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Nitric oxide (NO) signaling is inextricably linked to both its
physical and chemical properties. Due to its preferentially
hydrophobic solubility,NOmolecules tend topartition fromthe
aqueous milieu into biological membranes. We hypothesized
that plasmamembrane ordering provided by cholesterol further
couples the physics of NO diffusion with cellular signaling. Flu-
orescence lifetime quenching studies with pyrene liposome
preparations showed that the presence of cholesterol decreased
apparent diffusion coefficients of NO �20–40%, depending on
the phospholipid composition. Electrochemical measurements
indicated that the diffusion rate of NO across artificial bilayer
membranes were inversely related to cholesterol content. Sterol
transport-defective Niemann-Pick type C1 (NPC1) fibroblasts
exhibited increased plasma membrane cholesterol content but
decreased activation of both intracellular soluble guanylyl
cyclase and vasodilator-stimulated phosphoprotein (VASP)
phosphorylation at Ser239 induced by exogenous NO exposure
relative to their normal human fibroblast (NHF) counterparts.
Augmentation of plasma membrane cholesterol in NHF dimin-
ished production of both cGMP and VASP phosphorylation
elicited byNOtoNPC1-comparable levels. Conversely, decreas-
ing membrane cholesterol in NPC1 resulted in the augmenta-
tion in both cGMP and VASP phosphorylation to a level similar
to those observed inNHF. Increasing plasmamembrane choles-
terol contents in NHF, platelets, erythrocytes and tumor cells
also resulted in an increased level of extracellular diaminofluo-
rescein nitrosation following NO exposure. These findings sug-
gest that the impact of cholesterol on membrane fluidity and
microdomain structure contributes to the spatial heterogeneity
of NO diffusion and signaling.

As a small sized gaseous free radical, nitric oxide (NO)2 pre-
sents unique challenges toward understanding the nature of its

signaling in biological systems. Numerous levels of regulation
at the level of nitric oxide synthase catalysis influence the rate of
NO generation. Spatial localization of the biological signal is
secondarily determined by a combination of the distinct phys-
ical and chemical properties of NO within the context of the
microenvironment in which it was formed. The lifetime of NO
molecules is governed chiefly by their relative abundance in
relation to other radicals (1, 2), transition metal centers (3, 4),
and oxygen (O2) (5, 6). In addition to its very small size, the
diffusional path of NO from the point of origin is affected by its
preferentially hydrophobic solubility (7, 8), resulting in an
enrichment of NO in biological membranes relative to the
aqueous milieu. In the present work, the hypothesis that cells
may utilize plasma membrane cholesterol to further orches-
trate spatial heterogeneity in NO biological signaling activity
was tested.
Cholesterol, a major lipid component of the plasma mem-

brane in eukaryotic cells, plays an essential role in maintaining
membrane fluidity and architecture (9–11). Cells tightly con-
trol the ratio of cholesterol and phospholipids inmembranes to
best suit their biological functions. Within the plasma mem-
brane, cholesterol segregated with sphingolipids and selective
proteins form distinct lipid raft complexes that act as ordered
platforms for communicating signals into and out of cells (12).
Dysregulation of cholesterol synthesis and transport acts as a
contributing factor to pathophysiological changes (13–17),
which are of particular importance in cardiovascular disease,
chronic inflammation, and lipid disorders such as Niemann-
Pick disease. The influence of cholesterol on NO diffusion was
directly quantified in liposomal and artificial bilayer prepara-
tions. Soluble guanylyl cyclase (sGC) activation, VASP phos-
phorylation (Ser239), and extracellular diaminofluorescein
(DAF) nitrosation were used to investigate the effect of cellular
plasma membrane cholesterol content on NO signaling
dynamics. Taken together, these data show that plasma mem-
brane cholesterol content modulates the level and type of NO
signaling; pathological alterations in levels and distribution of
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cellular cholesterol may constitute a mechanism of errant NO
signaling.

EXPERIMENTAL PROCEDURES

Tris base, EDTA, phenylmethylsulfonyl fluoride, NG-
monomethyl-L-arginine, diaminofluorescein diacetate, dimyr-
istoylphosphatidylcholine, dipalmitoylphosphatidylcholine,
cholesterol, Dulbecco’s modified Eagle’s medium, diethylami-
netriamine pentaacetic acid (DTPA), hemoglobin, sodium
dithionite, malachite green, ammonium molybdate, and per-
formic acid were obtained from Sigma. Alexa 532 succinimidyl
ester and the Amplex Red cholesterol assay kit were obtained
from Invitrogen. 1-Hexadecanoyl-2-(1-pyrenedecanoyl)-sn-
glycero-3-phosphocholine was from Cayman Chemicals (Ann
Arbor, MI). Mn(III)tetrakis(1-methyl-4-pyridyl) porphyrin
pentachloride (Mn(III)TMPyP) was from Cedarlane Laborato-
ries (Hornby, Canada). The cGMP enzyme immunoassay kit
was from Amersham Biosciences. NO (gas), 10% with argon
balance (BOC Gases, Mississauga, Canada), was purified by
bubbling though 1 MKOH solution and used directly for exper-
iments or dissolved in deoxygenated PBS with 500 �M DTPA
and quantified spectrophotometrically by a hemoglobin assay
as previously described (18). Normal human fibroblasts
(HFF-1) and MCF-7 mammary epithelial cells (HTB-22) were
obtained from ATCC (Manasass, VA), and NPC1 fibroblasts
(GM17923) were from the Coriell Cell Repository (Camden,
NJ). Cells were maintained in Dulbecco’s minimal essential
medium supplementedwith 10% fetal calf serum and cultivated
at 37 °C under an atmosphere of 5% CO2. Erythrocytes and
platelets were isolated from freshly drawn whole blood by dif-
ferential centrifugation as indicated.
NO Diffusion Measured by Quenching of Excited State

