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ABSTRACT: An assay detecting and quantifying cholesterol nucleation from low-density lipoproteins has
been established. Fo¨rster resonance energy transfer between dehydroergosterol and dansylated lecithin
becomes significantly alleviated as a consequence of conucleation of dehydroergosterol and cholesterol.
The assay, in combination with dynamic light scattering, absorbance spectroscopy, and fluorescence
microscopy, can be used to study aggregation and nucleation in model blood systems. Human plasma
LDL was labeled with dehydroergosterol and dansylated lecithin by incubation with donor multilamellar
liposomes and isolated by centrifugation. Exposure of labeled LDL (0.5 mg/mL of total lipids) to
sphingomyelinase (0.0-0.2 unit/mL) led to modest particle aggregation but produced no changes in energy
transfer and no crystallization. However, addition of sphingomyelinase produced significant particle
aggregation, nucleation, and crystallization, in a dose-dependent fashion, in samples that were previously
treated with the enzyme, cholesterol esterase (0.2 unit/mL). The combination of cholesterol esterase and
sphingomyelinase led to a significant alleviation of energy transfer, which preceded by 24 h the appearance
of fluorescent, microscopic sterol crystals. These results point to a synergistic effect between cholesterol
esterase and sphingomyelinase, suggesting that mere aggregation of LDL is insufficient to promote
nucleation, and crystal formation likely proceeds in the intracellular space after LDL uptake by macrophages.

Cholesterol (Chol)1 crystals are recognized as a hallmark
of advanced atherosclerotic plaques (1). Numerous studies
confirm the existence of cholesterol monohydrate crystals,
which are presumed to play an important role in cell
disruption and necrosis, within the lipid core of plaques (2).
Moreover, recent studies point to the importance of crystal-
line cholesterol as a determinant of plaque morphology (3),
which has been demonstrated to be directly related to the
incidence of plaque rupture and thrombosis (4). Given that
stable plaques are relatively benign and myocardial infarction
requires thrombosis-driven occlusion of an artery triggered
by plaque rupture (5), the formation of cholesterol crystals
in atherosclerosis is an important, but poorly understood,
issue in vascular biology that needs to be addressed.

Cholesterol crystals nucleate in the lipid core because the
concentration of free cholesterol there exceeds its solubility
limit. The crystals, which are inert, form sequential layers
in which newly deposited crystals enter from the luminal

side of the lesion (1). However, the origin of the crystals
within the lipid core and the mechanism by which they
nucleate are largely unknown. Several studies indicate that
the crystals originate from intracellular lipid accumulated by
foam cells (6), while others suggest that the crystals originate
from extracellular lipid that is trapped within the lesion (7).
While useful, these studies utilize crystal detection methods
(for example, microscopy) that are at best semiquantitative
and do not provide molecular information concerning the
cholesterol nucleation event.

Nucleation of cholesterol crystals necessarily involves
clustering of cholesterol molecules to exceed a critical cluster
size or nucleus. Recent evidence suggests that cholesterol
clustering takes place within a lipid membrane and that
cholesterol laterally phase separates within a membrane,
yielding discrete cholesterol domains, prior to macroscopic
precipitation (8). In undersaturated systems [that is, a
cholesterol mole fraction less than 0.66 for phosphatidyl-
choline (PC) membranes] (9), cholesterol domains are
thermodynamically stable. However, in supersaturated sys-
tems the domains are metastable and ultimately precipitate
from the membrane. The process of nucleation continually
removes cholesterol from the membrane and delivers cho-
lesterol to the nascent crystalline phase, which grows and
eventually produces macroscopic cholesterol monohydrate
crystals. An analytical method that is sensitive to this
separation of cholesterol from the phospholipid’s membrane
offers the possibility of measuring the molecular events
associated with cholesterol nucleation.
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An ideal candidate is fluorescence energy transfer from
dehydroergosterol (DHE) to dansylated lecithin (DL), which
are fluorescent analogues of the native lipids cholesterol and
phospholipids, respectively. We recently developed an assay
for cholesterol nucleation based on DHE-to-DL energy
transfer, which takes advantage of the fact that the efficiency
of energy transfer depends heavily (1/r6) on the separation,
r, between fluorophores (10). The efficiency of energy
transfer is relatively high when both fluorophores are in the
membrane, resulting in a small ratio of (DHE-to-DL)
fluorescence intensities. Nucleation of DHE, which has been
shown to cocrystallize with cholesterol (11), into the nascent
crystalline phase alleviates energy transfer due to an increase
in distance between nucleated DHE and DL remaining in
the membrane. This leads to a measurable increase in the
(DHE-to-DL) ratio of fluorescence intensities, which is used
to quantify the extent and rate of cholesterol nucleation.

