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Abstract We demonstrate FOrster resonance energy trans-
fer from dehydroergosterol to dansylated lecithin in lecithin-
cholesterol vesicles and characterize the vesicles in the pres-
ence of the pro-nucleating enzyme, phospholipase C (PLC).
Exposure to phospholipase C causes a temporary decrease
in the dehydroergosterol to dansyl fluorescence ratio fol-
lowed by an increase to and above the initial value. The tem-
porary decrease in the fluorescence ratio results from an in-
crease in the dansylated lecithin intensity that coincides with
a dansyl blue shift. The extent of the blue shift correlates
with the level of diacylglycerol generated in situ by PLC,
suggesting an increased association between dansylated leci-
thin and cholesterol as membrane fluidity increases and
membrane polarity decreases. The subsequent increase in
the fluorescence ratio results from both an increase in the
dehydroergsterol intensity and a concomitant decrease in
the dansylated lecithin intensity of equal magnitude. This
signifies a reduction in energy transfer from dehydroergo-
sterol to dansylated lecithin and indicates an increased sep-
aration between the two fluorophores. The increase in the
fluorescence ratio persists beyond the time scales for vesicle
aggregation and fusion, as measured by turbidity, and pre-
cedes the onset of macroscopic cholesterol crystals observed
with an optical microscope. Thus, the increased separation
between dehydroergosterol and dansylated lecithin is con-
sistent with a mechanism of cholesterol nucleation from the
vesicles. Moreover, the onset and rate of increase in the flu-
orescence ratio correlate with the cholesterol:lecithin mole
ratio of the vesicles.fill Fluorescence energy transfer from
dehydroergosterol to dansylated lecithin therefore shows
potential as a methodology for measuring cholesterol nucle-
ation in model bile.—Wrenn, S. P., E. W. Kaler, and S. P.
Lee. A fluorescence energy transfer study of lecithin-choles-
terol vesicles in the presence of phospholipase C. J. Lipid
Res. 1999. 40: 1483-1494.
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Lecithin-cholesterol vesicles are the predominant carri-
ers of cholesterol in bile and allow the temporary exis-
tence of bile that is supersaturated with cholesterol yet
void of cholesterol crystals (1). The vesicles are thermody-
namically metastable and eventually revert to a lamellar

phase which accommodates a maximum cholesterol:leci-
thin ratio of unity (2). The cholesterol:lecithin ratio of the
parent vesicles can be as high as 2:1 (3), however, and any
excess cholesterol nucleates from the vesicles during or
soon after the transition to a lamellar phase (4). Once
formed, the cholesterol nuclei grow into macroscopic
cholesterol monohydrate crystals that are the precursors
to gallstones.

Although this sequence is expected to be the same in
both healthy and diseased individuals, the rate of choles-
terol nucleation from lecithin-cholesterol vesicles varies
and appears to be the determining factor in gallstone for-
mation (5). The reason for the variance in the rate of cho-
lesterol nucleation remains unknown and is not simply
related to cholesterol supersaturation. For biles with a
given cholesterol supersaturation or cholesterol satura-
tion index (CSI), nucleation in patients with stones is
more rapid than in healthy individuals (6). Recent studies
attribute this variance in the nucleation rate to a variety of
“pro-nucleating” factors in diseased individuals and “anti-
nucleating” factors in healthy individuals (7-10).

Phospholipase C (PLC) is a well known pro-nucleating
factor in model bile that has recently been detected in the
gallbladder bile of humans (11). PLC is a Ca2*-requiring
enzyme that hydrolyzes the phosphoester bond of lecithin
to yield a water-insoluble diacylglycerol (DAG) and the
zwitterionic head group, phosphorylcholine. The pro-
nucleating action of PLC is likely due to the DAG, which
destabilizes lipid bilayers and accelerates vesicle aggregation
and fusion (12, 13). Recently, a detailed analysis of PLC-
induced vesicle aggregation and fusion kinetics was per-
formed on a model system of sonicated lecithin-cholesterol
vesicles using a combination of turbidity, QLS, and fluo-
rescence quenching measurements (14).