Pyrene-labeled Membrane Lipids—The interaction of excited
state pyrene moieties with paramagnetic species, such as NO
and O2, are diffusion-controlled processes (19) and have previ-
ously been used to monitor the diffusion of nitric oxide in
hydrophobic environments, allowing determination of appar-
ent diffusion coefficients (20–22).We thus prepared liposomes
of either dimyristoyl- or dipalmitoylphosphatidylcholine in the
presence or absence of 33mol% cholesterol dopedwith 1-hexa-
decanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine
as previously described. Briefly, KOH-scrubbed nitric oxide
from a 10% gas mixture (balance argon) was bubbled into oxy-
gen-free liposome samples in sealed cuvettes equilibrated to
37 °Cwhilemonitoring fluorescence quenching (�ex � 337 nm,
�em � 376 nm) in a Cary Eclipse fluorescence spectrometer
(Cary Eclipse, Varian, Mississauga, Canada). 10-�l aliquots
were removedwith a gas-tight syringe, andNOwas determined
by an NO-specific electrode and comparison with a standard
curve. Stern-Volmer plots were constructed by plotting the
fractional quenching observed against the measured [NO] for
not less than five replicate runs each with a coefficient of line-
arity �0.95. Quenching constants (kq) were then determined
from the slope (kq � ksv/�) using previously published fluores-
cence lifetimes (�o) of 178 and 194 ns for DMPC and DMPC-
cholesterol and 163 ns in DPPC and 178 ns in DPPC-choles-
terol (23). Diffusion coefficients (D) were calculated from the
Einstein-Smoluchowski equation (kq � 4�RDN) (20), (where R

represents the sum of the molecular radii (6 � 108 cm�1) (19)
and N is Avogadro’s number) and subsequently used to calcu-
latemembrane transit times using the equation �x�2 � 2Dt (24).
NO Diffusion in a BLM Chamber—The BLM chamber was

purchased fromEastern Scientific (Rockville,MD). The desired
ratios of cholesterol/phospholipid were prepared in decane in a
vial sealed with a septum and purged with N2 (gas). A 5-�l
aliquot of this solution was withdrawn and placed on the 1-mm
hole in the Teflon divider in the BLM chamber. Both sides of
the chamber were then filled with PBS at a rate of 500 �l/min.
The entire BLM chamber was maintained at 37 °C, and both
sides of the chamberwere stirredwith the aid ofmicro-stir bars.
The formation of the lipid bilayer was monitored by the satu-
ration of capacitance and by visual inspection. A constant
amount ofNO (gas) (ultrapure 1%, 99% argon), 200�l/min, was
metered out with a Matheson gas regulator (FM-1050) and
introduced to one side of the chamber. The amount of NO (aq)
diffusing through the BLMwasmeasuredwith anNOelectrode
(WPI, Inc.) as a function of time and recorded digitally via
Duo-18 software (WPI).
Synthesis, Purification, and Alexa 532 Labeling of PFO-

D4—Plasmid pRT10 containing the perfringolysin O gene
(pfoA) was used to construct the pfoA derivative D4 encoding
theC-terminal region of the toxin. TheDNA fragment contain-
ing the D4 (Lys391–Asn500)-encoding region was PCR-ampli-
fied using pRT10 plasmid as the template and ligated into the
pTrcHisB expression vector, inserting it between the BamHI
andKpNI restriction sites on the 3�-end of the sequence encod-
ing the His tag site. The polymerase chain reaction primers
used were as follows: forward primer, 5�-CCCGGATCCGTC-
TACAGAGTATTCTAAGG-3�; reverse primer, 5�-CCCGG-
TACCGGATTGTAAGTAATACTAGATCC-3�.
His-tagged PFO-D4 was isolated on a Ni2	 affinity column

after successive washes totaling 8 column volumes with 30 mM
imidazole in 100 mM Tris buffer, pH 8.0. PFO-D4 was eluted
with 100 mM imidazole in pH 8.0 100 mM Tris buffer and con-
centrated, and purity was demonstrated to be �95% by image
analysis on a 15% SDS-polyacrylamide gel. Isolated PFO-D4
extensively dialyzed and labeled overnight with a 5-fold molar
excess of Alexa 532 succinimidyl ester (� � 81000 liters mol�1

cm�1) at 4 °C, separated from unreacted dye on a Sephadex-
G25 column, and the extent of labeling was calculated as the
molar ratio of dye to protein.
Preparation of Cholesterol-loaded Cyclodextrin—Cyclodex-

trin was charged with cholesterol as per previously described
methods (25).
Modulation of Cellular PlasmaMembraneCholesterol—Cel-