We have used the DHE-to-DL energy transfer to charac-
terize cholesterol nucleation from lecithin-cholesterol vesicles
in the presence of the proaggregating enzyme, PLC (12).
More recently, we used the assay to study nucleation from
vesicles upon exposure to the bile salt, sodium taurocholate
(13). An interesting result of that work was the observation
of what appears to be equilibrium, laterally phase-separated
cholesterol domains within the vesicle bilayer (8). These
cholesterol domains, which have also been reported in
membranes derived from smooth muscle cells (14), are
possible precursors to macroscopic cholesterol crystals.
Others have used the assay to examine the kinetics and
mechanism of transbilayer movement of sterols (15).

Here we demonstrate that the DHE-to-DL energy transfer
methodology can be adapted to low-density lipoprotein-
(LDL-) based systems so as to examine cholesterol nucleation
in the context of atherosclerosis. We show that neither of
the enzymes, sphingomyelinase (SMase) or cholesterol
esterase (CEase), alone promotes cholesterol nucleation but
that these two enzymes act together to facilitate rapid
cholesterol nucleation in vitro. SMase is an enzyme that is
present in the arteries and widely accepted to contribute to
atherosclerosis via aggregation, and subsequent retention, of
LDL. Indeed, LDL aggregation and retention is thought to
be the “central pathogenic process in atherosclerosis” (16,
17) as described by the response-to-retention hypothesis.
CEase is an intracellular enzyme that hydrolyzes esterified
cholesterol to free cholesterol. As esterified cholesterol does
not crystallize and its conversion to free cholesterol increases
the level of supersaturation, CEase is considered an important
contributor to cholesterol nucleation in the context of
atherosclerosis (18).

MATERIALS AND METHODS

Materials.Cholesterol (Chol), egg lecithin (egg PC), DHE,
and sphingomyelinase (SMase) fromBacillus cereus(<1%
PLC activity) were all purchased from Sigma (St. Louis,
MO). Egg SM and 1-acyl-2-[12-[(5-(dimethylamino)-1-
naphthalenesulfonyl)amino]dodecanoyl]-sn-glycero-3-phos-
phocholine (DL) were purchased from Avanti Polar Lipids.
LDL and cholesterol esterase (CEase) were purchased from
Calbiochem. All materials were used as received.

Vesicle Preparation.Stock solutions of each lipid were
prepared in chloroform and methanol, and lipid mixtures of

desired composition were coprecipitated and subsequently
dried under nitrogen using a rotary evaporator. The films
were rehydrated in a buffer solution (pH) 6.0) of 0.15 M
NaCl and sonicated in the direct mode in an ice bath for 90
min using a Misonix Inc. XL2020 sonicator. An ice-water
bath and a nitrogen blanket were used to prevent lipid
degradation during sonication, and the resulting bluish
dispersions were centrifuged at 20000g for 90 min in a
Beckman Coulter Allegra64 centrifuge to remove any
titanium and unsuspended lipids from the small unilamellar
vesicles formed. The supernatant was diluted to a total lipid
concentration of 10 mM.

Fluorescence Labeling of LDL.Delivery of fluorophores
to LDL was achieved using a slight modification of a
procedure described by Smutzer (19). Briefly, native LDL
was incubated with donor multilamellar vesicles (MLVs) that
contained a single fluorophore, followed by centrifugation
at 52000g for 2 h to isolate the labeled LDL. Incubation
conditions were 37°C, nitrogen atmosphere, and darkness.
Delivery of both fluorophores entailed sequential labeling,
first with DL followed by DHE. To deliver DL, 2 mL of
donor MLVs (0.6 mg/mL) was added to 1 mg of LDL in 4
mL of buffer (0.15 M NaCl). To deliver DHE to unlabeled
LDL, 1 mg of LDL in 5 mL was added to 1 mL of donor
MLVs (0.21 mg/mL). To assess delivery of individual
fluorophores and optimize the labeling protocol, the com-
position of donor MLVs and the incubation time were varied
systematically to assess kinetics and lipid composition
profiles. The relative amounts of egg PC, cholesterol, and
fluorophore were varied, and it was found that superior
delivery was achieved using donor MLVs that did not contain
cholesterol. Moreover, the absence of cholesterol in the donor
MLVs did not alter significantly the cholesterol-to-phospho-
lipid ratio of the LDL. Accordingly, labeling of LDL with
both probes was achieved by first incubating 1 mg of native
LDL in 3 mL of buffer with 2 mL of DL donor MLVs (0.6
mg/mL), containing 50 mol % egg PC and the balance DL,
for 24 h. After centrifugation, 5 mL of the DL-labeled LDL
was further incubated with 1 mL of DHE donor MLVs (0.21
mg/mL) comprising 62.5% egg PC and the balance DHE
for 24 h.