Abbreviations: L, egg yolk lecithin; CH, cholesterol; DHE, dehydro-
ergosterol; DL, 1-(O-(11-(5-dimethylaminonaphthalene-1-sulfonyl)amino)
undecyl)-2-decanoylsn-glycero-3-phosphocholine; PLC, phospholipase C;
EGTA, ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetra acetic
acid; DAG, diacylglycerol.
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Although the “pro-aggregating” and “pro-fusogenic” pro-
perties are well established, the “pro-nucleating” aspects of
PLC, as with any pro-nucleating factor, are not understood.
Crystal formation is usually reported in terms of a nucle-
ation time, which is the time required for crystals to become
apparent with an optical microscope (6). The method is
only semi-quantitative and intrinsically can provide no infor-
mation about nucleation kinetics (15). The purpose of this
work is to characterize the pro-nucleating effects of PLC
in model systems of sonicated lecithin-cholesterol vesicles
with cholesterol:lecithin mole ratios ranging from 0.5 to 1.6.
To do this, a new approach is taken in which the lecithin-
cholesterol vesicles are labeled with the fluorescent analogs,
dehydroergosterol (DHE) and dansylated lecithin (DL).
The dansyl excitation spectrum overlaps the DHE emission
spectrum, allowing the possibility of energy transfer be-
tween the two fluorophores within the vesicles. As DHE co-
crystallizes with cholesterol (16), the nucleation of choles-
terol and DHE out of the vesicles should separate the DHE
from DL and dissipate energy transfer.

The use of DHE as a fluorescent analog of cholesterol is
well established, and numerous studies confirm that
DHE is a non-invasive membrane probe (17-21) that can
replace cholesterol (22-24). The use of DL as a lecithin
probe is also well known, and fluorescence emission from
the dansyl chromophore depends heavily on solvent prop-
erties (25-28). In this work dansylated lecithin quenches
the fluorescence from DHE because the spectra of the two
fluorophores overlap. The DL is therefore not intended
as a lecithin probe, and in principle any quencher should
suffice. However, the use of dansylated lecithin avoids the
usual concerns that arise when probe molecules do not re-
semble native lipids, and neither DHE nor DL is expected
to perturb the model bile system to any appreciable extent.
At least one study specifically addresses the incorporation
of both DHE and DL into lecithin-cholesterol vesicles and
finds these molecules to be suitable membrane probes
(29). We now report the use of a new fluorescence tech-
nique involving energy transfer from DHE to DL to study
lecithin-cholesterol vesicles in the presence of PLC.

MATERIALS AND METHODS

Fluorescence studies

Egg yolk lecithin (L), cholesterol (CH), dehydroergosterol
(DHE), and ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-
tetra acetic acid (EGTA), all of analytical grade, were purchased
from Sigma (St. Louis, MO) and used without further purifica-
tion. Phospholipase C (EC 3.1.4.3) (PLC) of highest purity from
Clostridium perfringens was also purchased from Sigma and used as
received. 1-(O-(11-(5-dimethylaminonaphthalene-1-sulfonyl) amino)
undecyl)-2-decanoyl-sn-glycero-3-phosphocholine (DL) was pur-
chased from Molecular Probes (Eugene, OR). The glycerol assay
kit (Cat. No. 148-270) was purchased from Boehringer Mann-
heim (Indianapolis, IN).

Mixtures of CH, L, DHE, and/or DL were coprecipitated from
chloroform to give lipid films of desired composition. In all cases,
DHE accounted for 28 mole% of the total sterol, and DL com-
prised 4.5 mole% of the total lecithin. Films were hydrated with
an aqueous buffer solution (0.15 m NaCl, 5 mm CaCl,, 5 mm
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HEPES, and 0.02 wt % NaN3, pH = 7.4) and directly sonicated
(Heat Systems Ultrasonics Model W-225) for 90 min. Sonication
was done in an ice/water bath under a nitrogen blanket to pre-
vent lipid degradation. Sonicated dispersions were centrifuged at
32,000 g and 25°C for 2 h (DuPont Sorval RB), and the superna-
tant was diluted with buffer solution to yield unilamellar vesicles
at an overall lipid concentration of 0.15 mm. All experiments
were performed at 25°C, and samples were maintained under a
nitrogen atmosphere to prevent lipid oxidation.