lular cholesterol was augmented by treatment with cholesterol-
loaded methyl-�-cyclodextrin (M�CD) adduct. In brief, sus-
pensions of 106 trypsinized cells in PBS containing 500 �M
DTPA were incubated with 100 �M adduct (determined on the
basis of cholesterol by enzymatic assay) for 15 min with gentle
nutation. Alternately, cellular cholesterol could be depleted
using either apo-M�CD or cholesterol oxidase. Thus, 106 cells
in suspension were incubated with either 5 mM M�CD for 1 h
or 2 units/ml cholesterol oxidase for 15min at 37 °Cwith gentle
rotation. Following cellular treatment, cholesterol-modulating
agents were removed, and cells were used for experimentation.
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Imaging of Cellular Plasma Membrane Cholesterol with
Alexa 532-labeled PFO-D4—Cells on coverslips were fixed for
15 min at room temperature with 2% paraformaldehyde in
HEPES buffer, washed three times, and stained with 400 nM
Alexa 532-labeled PFO-D4 for 30minwith gentle shaking. Cells
were washed again three times and imaged on an Axiovert epi-
fluorescencemicroscopewith 535 nm/550nmexcitation/emis-
sion under identical exposure conditions. Images were pseudo-
colored red using Northern Eclipse 6.0 imaging software, and
the average intensity per unit of cell area was measured for
50–80 cells fromnot less than three independent slides of cells.
Isolation and Characterization of NHF/NPC1 Plasma Mem-

brane Lipids—The cells of 3 T75 flasks at �85% confluence
were trypsinized and washed once with 100mMTris buffer, pH
7.4, and then once with 10 mM hypotonic Tris buffer, pH 7.4,
containing 2 mM EDTA and 1 mg of phenylmethylsulfonyl flu-
oride. A 1-ml suspension was then homogenized by 50 strokes
in a Dounce homogenizer. Mechanical disruption was verified
by microscopic inspection, and the homogenate was spun at
190 � g for 10 min. Subsequent isolation of plasma membrane
lipids was performed as previously described (16). Lipid sus-
pension isolated in buffer was extracted twice with 200�l of 1:1
MeOH/CHCl3 and back-extracted once with 1 MNaCl, and the
solvent was evaporated in a glass tube under a gentle stream of
nitrogen.
WesternAnalysis of PMProteins—10�g of protein from each

lipid suspension isolate was loaded into separate wells for res-
olution by SDS-PAGE. Proteinswere then transferred to a poly-
vinylidene difluoridemembrane and probed with primary anti-
bodies to transferrin receptor, PDI, and LAMP1, followed by
treatmentwith secondary antibodies conjugated to horseradish
peroxidase. The bands were visualized with a chemilumines-
cent horseradish peroxidase substrate (Pierce).
Phospholipid Analysis—Lipid film was dissolved in 200 �l of

HClO3 and digested for 60 min at 180 °C. Aliquots of the acid-
ified digest were mixed with malachite green and ammonium
molybdate, and the absorbance was measured at 630 nm using
previously published methods (26). Phosphorous concentra-
tion was interpolated from a standard curve, and phospholipid
content/106 cells was estimated by the following conversion
factor: [phospholipid] (�mol) � [phosphorous] (�mol) � 25.
Cholesterol Analysis—Lipid film was sonicated in 200 �l of

CHAPS/Triton/sodium cholate buffer, and cholesterol was
quantified using a cholesterol oxidase enzymatic assay (Invitro-
gen) and interpolation from a standard curve. In brief, solubi-
lized cholesterol is oxidized by cholesterol oxidase to the cho-
lest-4-en-3-one, producing hydrogen peroxide as a reaction
by-product. Cholesterol oxidase-mediated production of H2O2
is coupled to the oxidation of 10-acetyl-3,7-dihydroxyphenox-
azine to the highly fluorescent resorufin product by horseradish
peroxidase. Cholesterol determination was performed accord-
ing to themanufacturer’s instructions tomonitor resorufin for-
mation in a 96-well plate at 37 °C with an excitation/emission
couple of 545/595 nm on a PerkinElmer Life Sciences Victor 3
fluorescent plate reader.
cGMP Production and VASP Phosphorylation asMeasures of

Intracellular NO Signaling—Cells were cultivated to �85%
confluence and treated with 500 �M L-NMMA for 2 h to inhibit

endogenousNOproduction. The cells were incubated a further
2 min with the SOD mimetic Mn(III)TMPyP (5 �M) and
exposed to the NO donor DEA/NO (1 �M and 3 �M) and left
undisturbed for 10min in the incubator. Cells were trypsinized,
collected, washed oncewith PBS containing 500�MDTPA, and
counted. After being adjusted for cell density (�5 � 105 cells/
ml), the cells were centrifuged and lysed with buffer contain-
ing phosphodiesterase and protease inhibitors. The lysates
were then analyzed for either cGMP with an enzyme immu-
noassay kit (Amersham Biosciences) or VASP and phospho-
VASP by Western immunoblotting with VASP and phos-
pho-VASP (Ser239) antibodies (Cell Signaling Technologies,
Danvers, MA).
Measurement of NOx-mediated Extracellular Nitrosation by

Cell-impermeant DAF—NO uptake and metabolism to species
capable of nitrosating DAF was also monitored by the reaction
of extracellular DAF-2 with NO supplied by exogenous NO
donor in the presence of intact cells. Cells are capable of acting
as “NO sinks” and will take up a portion of NO from an extra-
cellular donor, thus preventing its reaction with a NOx-sensi-
tive fluorophore, such as DAF-2. This approach has the addi-
tional benefit of circumventing potential intracellular
interferences, which can contribute to artifactual DAF-2T sig-
nals (27–29). Adherent NHF and NPC1-deficient fibroblasts
and MCF-7 cells were trypsinized, collected, and washed once
with and suspended in PBS containing 500 �M DTPA. Human
red blood cells and platelets were isolated from whole blood by
differential centrifugation and suspended in PBS containing
500�MDTPA. Cells were suspended to a final concentration of
10�MDAF-2 in a fluorescentmicroplate, and countswere opti-
mized to consume �50% of delivered NO upon the addition of
250 nM DEA/NO. Membrane cholesterol was then augmented
or depleted as indicated above. Cell viability following treat-
ment was measured by a trypan blue exclusion assay to be
greater than 90% in all cases. Excess cholesterol adduct, cyclo-
dextrin, or enzyme was removed, and cells were suspended in a
10 �MDAF solution in PBS containing 0.5 mM DTPA and then
treated with the 250 nM DEA/NO for monitoring of evolved
fluorescence over time in the wells of a 96-well microplate with
shaking at 37 °Cusing an excitation/emission couple of 485/515
nm, unless otherwise indicated.