Fluorescence and Absorbance Spectroscopy.Quartz cu-
vettes containing 3 mL of fluorescently labeled vesicles or
LDL were exposed to 200µL aliquots of either buffer
(control) or SMase (to induce aggregation). Fluorescence
intensities were measured using a PTI, Inc., A-710 steady-
state fluorescence spectrometer, and turbidities were mea-
sured as absorbance (or optical density) at 450 nm using a
Perkin-Elmer BUV40XWO UV-visible absorbance spec-
trometer. Optical density values were used to correct
fluorescence intensities for the inner filter effect according
to the equation:

where FIobs is the observed fluorescence intensity, FIcorr is
the corrected fluorescence intensity, and ODex and ODem are
the optical densities at the excitation and emission wave-
lengths, respectively.

Dynamic Light Scattering.Particle sizes were analyzed
using a Brookhaven 90Plus dynamic light scattering (DLS)
apparatus. This system consists of a 15 mW, solid-state laser

Fcorr ) Fobs× 10(ODex+ODem)/2 (1)
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operating at a 678 nm wavelength and a BI-9000AT digital
autocorrelator. The measured autocorrelation functions were
analyzed for the first and second cumulants of a cumulant
fit, which provide measures of the apparent diffusivity and
the polydispersity, respectively. The data are given in terms
of an effective diameter using the Stokes-Einstein equation:

wherekB is the Boltzmann constant,T is the temperature
(25 °C), η is the solvent viscosity, andD is the diffusivity
from the first cumulant.

LDL Compositional Analysis.A full lipid analysis was
performed on LDL before and after each labeling step to
assess the extent to which the labeling procedure may have
altered LDL lipid composition. All lipid analyses were
performed as described previously (20). Incorporation of
fluorescent lipids was verified via fluorescence spectroscopy
of native LDL and donor MLVs prior to labeling and of
isolated, labeled LDL and spent MLVs after labeling and
centrifugation.

Enzymatic Modification.The effect of SMase alone was
tested on LDL decorated with both fluorescent probes. The
effect of SMase on LDL, which was pretreated with CEase,
so as to simulate cholesterol ester hydrolysis, as occurs upon
LDL endocytosis by macrophages, was also investigated.
Both systems were examined under a fluorescence micro-
scope to detect the first appearance of any cholesterol crystals
that might have formed.

Fluorescence Microscopy.Samples were examined daily
to inspect for the first appearance of microscopic crystals.
Aliquots of 10µL were mounted on a slide and examined
at 1000× magnification using a Zeiss Axioskop2 fluorescent
microscope equipped with a Zeiss Axiocam with an Axio-
vision V2.05 ultraviolet digital imaging system. Three modes
of illumination were used, namely, bright field, crossed
polarizers, and UV fluorescence with dichroic parameters
of excitation of 360( 10 nm and emission of 400 nm.
Cholesterol crystals were identified as having a platelike habit
in bright field as well as appearing birefringent when viewed
between crossed polarizers. As native cholesterol is non-
fluorescent, the presence of DHE in the sterol crystals was
identified qualitatively by UV fluorescence emission.

RESULTS

Fluorescence Assay in LDL-like Vesicles.As a bridge
between previous studies involving model hepatic vesicles
and intended studies involving native LDL, vesicles were
made to resemble LDL by the incorporation of SM such that
the outer vesicle bilayer contained a lipid composition
resembling that of a plasma LDL monolayer. Such LDL-
like vesicles were exposed to SMase and monitored using
the DHE-to-DL fluorescence assay for nucleation.

Figure 1 shows theRF of DHE-to-DL fluorescence
intensities as a function of time after SMase addition. As
seen with model hepatic vesicles,RF exhibits a characteristic
minimum and increases to and above the initial values within
several hours after enzyme addition; crystals are not observed
in the microscope until 3 days after enzyme addition. The
RF for a control sample, to which no enzyme was added,
exhibits essentially no change other than a modest, but
steady, decrease inRF and yields no crystals.

LDL Labeling.Having established a positive response with
SMase in vesicles, the next step was to adapt the fluorescence
assay to LDL-based systems. Unlike vesicles, which could
be synthesized to contain DHE and DL, the fluorophores
had to be delivered to existing, native LDL particles. Figure
2 shows the incorporation of DHE and DL into human
plasma LDL as a function of time and concentration. Figure
2a reveals that DHE incorporation is rapid, largely finished
in 30 min, while DL incorporation proceeds more slowly
and reaches saturation after approximately 24 h.

