fi lled 100 nm DMPC vesicles also 
containing 1 mol% GM1 was added and allowed to fuse in the 
UV-exposed region. Finally 30 µL of 0.2 mg/ml Alexa594-CTB 
was added based upon a 2:1 ratio with the amount of GM1 
added to the substrate (assuming 40 µL of 2 mg/ml solution 
results in complete surface coverage). Control experiments 
without GM1 show little fl uorescence, suggesting very little 
nonspecifi c adsorption of CTB (data not shown). Acquired 
fl uorescence images were line scanned using ImageJ. Intensity 
values were normalized to background levels present in the 
region where fl uorophores were mechanically removed from 
the substrate. 

range allowed identifi cation of the saturation point to ensure 
only data collected during binding was included in the analysis. 
All spectroscopic analyses were performed at a temperature of 
37°C in phosphate-buffered saline at pH 7.4. 

 Calculation of binding constants 
 The Stern-Volmer equation describes the relationship between 

the measured donor emission  I  and quencher concentration  [Q] : 
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 This relationship is, of course, the equilibrium association 
constant  k a   for the reaction  F + Q  →  FQ  or  CTB + DPH  →  CTB bound  . 
The concentration of DPH (fl uorescent donor) is identical in all 
samples so it is not equal to the GM1 (binding receptor) concen-
tration of each; the quenching constant determined here is not 
equivalent to the traditional defi nition of binding affi nity (which, 
due to the polyvalency, is quite complex). In this experiment, 
because the toxin can only quench one donor molecule per 
binding event (due to the quantized nature of the energy trans-
fer process), the calculated equilibrium constant actually de-
scribes the interaction of CTB with the lipid structure. Thus, an 
effective or apparent equilibrium binding constant is deter-
mined, independent of GM1 concentration. This fl uorescent 
quenching method is similar to fl uorescent methods used previ-
ously ( 25, 30, 31 ), with the exception that quenching is used to 
quantify binding in bulk solution. We were unable to identify any 
potential cause of fl uctuation in FRET effi ciency as a function of 
GM1 concentration or lipid-structure type, so no modifi cations 
were made to the mathematical relation (see supplementary data 
for additional qualifi cation of this method). 

 RPE cell culture and rHDL incubation 
 Human retinal pigment epithelium (ARPE-19) cells were ob-

tained from ATCC (CRL-2302; ATCC, Manassas, VA). Cells were 
cultured at 37°C in the presence of 5% CO 2  in DMEM/F12 basal 
medium supplemented with 10% (v/v) fetal bovine serum, 1% 
(v/v) 200 mM L-glutamine, 1% (v/v) 10,000 units penicillin/
streptomycin, 0.1% (v/v) 50 mg/ml gentamicin (Invitrogen, Carls-
bad, CA), 0.2% (v/v) normicin (Invivogen, San Diego, CA), and 
1.25 g/l cell culture grade NaHCO 3 . Cells were grown in 75 cm 2  
cell culture fl asks (NUNC #156499). Total passage number is less 
than 30. Cells were then subcultured onto 5 ml petri dishes and 
allowed to grow for 7–10 days until confl uent. This cell line was 
chosen as it is known to contain GM1 ( 32 ) and grows as adherent 
cells, which are convenient for microscopy. To test for rHDL-cell 
interactions, 50 µl of 1 mg/ml vesicles or rHDL was prepared with 
2 mol% Texas Red-DHPE and allowed to incubate in PBS-sub-
merged cells for 2 h, then rinsed. Cell incubations were performed 
at elevated temperatures to ensure DMPC was in the fl uid phase. 

 rHDL, CTB, and cell incubations 
 To test for rHDL-cell interactions, cells were transferred from 

their growth medium to laboratory petri dishes containing PBS, 
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are summarized in  Table 1 . By embedding a donor fl uoro-
phore in the lipid bilayer (DPH) and attaching a fl uores-
cent acceptor (FITC) to the protein toxin, association of 
CTB with the lipid surface can be tracked by monitoring 
the decrease in donor emission ( Fig. 2B ). Note that this 
technique allows calculation of an apparent or effective 
equilibrium constant only and does not account for mono- 
or polyvalency (see supplementary data for additional 
information).  Table 1  also presents estimates for the num-
ber of receptor molecules per contiguous mesophase, 
namely, vesicle or rHDL, for comparison. There are at 
least two noteworthy features in these data, which are dis-
cussed below. 