RESULTS

Cholesterol Attenuates Rates of NO-induced Pyrene Quench-
ing in Liposomes—The interaction between excited state
pyrene moieties and paramagnetic species, such as NO and O2,
are diffusion-controlled processes (19) and have previously
been used to determine apparent diffusion coefficients ofNO in
hydrophobic environments (20–22). Preparations of pyrene
fluorochrome encapsulated with either dipalmitoylphosphati-
dyl choline (DPPC) and dimyristoylphosphatidyl choline
(DMPC) liposomes were exposed to NO gas while sealed in
cuvettes under anaerobic conditions. NO diffusion into the
liposomewas represented by fluorescence quenching of excited
state pyrene molecules. These data were expressed as a Stern-
Volmer (SV) relationship where the fractional quenching (Io/I)
obtained from fluorescence monitoring was plotted against the
measured concentration of NO (Fig. 1, A and B). The addition
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of cholesterol (33 mol %) to either DPPC or DMPC liposomes
resulted in a 28 and 29%decrease, respectively, in the slope (Ksv)
of Stern-Volmer plot indicating a decrease in NO collisions
with pyrene moieties within the lipid phase. The bimolecular
quenching constant (kq) for each liposome preparation was
determined by dividing the Ksv for each experiment by the pre-
viously published fluorescence lifetime (�o) for each liposome
mixture: kq � Ksv/�o. Apparent diffusion coefficients for NO
were then estimated from the Einstein-Smoluchowski equation
(24). These calculations indicated that the presence of choles-
terol in DPPC and DMPC liposomes decreases the diffusion
constants by �24 and �38%, respectively, suggesting a sub-
stantial influence of cholesterol over the diffusion of NO in a
liposome environment (Table 1).
Diffusion of NO across Bilayer LipidMembranes Decreases as

a Function of Increasing Cholesterol—ANO-sensitive electrode
was used to directly measure the relationship between choles-
terol content and the rate of NO diffusion through an artificial
bilayer membrane (BLM). A BLM composed of DPPC was pre-
pared on a 1-mm hole in the gas-impermeable Teflon divider
between two chambers containing phosphate-buffered saline
(pH 7, 37 °C, stirring). The steady-state electrochemical signal
recorded after the introduction ofNO (1%, 200�l/min) into the
chamber opposing the electrode gave a trans-BLM membrane
diffusion rate VNO of 0.0115 
 0.00185 nmol of NO/min (Fig.
2). Under otherwise identical conditions, trans-BLM VNO
decreased nonlinearly with increasing concentrations of cho-
lesterol to 50% of the maximum VNO at �17 mol % bilayer
cholesterol content. The absence of linearity may be attributed
to inhomogeneities in membrane structure induced by choles-
terol rather than the effects of bulk cholesterol in the mem-
brane. Taken together, these experiments provided readily
quantifiable data showing that NO transit through membranes
decreased as a function of cholesterol content.
Niemann-Pick C1, Normal Human Fibroblasts, and Methyl-

�-cyclodextrinDepletion/Repletion as aModel System forAlter-

ing Cellular Cholesterol Plasma Membrane Content—NPC1
fibroblasts have been shown to exhibit a marked increase in
plasma membrane cholesterol content (16) and decreased
membrane fluidity relative to normal human fibroblasts (16,
17). Consistent with these reports, plasma membranes isolated
from NPC1 fibroblasts were found to contain �2-fold higher
total cholesterol content relative to NHF, whereas a similar
level of resident proteins (data not shown) and phospholipid
content was present in both cell types (Fig. 3A). Microscopic
visualization of cells labeled with perfringolysin domain 4
(PFO-D4)-specific probes that bind to cholesterol-enriched
lipid raft microdomains (30) revealed two distinctive pheno-

FIGURE 1. Quenching of pyrene phospholipids in liposomes. Stern-Volmer plots were obtained for deoxygenated suspensions of both DPPC (A) and DMPC
(B) liposomes doped with 0.01 mol % 1-hexadecanoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphocholine in the presence (filled squares) and absence (hollow
squares) of 33 mol % cholesterol containing 1.35 �mol of total lipid. Experiments were conducted at 37 °C in PBS with 500 �M DTPA and illustrate the fractional
quenching (Io/I) of the excited state pyrene moiety at various [NO] in the presence and absence of cholesterol.

FIGURE 2. Cholesterol-dependent NO diffusion through an artificial
bilayer. Rates of NO diffusion across the BLM as a function of BLM-cholesterol
composition (mol %) (n � 12 for each [cholesterol]).