The saturation reached depends largely on the composition
of the donor particles. Figure 2b shows the fluorescence
spectra of four LDL samples, each measured after 24 h of
incubation with a DL-containing donor, each containing a
different molar percentage of DL. A dose-dependent response
is observed, with a donor containing the largest amount of
DL (50 mol %) giving rise to the strongest fluorescence
intensity and a donor containing the least amount of DL (7
mol %) giving rise to the weakest fluorescence intensity.

Figure 3 shows the emission spectrum resulting from LDL
labeled with both DHE and DL, along with the spectrum of
native, unlabeled LDL, and the spectrum of LDL labeled
with single fluorophores. Native LDL is essentially nonfluo-
rescent with the exception of a small tryptophan shoulder at
about 350 nm, which is suppressed somewhat when LDL is
labeled with DL. LDL labeled with DL alone exhibits an
emission maximum at about 480 nm, consistent with the
spectra of Figure 2b, and labeling LDL with DHE alone
produces three fluorescence peaks, at 355, 370, and 393 nm.
When both probes are added sequentially to LDL (DL
followed by DHE), four emission peaks result, corresponding
to the three peaks obtained with DHE alone and the single
peak obtained with DL alone. However, the three peaks
associated with DHE are less intense in the sample containing
both probes than in the sample containing DHE alone.

effective diameter) kBT/3πηD (2)

FIGURE 1: SMase-induced cholesterol nucleation in vesicles.
Changes in fluorescence spectra are reported in terms of the
fluorescence ratio,RF, which is defined as the DHE fluorescence
intensity (at 370 nm) divided by the DL fluorescence intensity (at
467 nm). Excitation was at 300 nm, and theRF is plotted as a
function of time after exposure of fluorescently labeled vesicles to
SMase. The vesicle composition was 52% cholesterol, 13% DHE,
16% lecithin, 4% DL, and 15% SM (all percents are mole percents),
and the total lipid concentration was 10 mM. No enzyme was added
to a control sample (]), and 10 units of SMase were added to a
test sample (9). No change is observed inRF for the control sample
throughout the experiment.
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Likewise, the DL peak in the sample containing both
fluorophores is more intense than in the sample containing
DL alone. These results confirm not only the presence of
both fluorophores within the LDL, but also the occurrence
of DHE-to-DL energy transfer.

Compositional Analysis.Figure 4 shows the total cholesterol-
to-phospholipid ratio for LDL before and after incubation
with the donor MLVs. Trials 1 and 2 show LDL labeling
with only DL MLVs. The before and after cholesterol-to-
phospholipid ratios are about the same in these trials. The
pellet fraction shows that no cholesterol was transferred from
the LDL to the donor particles since the ratio is zero. In
trial 3, LDL was labeled with DL alone, DHE alone, and
then with both probes sequentially. In each case, the initial
and final total cholesterol-to-phospholipid ratios were about
the same.

Aggregation Studies.LDL containing both fluorophores
were then used to examine the response of LDL to various
combinations of enzymes known to be important in athero-
sclerosis. SMase-induced aggregation was quantified using
a combination of turbidity, measured as absorbance at 450

nm, and dynamic light scattering. Two populations of labeled
LDL were used, one of which had no prior treatment (other
than fluorescence labeling) and one that had been exposed
to CEase for 24 h. Figure 5 shows that the aggregation
behavior of the two LDL populations is drastically different.
Whereas fluorescently labeled, but otherwise native, LDL
does exhibit some evidence of aggregation, regardless of
SMase concentration, LDL which had been pretreated with
CEase exhibits significant aggregation, in a dose-dependent
fashion, in response to SMase.

Figure 6 provides additional insights into the aggregation
process and shows light-scattering-intensity-weighted size
distributions as function of time after SMase addition for an
LDL sample that had been pretreated with CEase. Initially,
the LDL size distribution is largely monodisperse and
centered at approximately 20 nm, in good agreement with
the known size range of LDL in vivo. Three hours after
SMase addition, the distribution becomes much more poly-
disperse and appears bimodal; one mode spans a size range
similar to that seen with the initial particle population of
monomeric LDL, but the distribution is dominated by a
second mode of larger particles in the size range 47-200
nm. Consistent with this is an increase in the effective
diameter from 20.9 nm initially to 78.1 nm after 3 h. Eight
hours after enzyme addition, the size distribution again
appears unimodal but not monodisperse. The relative frac-
tions of particles greater than 100 nm increase, as does the
effective diameter (to 96.1 nm).