Quartz cuvettes were filled with 2.5-mL aliquots of the vesicle
solution, and 10 pL of aqueous phospholipase C was added to in-
duce vesicle aggregation and fusion. In one experiment, 40 L of
a 140 mm EGTA solution was added at various times to quench
the action of PLC. Turbidity and fluorescence were monitored
over time using a Perkin-Elmer Lambda 2 spectrophotometer
and an SLM Aminco 8100 spectrofluorometer, respectively. The
turbidity measurements were used to correct fluorescence data
for the inner filter effect according to

I D
OD,,x/1 OD,,(I-yYI
lope 10777 Nax 10707y
| — 0 a

cor bl

Eqg. 1)

dx dy
a0

where gy is the observed fluorescence intensity, I, is the cor-
rected fluorescence intensity, and OD,, and OD,, are the optical
densities measured at the excitation and emission wavelengths,
respectively. Excitation light travels in the x-direction and pene-
trates the entire path length, I. Emission light travels in the y-
direction, but only the area fromy = atoy = b is illuminated.

Phospholipase C kinetics

In separate experiments, lecithin-cholesterol vesicles were pre-
pared that did not contain fluorescent labels. These vesicles were
sonicated for 2 h and were not diluted, yielding vesicles with a
L:CH molar ratio of 2:1 at an overall lipid concentration of 9
mM.2 Lecithin concentration was measured by a modification of
the Bartlett method for lipid phosphorus (30), and cholesterol
content was determined using a cholesterol oxidase assay (31).
The unlabeled vesicle solution was divided into 10-mL aliquots
and added to vials equipped with stir bars. Phospholipase C of
varying concentration was added to each vial, and 200-pL samples
of the reacting mixtures were quenched periodically with EGTA.
The amount of diacylglycerol generated in each sample was deter
mined by first converting diacylglycerol to free glycerol by alkaline
hydrolysis (32), and the free glycerol was measured with an enzy-
matic kit from Boehringer Mannheim (Cat. No. 148-270).

RESULTS

Fluorescence properties

Figure 1 shows the molecular structures and Fig. 2
shows the fluorescence spectra for (a) dehydroergosterol

2The levels of diacylglycerol generated during the fluorescence
studies were too small to be detected with the Boehringer-Mannheim
kit. Thus, a separate study of PLC kinetics was performed in a more
concentrated vesicle sample to generate higher DAG levels. The time
scales for PLC activity in the kinetic studies do not apply directly to the
fluorescence studies. Rather, PLC is active over longer times in the fluo-
rescence studies due to the smaller concentrations used therein.
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Fig. 1. Molecular structures of (a) dehydroergosterol (DHE) and
(b) dansylated lecithin (DL).

(DHE) and (b) dansylated lecithin (DL). The spectra in
Fig. 2a are from DHE-labeled lecithin-cholesterol vesicles
at a concentration of 98 um lecithin, 37 um cholesterol,
and 15 wm DHE, measured at an excitation wavelength of
300 nm (emission spectrum) and an emission wavelength
of 430 nm (excitation spectrum). DHE exhibits one exci-
tation maximum (329 nm), one excitation shoulder (341
nm), one emission shoulder (355 nm), and two emission
maxima (373 and 393 nm). The small emission peak at 340
nm is Raman scattering from water. Note that DHE does
not fluoresce above 500 nm (Fig. 2a). Unlike DHE, the
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dansyl chromophore exhibits single excitation and emis-
sion maxima, as shown for DL-labeled lecithin-cholesterol
vesicles with lipid concentrations of 94 um lecithin, 4 pm
DL, and 52 um cholesterol (Fig. 2b). The peak excitation
and emission wavelengths of DL are 343 nm and 522 nm,
respectively, as measured at an excitation wavelength of
343 nm (emission spectrum) and an emission wavelength
of 522 nm (excitation spectrum).