TABLE 1
Effect of cholesterol on the measured diffusion coefficients and
resultant membrane transit times

kq D (quencher) Transit time
M�1 s�1 cm2 s�1 �s

DPPC 3.07 � 109 6.76 � 10�6 1.48
DPPC 	 30% cholesterol 2.25 � 109 4.95 � 10�6 2.02
DMPC 5.06 � 109 1.11 � 10�5 0.89
DMPC 	 30% cholesterol 3.61 � 109 7.95 � 10�6 1.25
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typic patterns (Fig. 3, B–E). In contrast to the punctate staining
of NHF, NPC1 fibroblasts exhibited a uniform distribution
across the surface of the plasma membrane. In agreement with
the isolated plasma membrane data, average intensity of
PFO-D4 labeling per cell was 3.7-fold greater on NPC1 fibro-
blasts relative to NHF (Fig. 3F).
M�CD is a water-soluble cyclic oligosaccharide that either

accepts or transfers a cholesterol molecule through interaction
with the plasma membrane (23, 25). The capability to reverse

the cholesterol phenotype of both
NHF and NPC1 fibroblasts with
M�CD was assessed by PFO-D4
labeling. Fig. 3, C and F, shows
PFO-D4 labeling on NHF exposed
to M�CD-cholesterol (100 �M, 1 h,
37 °C) increased in uniformity and
intensity. NHF fractionation analy-
sis revealed that M�CD-cholesterol
resulted in a 4.25 
 0.25-fold
increase in plasma membrane cho-
lesterol. The converse was evident
with NPC1 fibroblasts M�CD
alone, resulting in a 2.7-fold de-
crease in PFO-D4 staining intensity
(Fig. 3, D and F).
Cellular Plasma Membrane Cho-

lesterol Content Shifts the Threshold
for NO Activation of Cytoplasmic
Soluble Guanylyl Cyclase and the
Downstream cGMP-dependent
Phosphorylation of VASP—The
NHF and NPC1 fibroblast model
system was used to test the hypoth-
esis that cholesterol levels in cellular
plasma membranes affect NO sig-
naling of intracellular targets. Acti-
vation of cytoplasmic sGC was uti-
lized as a sensitive biosensor for
changes in the level of extracellular
NO diffusion through the plasma
membrane. The contribution from
endogenous NOS activity was
negated by the presence of the NOS
inhibitor NG-monomethyl-L-argi-
nine (500 �M). The levels of cGMP
that accumulated in response to
exogenous 1 and 3 �M DEA/NO
exposures were 64% lower (*, p �
0.001; two-tailed t test) and 52%
lower (*, p � 0.001; two-tailed t
test), respectively, in NPC1 fibro-
blasts in comparison with that
observed in an equivalent number
of NHF (Fig. 4). When NHF were
treated with M�CD-cholesterol to
augment plasma membrane choles-
terol to NPC1-equivalent levels,
production of cGMP elicited by

subsequent DEA/NO exposure was similar to NPC1 fibroblast
responses (Fig. 4, white to gray bars). M�CD-cholesterol treat-
ment decreased NHF cGMP levels 72% (**, p � 0.001; two-
tailed t test) and 81% (**, p � 0.001; two-tailed t test) following
either 1 or 3 �MDEA/NO exposure, respectively. In the reverse
experiment, decreasing the plasma membrane in NPC1 by
M�CD treatment increased cGMP production by 2.9-fold (***,
p � 0.001; two-tailed t test) and 2.3-fold (***, p � 0.001; two-
tailed t test) in response to 1 and 3�MDEA/NO, respectively. In

FIGURE 3. PM cholesterol of NHF versus NPC1 fibroblasts by fluorescence imaging of D4 labeling and
analysis of lipid isolates. Fixed normal (A) and NPC1-deficient fibroblasts (C) stained with 400 nM Alexa
532-labeled D4 and imaged under identical exposure conditions exhibited cholesterol-dependent fluores-
cence. Normal human fibroblasts repeatedly stained less intensely than their NPC1-deficient counterpart.
Importantly, treatment of NHF with 100 �M cholesterol-loaded M�CD was associated with an increase in
cellular staining (B) and staining observed in NPC1-deficient cells could be largely abrogated by treatment with
10 mM M�CD prior to fixation (D). Data taken from 3–5 independently stained cell populations are summarized
numerically from average intensities per cell for at least 50 cells (E). Error bars, S.D. *, p � 0.005 compared with
NHF; **, p � 0.001 compared with NPC1; two-tailed t test. Cholesterol and phospholipid levels were deter-
mined from plasma membrane isolates obtained by sucrose gradient ultracentrifugation and are representa-
tive of two separate experiments with error bars showing S.D. (F).
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contrast, when the plasma membrane was ruptured by cellular
lysis immediately prior to DEA/NO exposure, NPC1 produced
91% (1 �M DEA/NO) and 93% (3 �M DEA/NO) of the cGMP
produced by NHF (Fig. 4). These data support the hypothesis
that plasma membrane cholesterol levels can modulate the
degree of cytoplasmic sGC activation by NO.
These data were extended to test whether variations in

plasma membrane cholesterol affected downstream cGMP-
mediated signaling. VASP is an actin-binding regulatory pro-
tein that is a substrate for both cGMP-protein kinase (at Ser239)
and cAMP-protein kinase (at Ser157) (26–34). Consistent with
cGMP data (Fig. 4), VASP Ser239-phosphorylation in NPC1
cells exposed to DEA/NO (1 �M) was 40% less (*, p � 0.033,
two-tailed t test) than levels observed in an equal number of
identically treated NHF cells. Depletion of plasma membrane
cholesterol from NPC1 cells with M�CD resulted in a propor-
tionate increase in VASP Ser239-phosphorylation (38%; **, p �
0.087, two-tailed t test) following NO exposure. Conversely,
augmentation of plasma membrane cholesterol in NHF with
M�CD-cholesterol resulted in the attenuation VASP phos-
phorylation by 50% (p � 0.0034, two-tailed t test) (Fig. 5, A
and B). These results clearly demonstrate that plasma mem-
brane cholesterol content can influence NO engagement
with intracellular targets, such as sGC, thereby modulating
downstream signaling through cGMP-protein kinase and
VASP phosphorylation.
Plasma Membrane Cholesterol Can Influence Formation of