Fluorescence Assay in Labeled LDL.The DHE-to-DL
energy transfer assay was used to quantify the LDL response
to both CEase and SMase, and Figure 7 shows temporal
changes in fluorescence intensity of both DHE (Figure 7a)
and DL (Figure 7b). Results of four LDL samples are
shown: a control sample, to which neither enzyme was

FIGURE 2: Fluorescent labeling of LDL with DL and DHE with
exitation set to 300 nm. (a) Labeling of vesicles was performed as
described with 1 mg of LDL incubated with 1.2 mg of 50% DL/
50% PC MLVs or 0.21 mg of 38% DHE/62% PC MLVs and
separated by centrifugation for 2 h at 52000g. The fluorescence
intensities of LDL labeled with individual fluorophores, DHE (0)
and DL (9), increase as a function of incubation time. (b) In a
separate experiment, new donor vesicles were made, consisting of
DL in the amount shown and the balance PC, and incubated for 24
h with 1 mg of LDL. This labeling proved to be a function of the
initial concentration of DL in the donor MLVs. A sequential
increase in DL incorporation was observed for increasing concen-
trations of DL in the donor vesicles.

FIGURE 3: Fluorescence emission spectra for four LDL samples
after 24 h of incubation with MLVs. Native LDL is essentially
nonfluorescent in the wavelengths of the probes when excited at
300 nm. LDL incubated with DL exhibits a characteristic DL peak
at about 480 nm, and LDL incubated with DHE exhibits three
characteristic DHE peaks at 355, 370, and 393 nm. LDL incubation
with DL followed by incubation with DHE exhibits the DL peak
at 480 nm and the three DHE peaks. The intensities of DHE and
DL in the LDL sample labeled with both fluorophores are less than
and greater than, respectively, the intensities in LDL samples labeled
with individual fluorophores; this results from DHE-to-DL energy
transfer.
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added, and three samples to which both CEase and SMase
were added. The CEase concentration in the latter three
samples was fixed at 5 units, and different amounts of SMase
were added 2 h after CEase addition as shown in Figure 7.

The addition of CEase induces an apparent enhancement
of energy transfer within 30 min, as evidenced by a decrease
in DHE intensity and a concomitant increase in DL intensity.
No such changes are observed in the control without CEase.
From 30 min until 2 h after CEase addition, the fluorescence
intensity of both fluorophores remains essentially constant.
Following the 2 h CEase incubation period, the DHE

fluorescence intensity increases steadily, and the DL intensity
decreases concomitantly, in a dose-dependent fashion with
the addition of varying amounts of SMase. Within an hour
after SMase addition and after a significant decrease, the
DL intensity subsequently increased in the sample with the
highest SMase loading.

These changes in fluorescence are quantified in terms of
the fluorescence ratio, which is plotted as a function of time
in Figure 8. The control sample exhibits no change inRF,
butRF correlates with SMase for three samples to which this
pronucleating enzyme was added. Specifically,RF increases
from 0.06 at 2 h to0.07, 0.11, and 0.12 at 3.2 h for SMase
loadings of 0.25, 1.0, and 5.0 units, respectively. Whereas
RF begins to plateau at this time point in the sample with
the highest SMase concentration (owing to the rise in DL
intensity, which offsets the rise in DHE intensity),RF

continues to increase in a dose-dependent fashion for the
other two SMase samples. The sample containing the highest
SMase loading was the only one observed to yield crystals,
which first appeared in the fluorescence microscope 24 h
after SMase addition. Figure 9 shows a fluorescence micro-
scope image of these early crystals; bright areas are regions
of UV fluorescence owing to the presence of DHE.

DISCUSSION

DHE-to-DL resonance energy transfer has been used to
study vesicle-to-micelle transitions, sterol flip-flop in biologi-
cal membranes, and nanodomain formation in lipid bilayers
(8), as well as bile salt- and PLC-induced nucleation of
cholesterol crystals (12, 13). Important to this work is the
fact that the characteristic minimum inRF observed in PLC
systems has been determined, unequivocally, to be a result
of two competing events. The initial decrease inRF stems
from an increase in DL intensity that arises because of
cleavage of polar phosphocholine headgroups by PLC. The
reason for the increase is that the dansyl moiety is itself polar;
the removal of polar headgroups surrounding dansyl de-
creases the dansyl Stokes shift with a concomitant increase

FIGURE 4: LDL compositional analysis. Compositional analysis for LDL before and after labeling showed little change, if any, in the total
cholesterol-to-phospholipid ratio. In trials 1 and 2, LDL was labeled with DL MLVs only. The pellet fractions show that the donor particles
have a value of about zero since no cholesterol was transferred to them from the LDL. In the third trial, LDL was labeled with DHE alone
and then with DL followed by DHE. Again, little change in the total cholesterol-to-phospholipid ratio is observed.