Energy transfer

Figure 3a shows the fluorescence emission spectrum for
a sample of lecithin-cholesterol vesicles labeled with both
DHE and DL (bold line), along with the emission spectra
for samples labeled with DHE alone (solid line) and DL
alone (dashed line) from Fig. 2. Note that the excitation
wavelength is 300 nm in Fig. 3, whereas an excitation wave-
length of 343 nm was used in Fig. 2b. Lipid concentra-
tions in the sample with both fluorophores were 94 um
lecithin, 4 um DL, 37 wm cholesterol, and 15 um DHE.
The emission spectrum of this sample is not a simple alge-
braic sum of the samples labeled with single fluorophores.
Rather, the DHE fluorescence maximum at 373 nm drops
in the presence of DL to 68% of the value obtained with
DHE alone. Moreover, the DL maximum at 522 nm grows
in the presence of DHE by a factor of 2.5 when compared
to the value obtained with DL alone. This is evidence of
energy transfer from DHE to DL in labeled lecithin-
cholesterol vesicles.

Figure 3b shows the fluorescence excitation spectra for
the three samples described in Fig. 3a. Although spectra
appear broadened due to a change in abscissa scale, the
features of vesicle samples labeled with single fluoro-
phores (from Fig. 2) remain unchanged. Hence, vesicles
labeled only with DL (dashed line) exhibit a single excita-
tion maximum at 343 nm when measured at an emission

(b)
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0 - T T T T T T T T
300 350 400 450 500 550
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Fig. 2. Fluorescence spectra of lecithin-cholesterol vesicles labeled with (a) DHE and (b) DL. (a) Lipid concentrations in the DHE sample
were 98 wm lecithin, 37 wm cholesterol, and 15 um DHE. The DHE excitation spectrum (dashed) was measured at an emission wavelength of
430 nm, and the DHE emission spectrum (solid) was generated with 300 nm excitation light. DHE exhibits an excitation maximum at 329
nm, an excitation shoulder at 341 nm, an emission shoulder at 355 nm, and emission maxima at 373 nm and 393 nm. The small emission
peak at 340 nm is Raman scattering of water. (b) Lipid concentrations in the DL sample were 94 pm lecithin, 4 um DL, and 52 wm choles-
terol. The DL excitation spectrum (dashed) was measured at an emission wavelength of 522 nm, and the DL emission spectrum (solid) was
generated with 343 nm excitation light. DL exhibits a single excitation maximum at 343 nm and a single emission maximum at 522 nm.
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Fig. 3. (@) Emission spectra obtained at an excitation wavelength of 300 nm are given for three samples of labeled lecithin-cholesterol ves-
icles. The solid spectrum is that of vesicles labeled only with DHE at lipid concentrations matching those in Fig. 2a. The dashed spectrum is
that of vesicles labeled only with DL at lipid concentrations matching those in Fig. 2b. The bold spectrum is that of vesicles labeled with both
fluorophores at lipid concentrations of 94 pm lecithin, 4 um DL, 37 wm cholesterol, and 15 wm DHE. The spectrum from vesicles containing
both fluorophores is not the algebraic sum of spectra for vesicles labeled with individual fluorophores. Rather, the combination of DHE and
DL causes the DHE intensity at 373 nm to decrease by 32% and enhances the DL intensity by a factor of 2.5 This is evidence of energy trans-
fer from DHE to DL. (b) Excitation spectra are given for the three vesicle samples of Fig. 3a. The spectrum of vesicles labeled only with DL
(dashed) was measured at an emission wavelength of 522 nm and exhibits a single maximum. The spectrum of the sample labeled only with
DHE (solid) was measured at 430 nm and exhibits two maxima. The spectrum of the sample containing both fluorophores (bold) was mea-
sured at an emission wavelength of 522 nm, a wavelength at which DHE does not fluoresce, yet appears similar to the spectrum of the sam-
ple labeled with DHE alone. This is further evidence of energy transfer from DHE to DL.

wavelength of 522 nm, and vesicles labeled only with DHE
(solid line) exhibit two excitation maxima, at 329 nm and
341 nm. Recall, however, that DHE does not fluoresce
above 500 nm, and the sample containing DHE alone was
measured at an emission wavelength of 430 nm. The exci-
tation spectrum from the vesicle sample containing both
fluorophores (bold line) also exhibits two maxima (at 330
nm and 340 nm) but was measured at an emission wave-
length of 522 nm. As DHE does not fluoresce at this emis-
sion wavelength, the latter spectrum must be the excita-
tion signal from DL (in the presence of DHE), which now
exhibits the spectral characteristics of DHE. This is the
clear signature of non-radiative (Forster) energy transfer
from DHE to DL in lecithin-cholesterol vesicles.