Extracellular Nitrosating Species—An inverse relationship
between plasma membrane cholesterol concentration and
intracellular NO penetration was evident. We predicted that
relatively higher levels ofmembrane cholesterol would result in
an increased abundance of NO in the extracellular medium,
thereby enhancing formation of the nitrosating species N2O3

through the autooxidation of NO. To test this hypothesis, cell
suspensions were exposed to NO in the presence of extracellu-
lar 4,5-diaminofluorescein (31), and the formation of nitrosated
fluorescent DAF-triazole product was monitored. The forma-
tion of DAF-triazole following the addition of exogenous NO
(250 nM DEA/NO) to buffer alone or in the presence of either
NHF or NPC1 fibroblasts is shown in Fig. 6A. These data indi-
cated a higher level of extracellular DAF nitrosation elicited by
NO autooxidation in the presence of NPC1 fibroblasts com-
pared with NHF. DAF nitrosation was modestly increased
12.9 
 7.1% (p � 0.05) when NHF cells were augmented with
M�CD-cholesterol and washed prior to NO exposure (Fig. 6B).
Similar enhancement of extracellular DAF nitrosation was
observed with M�CD-cholesterol-treated platelets relative to
corresponding untreated control cells during NO exposure
(	28.0 
 7.7%; p � 0.001). In the converse experiment, deple-
tion of NPC1 plasmamembrane cholesterol (�33.2 
 1.4%) by
incubation in cholesterol oxidase (0.2 units/ml, 37 °C, 15 min)
followed by washing and suspension in DAF-containing buffer
resulted in a 25 
 14.2% decrease in DAF-triazole yield follow-
ing NO exposure (p � 0.05 versus noncholesterol oxidase-
treated NPC1).
Subtle changes in the dynamics between NO and superoxide

can modulate the character of oxidative and nitrosative reac-
tion pathways (32). Control experiments were performed to
test whether M�CD-cholesterol treatment was influencing

FIGURE 4. Differential cGMP response of NHF and NPC1 fibroblasts to
exogenous NO. Cyclic guanosine monophosphate was measured by an
enzyme immunoassay following stimulation of NHF (white bars) and NPC1-
deficient fibroblasts (black bars) with the NO donor DEA/NO (1 and 3 �M).
Shown is a comparison of [cGMP] in NPC1 fibroblasts with that observed in an
equivalent number of NHF (*, p � 0.001; two-tailed t test); n � 3. Also shown
is a comparison of [cGMP] in M�CD-cholesterol-treated NHF with NHF (white
to gray bars; **, p � 0.001; two-tailed t test) and a comparison of [cGMP] in
M�CD-treated NPC1 with NPC1 (gray to white bars; ***, p � 0.001; two-tailed
t test); n � 3. In addition, [cGMP] levels in response to DEA/NO (1 and 3 �M)
were compared in cell lysates of equal numbers of NHF and NPC1. Error bars,
S.D.

FIGURE 5. Differential VASP Ser239 phosphorylation response of NHF and
NPC1 fibroblasts to exogenous NO. A, the amount of VASP and phospho-
Ser239 VASP was estimated from Western immunoblots using equivalent
numbers of NHF (lanes 1–3) and NPC1-deficient fibroblasts (lanes 4 – 6)
probed with antibodies for phospho-VASP (P-VASP), VASP, and aldolase
(loading control) in separate blots, subsequent to the exposure of the cells to
DEA/NO (1 �M) (lanes 2, 3, 5, and 6), NHF pretreated with M�CD-cholesterol
(lane 3), or NPC1 pretreated with M�CD (lane 6). B, density plots of P-VASP
data from Fig. 5A. Comparison of phospho-VASP in NPC1 fibroblasts with that
observed in an equivalent number of NHF (*, p � 0.033; two-tailed t test); n �
2. Shown is a comparison of phospho-VASP in M�CD-treated NPC1 with NPC1
(gray to white bars; **, p � 0.087; two-tailed t test); n � 2. Also shown is a
comparison of phospho-VASP in M�CD-cholesterol-treated NHF with NHF
(white to gray bars; ***, p � 0.0034; 2-tailed t test); n � 2. Band density was
estimated with ImageJ (1.39t) software. Error bars, S.D.
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DAF-triazole yield by altering cellular superoxide formation.
Inclusion of either the enzyme superoxide dismutase (1 milli-
unit/ml) or porphyrin mimetic Mn(III)TMPyP (5 �M) did not
significantly alter the enhanced nitrosation profiles for DAF in
the buffer solutions in the presence of M�CD-cholesterol-
treated cells relative to their untreated counterparts. Collec-
tively, these data support the hypothesis that increased plasma
membrane cholesterol levels correspondingly decrease NO
entry into the cell, favoring a greater level of NO autooxidation
and nitrosation of DAF present in the extracellular medium.
Data from liposome and artificial BLM experiments showed

that increased cholesterol impedes diffusion of NO through
lipidmembranes (Figs. 1 and 2). Amodel systemusingNHFand
cholesterol-enrichedNPC1 fibroblasts was developed to exam-
ine whether plasma membrane cholesterol exerts influence on
NOsignaling in intact cells (Figs. 3–6). Comparative changes in
NO signaling could be partially reversed inNHForNPC1 fibro-
blasts by either increasing or decreasing respective membrane
cholesterol levels.