FIGURE 5: CEase- and SMase-induced aggregation of labeled LDL.
LDL labeled with both DHE and DL was divided into six aliquots
(two groups of three aliquots). One group was incubated with the
enzyme, cholesterol esterase, at a level of 0.5 unit of enzyme per
mg of LDL lipid, and another group was left untreated. SMase was
added to both groups with the CEase group getting no SMase as a
control (]), 0.25 unit (4), and 0.5 unit (0). The group with no
CEase received no SMase as a control ((), 0.25 unit (2), and 0.5
unit (9) SMase. Aggregation, measured as absorbance at 450 nm,
was observed. The absorbance for the samples pretreated with
CEase exhibit roughly a 5-fold increase than the samples treated
with SMase alone.
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in quantum yield. The subsequent increase inRF stems from
an alleviation of energy transfer, owing to removal of DHE,
but not DL, from the vesicle bilayer into a sterol crystalline
phase. The minimum inRF signifies the point in time at
which the kinetics of nucleation dominate the kinetics of
enzyme hydrolysis.

In view of this, theRF profile observed for SM-containing
vesicles upon exposure to SMase (Figure 1) is easily
understood. As SMase cleaves polar phosphocholine head-
groups, in a fashion similar to PLC, the DL intensity
increases. At short times (that is, prior to nucleation), there
is essentially no change in the DHE intensity, so the net effect
is a decrease inRF. As nucleation proceeds, DHE-to-DL
energy transfer is alleviated, causingRF to increase to and
above the initial value. The similarities observed among the
two enzyme/vesicle systems further reinforce the versatility

of the DHE-DL FRET assay and lend credibility to its
adaptation to blood-based systems.

A challenge in adapting the assay to blood-based systems
is the incorporation of the fluorescent probes into the particles
of interest. Whereas model vesicles can be easily synthesized
to mimic hepatic vesicles found in vivo, and hence DHE
and DL can be added to model vesicles during synthesis,
synthesis of model LDL is intractable. Hence, studies
involving LDL must be done with native particles, neces-
sitating that DHE and DL be delivered to an existing particle.
This was achieved by incubation of donor liposomes with
native LDL, followed by centrifugation to isolate labeled
LDL. Shuttling agents (e.g., cyclodextrins to deliver DHE
and phospholipid transfer protein to deliver DL) proved to
be unnecessary; in fact, use of the former has been shown
to significantly alter the native Chol-to-phospholipid ratio

FIGURE 6: Labeled LDL was analyzed using DLS to track particle size during the course of enzyme action. Five units of CEase was added
to 0.5 mg of LDL in 3 mL. After 1 h 0.25 unit of SMase was added to the sample. Initially after SMase addition, (a) the particle sizes were
centered around 20.9 nm, but after 3 h (b) the effective diameter had increased to 78.1 nm, and after 8 h (c) the distribution and size had
increased further to 96.1 nm. As the aggregates become larger, the light scattering increases.
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of parent LDL. Such was not the case with the incubation
protocol used herein where the cholesterol-to-phospholipid
ratio shows little change after incubation with donor particles
(Figure 4).

Several lines of evidence indicate successful labeling of
LDL with DHE and DL. First, native LDL is nonfluorescent
in the spectral region 375-575 nm, whereas LDL fractions
obtained after labeling exhibit significant fluorescence
intensity and emission maxima that are characteristic of DHE
and DL.

Second, the DL emission maximum, which occurs at 512
nm in (sterol-free and hence relatively more polar) donor
vesicles, shifts to 480 nm in the (cholesterol-containing and
hence relatively less polar) LDL fraction after labeling. This
indicates that DL is residing in a less polar environment, as
would be expected in an LDL, cholesterol-containing mono-
layer. The emission maximum of DL is known to shift from
512 nm in (cholesterol-free) PC-DL vesicles to 470 nm in
PC-Chol-DL vesicles containing 60% cholesterol (8).

Third, the fluorescence intensity of DL in the LDL fraction
obtained after labeling correlates, in a dose-dependent
fashion, with the DL content of the donor liposomes (Figure
2b). A similar dose-dependent response is observed with
DHE (data not shown). Moreover, the fluorescence intensities
in the LDL fractions after labeling increased with time for a
given fluorophore content in the donor liposomes.

Fourth, and perhaps most convincing, sequential labeling
with both fluorophores led to an emission spectrum contain-
ing four spectral peaks, three of which are characteristic of
DHE and one of which is typical of DL. Comparing
fluorescence intensities in LDL fractions comprising both
fluorophores with those comprising individual fluorophores
reveals that the DHE intensity is less intense, whereas the
DL intensity is more intense, in the latter. This is very strong
evidence not only that DHE was successfully incorporated
into LDL that had been previously labeled with DL but that
the DL derived additional fluorescence as a result of energy
transfer from DHE.2

FIGURE 7: Fluorescence energy transfer from DHE to DL in LDL.
Five units of CEase were added to 3 mL aliquots of fluorescently
labeled LDL. CEase contributed 2200 intensity units, which were
subtracted out of the readings. After 2 h, SMase was added to the
samples in the following amounts: none was added to a control
sample ([), 0.25 unit (×), 1 unit (2), and 5 units (9). (a) The
DHE intensity initially decreased, followed by an increase after
SMase addition in a dose-dependent manner. (b) The DL intensity
initially increased, but after SMase addition the intensity dramati-
cally decreased. The decrease was initially dose-dependent, but 30
min after SMase addition, the sample with the highest loading began
to increase.