 First, for vesicular confi gurations, the effective binding 
constants are in a narrow range of 4–11 × 10 6  M  � 1  These 
values are in good general agreement with previous stud-
ies where comparable vesicular or planar bilayer confi gu-
rations were employed ( 31, 34 ). Although it is notable 
that depending on the exact geometry of the experiment 
and specifi c types of receptor and ligand components 
used (e.g., soluble versus insoluble, labeled versus un-
labeled, planar versus spherical), differences of two to 
three orders of magnitude in binding affi nities have been 
observed ( 34 ). 

 Second, a closer inspection reveals that for increasing 
receptor concentration (or number of receptors per sin-
gle vesicle), the binding constants display a small but un-
mistakable drop. This decrease is consistent with, but does 
not independently establish that the aforementioned GM1 
clustering may inhibit CTB binding for elevated receptor 
concentrations. 

 Most importantly, however, it is immediately observable 
from our data that binding to rHDL is 3- to 5-fold higher 
than for corresponding compositions in vesicles. A recent 
study by Borch et al. ( 35 ) has shown the binding of chol-
era toxin to synthetic lipoprotein immobilized on active 
planar surface plasmon resonance (SPR) surfaces. Consis-
tent with our fi ndings, they note a difference in the 
equilibrium constant of cholera toxin binding to lipopro-
tein versus planar-supported bilayers deposited on SPR 
surfaces. Our results confi rm their proposition and the in-
fl uence of the membrane microenvironment on receptor-
ligand interactions. This difference in binding affi nities 
for identical GM1 concentrations in vesicular and rHDL 
environments can be ascribed to three primary effects of 
the microenvironment on toxin binding. First, GM1 within 
laterally unconstrained phospholipid bilayers (e.g., vesi-
cles) is known to exhibit a strong tendency for lateral ag-
gregation. These self-segregating clusters are known to be 
present in free bilayers at GM1 concentrations as small as 
0.1 mol% ( 25 ). As discussed above, this lateral clustering 
can be expected to decrease the amount of GM1 available 
for binding. The compact lipid platform of rHDL, how-
ever, signifi cantly restrains receptor aggregation. The size 
of rHDL is signifi cantly smaller than the 20–30 nm GM1 
cluster diameter, previously reported in AFM scans of sup-
ported bilayers, thus restricting the largest possible cluster 
size ( 25 ). Second, following initial monovalent attachment 
of CTB, binding of additional receptors is hindered due to 

 RESULTS AND DISCUSSION 

 A fl uorescence-microscopy-based assay comparing bind-
ing in GM1-decorated supported bilayers with substrate-
immobilized rHDL (  Fig. 3  ) provides preliminary support 
for our approach. Subsequent vesicle fusion of the same 
lipid composition present in the rHDL completes the 
preparation of the sample. From the line scan across both 
regions of rHDL (inside squares) and fl uid bilayer (out-
side squares), there is a 2- to 3-fold increase in fl uores-
cence due to CTB binding in the rHDL region. These 
initial fi ndings suggest that GM1 binds a greater amount 
of CTB when it is incorporated in rHDL. Furthermore, the 
saturating concentration of CTB ensures that the resulting 
fl uorescence can be interpreted as an improvement in the 
association constant (i.e., more CTB-GM1 bonds are 
formed per GM1 molecule). 

 Stern-Volmer ( 29 ) analysis of FRET-quenching data col-
lected from a self-consistent set of systematically varied, 
physiologically relevant GM1 concentrations (0.25, 0.50, 
1.0, and 5 mol%) in vesicular and rHDL confi gurations 

  Fig.   3.  CTB-GM1 binding in surface-supported membranes. A: 
UV patterning enables a side-by-side comparison of Texas Red-
labeled cholera toxin binding to 1 mol% GM1 supported in a fl uid 
DMPC bilayer (outside squares) versus rHDL supports (inside 
squares). B: A plot of the fl uorescence intensity along the line 
shown, indicates a 2- to 3-fold increase between the region inside 
and outside of the squares. CTB, cholera toxin subunit B; DMPC, 
1,2-dimyristoyl-sn-glycero-3-phosphocholine; GM1, monosialo -
t etrahexosylganglioside.   
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increased association constant, both of which are evident 
in the data ( Table 1 ). 