DISCUSSION

The aim of this study was to investigate whether plasma
membrane cholesterol levels can modulate NO diffusion and
cellular signaling. NO is generally held to traverse the plasma
membrane freely (33) and would thus exhibit an identical abil-
ity to interact with cytoplasmic targets, such as sGC, regardless
of membrane cholesterol content. However, results from our
experiments with liposomal membranes doped with NO-reac-
tive pyrene molecules revealed that NO diffusion rates were
inversely related to cholesterol content (Fig. 1). An �30%
decrease in the NO diffusion coefficient was observed with
DMPC liposomes bearing 30% cholesterol in comparison with
liposome composed of phospholipid alone, which mirrors pre-
viously obtained results regarding the net flux of O2 (34). Using
planar bilayers, as little as 17 mol % cholesterol was required to
decrease the transbilayer diffusion rate of NO 50%, whereas

increasing the cholesterol fraction
to 37 mol % resulted in a 75%
decrease in diffusion rates (Fig. 2).
The Fick-Einstein theory of diffu-

sion relates the size of a molecule to
its diffusion. Due to the very small
molecular radius of NO in compar-
ison with most molecules, NO is
predicted to move without hin-
drance between membrane moi-
eties (35). Changes in the physical
chemistry of membranes exerted by
cholesterol have been theorized to
occur in part through thermody-
namic condensation of cholesterol
with phospholipid acyl chains (36).
Formation of these short range
ordered complexes manifests a
change in membrane fluidity, lead-
ing to a more tightly packed bilayer.
Development dynamic spatial het-
erogeneities in the membrane

milieu may account for results showing lower diffusivity of NO
in relation to increased cholesterol (Figs. 1 and 2). Quantitative
evidence from our synthetic systems presented herein supports
the view that NO diffusion was sensitive to changes in local
structural conformability and membrane viscosity imposed by
increasing the molar fraction of cholesterol.
Data from synthetic liposome and BLM experiments raised

the possibility that cholesterol levels in cellular membranes
may have a significant impact on NO reactivity and signaling.
Niemann-Pick C1 disease is an autosomal-recessive neurovis-
ceral disorder characterized by defective endosomal choles-
terol trafficking due to NPC1 gene mutation (37). Analysis of
NPC1 fibroblasts revealed increased levels of plasma mem-
brane cholesterol (2-fold) and cholesterol-enriched lipid rafts
(3.7-fold) relative to NHF (Fig. 3). In support of the hypothesis,
cGMP levels elicited in NPC1 fibroblasts exposed to NO were
�50% lower than that observed in their NHF counterparts (Fig.
4). Importantly, synthetic enrichment of NHF plasma mem-
brane cholesterol (4-fold) by incubation with M�CD-choles-
terol adducts resulted in a similar (�80%) decrease in cGMP
elicited by NO compared with NHF with basal cholesterol (Fig.
4). Conversely, the depletion of plasma membrane cholesterol
fromNPC1 fibroblasts resulted in an�2–3-fold increase in the
amount of cGMP produced. Responses to NO by both NPC1
cells and NHF were within 93% of each other when plasma
membranes were ruptured prior to NO exposure. These data
are consistent with a diminished capability of exogenous NO
molecules to permeate cellular plasma membranes as a func-
tion of increased cholesterol content, whichwas directly related
to the activation of intracellular sGC.
Changes in membrane cholesterol were shown to influence

targets downstream of sGC, such as the protein kinase-G sub-
strate VASP, a mediator of cell motility, angiogenesis, vascular
permeability, and platelet aggregation (27, 28–45). Fig. 5 shows
that the level of VASPphosphorylation elicited byNOexposure
could be manipulated by either augmentation or depletion of

FIGURE 6. DAF nitrosation in the presence of NHF versus NPC1 fibroblasts; effects of plasma membrane
cholesterol modulation. Cell suspensions containing 5 � 105 cells/ml with 10 �M DAF were treated with 250
nM DEA/NO in quadruplicate in a microwell plate, and the evolved fluorescence was intermittently monitored
with shaking over the course of DEA/NO decomposition at 37 °C. Shown are representative traces from n � 3
experiments with errors bars calculated as the S.E. of n � 4 replicate samples and p � 0.001; two-tailed t test
comparing the extent of nitrosation in the presence of NPC1 versus normal human fibroblasts (A). Shown are
the collected results from experiments in which the membrane cholesterol was either enhanced (with 100 �M