FIGURE 8: Fluorescence ratio for CEase- and SMase-treated LDL.
The fluorescence ratio,RF, increased after SMase addition because
of the alleviation of energy transfer signifying cholesterol nucleation
in the group pretreated with CEase. The SMase loadings were as
in Figure 6: none was added to a control sample ([), 0.25 unit
(×), 1 unit (2), and 5 units (9). Crystals were first observed after
24 h in the 5 unit SMase sample, and no crystals were observed in
the control sample.

FIGURE 9: Fluorescent cholesterol crystal. First visible evidence
of a cholesterol crystal seen under fluorescent light microscope 24
h after CEase-pretreated LDL exposure to 5 units of SMase. The
crystal fluoresces due to conucleation of DHE with cholesterol.
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Having established successful labeling of LDL with DHE
and DL, the DHE-to-DL FRET assay was used, along with
light scattering and absorbance spectroscopy, to quantify
alterations to LDL caused by SMase and CEase. The primary
modification to LDL upon exposure to SMase is particle
aggregation. The extent of aggregation depends on the
relative amount of LDL to SMase, and SMase-induced
aggregation was modest at the concentrations utilized herein.
This is evident from the small increase in absorbance (Figure
5) for samples exposed only to the enzyme SMase. Even
though there is LDL aggregation after SMase addition, this
aggregation does not induce cholesterol crystal formation.
The extent of LDL aggregation, for a particular SMase
concentration, can be increased significantly if LDL is
previously exposed to the enzyme CEase.

This combined effect of CEase and SMase is shown clearly
in Figure 5, where the same SMase loadings that yield very
modest LDL aggregation in the absence of CEase produce
significantly higher levels of aggregation in LDL samples
which had been incubated previously with CEase. The SM
concentration, which is identical in each sample, is calculated
based on the concentration of LDL used, the lipid concentra-
tions stated by the distributor (Calbiochem), and the pub-
lished composition of LDL (21). In Figures 5-8, the SM
concentration is approximately 0.016 mg/mL, both in the
presence and in the absence of CEase, as CEase does not
affect the SM concentration, but rather the concentrations
of cholesterol ester and free cholesterol. The ceramide formed
from SMase action is known to form ceramide-rich domains
in the monolayer and can also partition into the core (22,
23). The presence of cholesterol will enhance the ability of
ceramide to form domains in the monolayer as well as the
formation of cholesterol-rich domains (24). These ceramide-
rich patches facilitate LDL aggregation.

Treatment of LDL with CEase changes the distribution
of molecules between the surface and the core, with the main
result being the incorporation of more free cholesterol into
the monolayer (25, 26). Another consequence of treatment
with CEase is a partitioning of DHE into the LDL core, in
response to CEase-induced compositional and enthalpic
changes to the LDL particle (27). The resulting decrease in
hydrophobicity within the LDL core potentially favors a
microstructural transition to liposome structures. Moreover,
the increase in cholesterol in the LDL monolayer favors LDL
aggregation, typically on a time scale of days. While it is
clear that CEase induces LDL aggregation for these reasons,
it has been shown that LDL aggregation requires CEase
activities above 15 units/mL (25). Here, the highest activity
of CEase used was just 1.67 units/mL. Moreover, the time
of incubation with CEase (2 h) was far less than the time
required to observe cholesterol-induced aggregation. This
explains the apparent lack of aggregation observed with
CEase alone.

The dynamic light scattering results of Figure 6 show that
the increase in turbidity observed in the presence of both
enzymes results from LDL particle aggregation, rather than
mere growth. Not only does the distribution broaden with
time, but the distribution also becomes multimodal, with one
of the modes corresponding to the size of initial LDL
particles. Growth of particles would cause the initial size
distribution to shift toward larger sizes, with little change in
polydispersity, and cause the initial mode to disappear. The
continued presence of the initial mode indicates that the
larger particles observed are a result of aggregation and not
growth.