 Before discussing our measurements of toxin-cell inter-
actions in the presence of GM1-laden rHDL decoys, we 
present control experiments designed to characterize in-
teractions between rHDL and cells. Epifl uorescence im-
ages reveal that fl uorescently labeled rHDL and even 
vesicles sans GM1 (DMPC only), show signifi cant interac-
tion with RPE cells (  Fig. 4  ). Of concern is the markedly 
higher fl uorescence intensity in samples prepared with 
rHDL. Class B scavenger protein (a lipoprotein-binding 
protein) exists in the plasma membrane of RPE cell types 
and is thought to be responsible for intraretinal choles-
terol transport ( 41–43 ). As high-density lipoprotein are 
known for their role in reverse cholesterol transport ( 44 ) 
(RCT), a physiological system designed to protect against 
atherosclerosis, it is not surprising to fi nd interactions be-
tween RPE cells and rHDL. Whether rHDL are traffi cked 
into the cells through an endocytotic process or simply 
bind to the cellular membrane is not discernable here. 
However, note that interactions between carrier rHDL 
and cells have a potential to compromise the protective 
potential of engineered lipoprotein, especially in cases 
where host cells contain lipoprotein-binding proteins. 

 By fl uorescently labeling both toxin and protector, the 
location of each species after incubation can be identifi ed. 
From the obtained images, rHDL samples show very little 
fl uorescence after incubation and rinsing (  Fig. 5B , D ) rel-
ative to those prepared without any preventative measures 
( Fig. 5E ). Of particular note is the ease with which toxin is 
removed from the cell’s surroundings. Simple solution ex-
change after incubation is suffi cient to prevent invasive 
binding while leaving the cells unharmed, as evidenced by 
the lack of fl uorescence and persistence of healthy cell 

 a ) reduced lateral mobilities in rHDL confi guration as es-
tablished by their effectively higher transition tempera-
tures ( 36, 37 ) and  b ) the distribution of GM1 across 
multiple independent particles (the rHDL platform repre-
sents a signifi cant steric impediment to a two-particle in-
teraction). Third, there is signifi cant evidence that suggests 
molecular fl exibility of the receptor molecules within the 
membrane can infl uence binding interactions ( 38, 39 ). 
Phospholipids encased in reconstituted HDL display an 
elevated and broadened phase transition ( 36, 40 ) (also see 
supplementary data). It is possible that this increased 
membrane rigidity within the rHDL particle ensures the 
GM1 sugar moiety into a conformation that is more ame-
nable to CTB binding. The reduced molecular fl uidity, 
combined with the diminished clustering and cross-link-
ing, should lead to more CTB-rHDL interactions and an 

  Fig.   5.  Localization of toxin and decoy after incubation. Fluorescently-labeled lipid particles and cholera 
toxin B with human retinal pigment epithelial cells. Cells appear in gray with NBD-labeled rHDL in green, 
Alexa594-CTB in red, and FITC-CTB in cyan ( E  only). FITC-CTB was used for experiments involving only 
one fl uorophore while Alexa594-CTB was used for experiments requiring multiple fl uorophores to allow 
imaging of each probe on a separate channel. All images are contrast enhanced in a standardized fashion 
and captured at 10× magnifi cation. CTB, cholera toxin subunit B; FITC, fl uorescein-isothiocyanate; GM1, 
monosialotetrahexosylganglioside.   

  Fig.   4.  Interaction of cells with vesicles and rHDL separately. 
Equal concentrations of fl uorescently-labeled lipid particles are in-
cubated for 4 h with RPE cells. POPC 100 nm diameter unilamellar 
vesicles with 2 mol% Texas Red-DHPE (A) and reconstituted HDL 
composed of apoA-I, DMPC, and 2 mol% Texas Red-DHPE (B) 
both show some association with cells. All images obtained at 
10× magnifi cation. ApoA-I, apolipoprotein A-I; DHPE, 1,2-dihexa-
decanoyl-sn-glycero-3-phosphoethanolamine, triethyl-ammonium 
salt; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine.   
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rHDL to present receptors in a near-native environment 
and in a manner amenable to measurement with tradi-
tional biophysical techniques. As demonstrated here, the 
lipoprotein confi guration enhances the effective interac-
tion between toxin and receptor, due to the interplay be-
tween ligand-receptor affi nity and the physical properties of 
the lipoprotein scaffold (namely, attenuation of receptor 
aggregation, cross-linking, and receptor conformation). In 
terms of a potential therapy, preliminary results from the 
incubation of GM1-laden rHDL with CTB and mammalian 
cells are encouraging. While our work describes application 
for a single ligand-receptor combination, we anticipate this 
platform could be of broad use in a variety of systems.  
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