M�CD-cholesterol) or depleted (with 0.2 units/ml cholesterol oxidase) in both NHF (black bars) and NPC1-
deficient cells (white bars). Shown are the collected results of maximum evolved fluorescence following com-
plete decay of NO donor from n � 3 experiments, with error bars calculated as the S.D. of n � 12 samples. *, p �
0.05 versus buffer-treated controls (gray bars); two-tailed t test. **, p � 0.05 in the case of cholesterol-enhanced
NPC1 cells; two-tailed t test (B).
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plasma membrane cholesterol. These results suggest that
hypercholesterolemia may globally infringe upon numerous
cGMP-mediated signaling pathways.
The spatial heterogeneity that cholesterol adds to the plasma

membrane may act to modulate sGC at several levels. Interest-
ingly, calcium promotes sGC association with plasma mem-
brane caveolae, specialized microdomains enriched with cho-
lesterol (18, 26, 46). Due to the steep response curve of sGC to
NO in the low nanomolar concentration range (28, 29), small
decreases in NO transit through the membrane imposed by
cholesterol could act to raise the threshold for sGC activation.
In this light, Schmidt and co-workers (46) found that mem-
brane-associated sGC exhibited an enhanced sensitivity to low
levels of NO, whereas maximal sGC activity in response to high
levels of NO was decreased in the membrane pool compared
with the cytoplasmic fraction. In contrast with our findings,
cholesterol depletion of endothelium-intact aortic rings by
M�CD treatment disrupted sGC, protein kinase G, and caveo-
lin-1 co-localization and impaired relaxation by sGC agonists
(26). These studies and the present data together illustrate that
plasmamembrane cholesterol is dynamically linked to sGC sig-
naling, with the direction and magnitude of its effect probably
determined by configurations unique to cell types and activa-
tion states.
In addition to altering the threshold for sGC activation, the

current study revealed that another consequence of plasma
membrane cholesterol hindrance of NO ingress was to shift the
chemical equilibrium for NO reactivity in the extracellular
medium. A remarkable feature of NO formation is that the end
effector nitrogen oxide species and biological outcomes can
vary, dependent upon the context of the environment in which
NOS catalysis occurs (32, 47). The findings showed that mem-
brane cholesterol was inversely related toNO ingress. This sug-
gested that increased plasmamembrane cholesterol could shift
the chemical equilibrium for NO reactivity in the extracellular
medium. The rate of NO autooxidation is related to the square
of NO concentration; therefore, an increased abundance of NO
per unit of time favors formation of the nitrosating species
N2O3 (6, 32, 48). NPC1 fibroblasts inherently ladenwith plasma
membrane cholesterol (Fig. 3) displayed an increased nitrosa-
tion of extracellular DAF probe during NO exposure relative to
NHF (Fig. 5). Moreover, converse results were obtained when
plasma membrane cholesterol was either depleted or aug-
mented in NPC1 andNHF cells, respectively. A 33% increase in
extracellular DAF nitrosation was also observed with M�CD-
cholesterol-loaded platelets during NO exposure relative to
control platelets (data not shown). These experiments suggest
that increased plasma membrane cholesterol content may
influence the biological fate of NOS catalysis and signaling by
shifting the balance from intracellular nitrosylation of heme
protein targets, such as sGC, to formation of N2O3 and nitro-
sation of extracellular nucleophile moieties. In addition,
hydrolysis of N2O3 to nitrite may decrease the overall aerobic
bioactivity from NOS catalysis.
Cholesterol has been reported to act as a barrier to O2 diffu-

sion in syntheticmembranes (50) as well as a determinant inO2
gradients in cellular systems (51). However, cholesterol effects
on O2 were probably a negligible component in DAF results,

because NO autooxidation is first order with respect to O2, and
experiments were conducted in an open system while stirring.
The possibility that cholesterolmanipulation in cellsmay result
in generation of superoxide anion, which, depending on its
ratio to NO, could account for the secondary formation of oxi-
dants or nitrosating species (32), was taken into consideration.
Differences in DAF-triazole yields were not observed with and
without inclusion of the superoxide oxide dismutase enzyme or
mimetic Mn(III)TmPyP in our cellular systems, ruling out a
potential contribution of superoxide to the findings.
Hypercholesterolemia is a risk factor in a wide range of

pathologies. Although data support the view that hypertension
may be influenced by cholesterol dysregulation at the level of
the caveolar architecture and its association endothelial NOS
isoform, resulting in diminished NO bioavailability or altered
NO signaling (52), the current work shows that cholesterol and
NO also interact directly at the physical chemical level in the
plasma membrane. It is important to note that the shift in the
balance of NO signals in NPC1 fibroblasts from intracellular
sGC nitrosylation toward extracellular nitrosation could
readily be reversed solely by cholesterol depletion (Fig. 4).
Whether cells utilize the local ordering effect of cholesterol to
impart spatial control over physiological NO signaling at the
membrane microdomain level remains a point for further
investigation.
Recent studies by Freeman and co-workers (53–56) have

demonstrated thatmembrane lipid raft density in cancer cells is
intimately related to cell survival, since the depletion of raft
cholesterol by statins increased the sensitivity of cancer cells to
apoptosis. The proapoptotic effects were eliminated with
replenishment of membrane cholesterol with M�CD-choles-
terol (53–56). Although many of the cholesterol-sensitive sig-
naling pathways are largely unknown, raft-resident protein
kinase B� (Akt1) (57) complexed with androgen receptor (58)
has been identified as a source of the antiapoptotic signaling in
prostate cancer cells. Relationships between cholesterol rafts
and statins are emerging in the etiology and treatment of neu-
rodegenerative diseases (49, 59–61). Our new findings show
that increased plasmamembrane cholesterol content raises the
threshold for exogenous NO to activate sGC and affect the
downstream protein kinase G target VASP (Fig. 5).
Therefore, this study raises the possibility that the physical

portioning of NO by membrane cholesterol rafts could be a
contributing factor in the pathobiology of diseases beyond
Neiman-Pick disorder, including cancer, neurondegeneration,
and cardiovascular diseases. The present findings in both syn-
thetic and live cell systems indicated that membrane choles-
terol concentration influenced the physical diffusant, reactive
chemistry, and cellular signaling qualities of NO.
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