LDL aggregation is not the only effect produced by the
combined action of CEase and SMase. Whereas neither
enzyme alone produces cholesterol nucleation, the concerted
action of the two enzymes yields visible (in the microscope)
cholesterol crystals within a day. Again, this likely relates
to the conversion of esterified cholesterol within the LDL
core to free cholesterol, which increases the level of
cholesterol saturation. Native LDL is undersaturated in free
cholesterol and therefore cannot nucleate cholesterol crystals
even upon SMase-induced aggregation; however, LDL
treated with CEase can become supersaturated so that
cholesterol crystals are expected as an equilibrium thermo-
dynamic phase.

Supersaturation, though, does not guarantee crystallization.
For example, liposomes that are supersaturated with cho-
lesterol are well-known to be metastable and “long-lived”
for periods of months. Cholesterol-lecithin vesicles do not
nucleate cholesterol crystals, regardless of the cholesterol
content, prior to aggregation. CEase-treated LDL appears to
also be kinetically stabilized in a similar fashion. Thus, the
addition of SMase, which facilitates LDL aggregation, also
facilitates nucleation of cholesterol crystals.

These effects are quantified by the DHE-to-DL FRET
assay, which reveals that incubation with CEase alone is
insufficient to produce nucleation and that nucleation com-
mences very soon after the subsequent addition of SMase.
Examination of harvested crystals, which fluoresce under a
fluorescence microscope (Figure 9), confirms that the
observed alleviation of energy transfer, and hence the upturn
in RF (Figure 8), results from cholesterol nucleation. As
cholesterol is nonfluorescent, the fact that these crystals
fluoresce can only be explained by the presence of DHE
within the crystal. The partitioning of DHE into the crystal-
line phase accounts for the loss of energy transfer from DHE
to DL.

The upturn in DL intensity (Figure 7b) is the result of
competing effects. The initial drop is a result of the loss of
energy transfer from DHE to DL as DHE leaves the
monolayer. This is explained by the simultaneous rise in
DHE intensity (Figure 7a). SMase treatment alone on labeled
LDL results in a rise in the DL intensity with an eventual
plateau in intensity (results not shown). This is a result of
the decrease in polarity of the monolayer as the enzyme
cleaves the polar headgroup of SM. This is also the case in
CEase-pretreated LDL after SMase exposure. Here the loss
of energy transfer dominates at short times followed by the
increase in DL intensity at longer times due to a decrease in
membrane polarity.

These results hold potentially important insights into the
mechanism of cholesterol crystal formation during athero-

2 Strictly speaking, energy transfer also occurs from the tryptophan
residue in the protein (apo B-100) of LDL to DL. This is evident by a
decrease in intensity of the shoulder at 350 nm between the native
LDL emission curve and the DL-labeled curve. As the excitation in
this work is 300 nm, whereas maximal tryptophan absorbance is at
280 nm, the relative amount of tryptophan-to-DL energy transfer is
small and does not affect the changes in DHE-to-DL energy transfer
that arise because of enzyme hydrolysis and nucleation.
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sclerosis. It is currently unknown whether crystals originate
directly from LDL within the extracellular space or intrac-
ellularly after uptake of modified LDL by macrophages, or
both. These in vitro studies point to a likely role for cellular
uptake prior to nucleation. Native LDL certainly does not
nucleate cholesterol crystals directly. In our hands, enzymatic
modification of LDL by SMase alone results in aggregation
but not nucleation. The aggregation stems from generation
of ceramide on the LDL monolayer and an unfavorable
exposure of hydrophobic ceramide regions to water. Such
aggregation does not yield nucleation because it has done
nothing to change the level of free cholesterol, which is less
than saturation.

Also in our hands, enzymatic modification by CEase alone
does not produce aggregation, nucleation, or crystallization.
The effect of CEase is to increase the level of free cholesterol,
to and above the level of saturation. However, even LDL
that is supersaturated with cholesterol as a result of CEase
action does not necessarily yield cholesterol crystals. Here
the kinetics and mechanism of nucleation become important.
It appears that formation of a critical cholesterol cluster
requires a pooling of cholesterol from multiple LDL particles.
Before cholesterol can nucleate from LDL, the LDL must
first aggregate.

This accounts for the synergistic effect of CEase and
SMase. CEase raises the level of cholesterol saturation to
the point where crystals are expected as an equilibrium phase,
and SMase induces aggregation of LDL so that cholesterol
nuclei can form. SMase is, without question, an extracellular
enzyme. There is some evidence to suggest that CEase is
present in artery walls and can be released into the circulation
(25). Thus, strictly speaking, our results cannot negate
unequivocally the possibility that crystals develop in the
extracellular space. However, CEase is primarily found in
macrophages where it is associated with the cholesterol ester
cycle. Any synergistic action of SMase and CEase in vivo
most likely involves macrophages so that nucleation of
cholesterol crystals proceeds in the intracellular space.
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