Effects of phospholipase C

Figure 4 shows the fluorescence changes in vesicles con-
taining 94 um lecithin, 4 um DL, 37 wm cholesterol, and 15
pm DHE (i.e., 35 mole% sterol) when exposed to PLC at
0.3 nm. This enzyme loading corresponds to approxi-
mately one PLC molecule for every 15 vesicles, where the
lecithin aggregation number per vesicle is approximately
23,000 (unpublished quasi-elastic light scattering data).
Figure 4a shows temporal changes in the fluorescence
emission spectrum (excitation at 300 nm) during the first
2 h after enzyme addition. During this time scale the DHE
maximum at 373 nm decreases in value by 7%, whereas
the DL maximum nearly doubles in value and undergoes
a 32 nm blue shift. These trends are temporary, and be-
yond 2 h the DHE maximum grows by approximately
5000 intensity units (Fig. 4b). Similarly, the DL intensity
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decreases by approximately 5000 intensity units and un-
dergoes an additional 3 nm blue shift (Fig. 4b). The exci-
tation spectra exhibit similar trends. Figure 4c shows tem-
poral changes in the excitation spectrum during the first 2
h after enzyme addition, and Fig. 4d shows the changes
that occur beyond 2 h. These excitation spectra were mea-
sured at an emission wavelength of 500 nm and corre-
spond to DL fluorescence. As is the case for the emission
spectrum, the DL fluorescence intensity increases during
the first 2 h after PLC addition and subsequently de-
creases for the duration of the experiment. In addition,
the shape of the DL excitation spectrum changes through-
out the experiment, with the excitation maximum at 330
nm (peak 1) steadily decreasing in value relative to the
maximum at 340 nm (peak Il). Thus, the excitation spec-
trum steadily evolves toward a single maximum commen-
surate with that of vesicles labeled with DL alone. Figure 5
quantifies these changes via the 1/11 peak ratio, which is
initially greater than 1 but begins a sustained decrease just
40 min after enzyme addition. The slope of the trace of
the peak 1711 ratio versus time is a measure of the extent
to which energy transfer from DHE to DL diminishes.
The intensity changes from Figs. 4a and 4b are summa-
rized in Fig. 6a, which gives the DHE intensity (at 373 nm)
and the DL intensity (at the maximal wavelength) as a
function of time after enzyme addition. It is clear that
DHE and DL exhibit opposite behavior in general, but
the magnitudes of the changes are not always equivalent.
For example, the initial decrease in the DHE intensity is
just 40% in magnitude relative to the initial increase in
the DL intensity. Moreover, the decrease in DHE intensity
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Fig. 4. Temporal changes in fluorescence spectra are shown for lecithin-cholesterol vesicles labeled with DHE and DL at lipid concentra-
tions matching those in Fig. 3 when exposed to PLC at a concentration of 0.3 nm. (a) Emission spectra obtained 0, 10, 20, 40, 60, and 120
min after PLC addition. (b) Emission spectra at 2, 3, 5, 7, and 9 h after PLC addition. (c) Excitation spectra obtained 0, 10, 20, 40, 60, and
120 min after PLC addition. Maxima at 330 nm and 340 nm are defined as peaks | and 11, respectively. (d) Excitation spectraat 2, 3, 5, 7, and
9 h after PLC addition. Emission spectra were obtained with excitation at 300 nm, and excitation spectra were measured at an emission

wavelength of 500 nm.

persists for just 1 h, whereas the DL increase lasts for 2 h.
Beyond 2 h, however, DHE and DL intensities change by
nearly the same magnitude and appear as mirror images
of one another. These latter changes are consistent with
the diminishing 1/11 excitation peak ratio and signify a re-
duction in energy transfer from DHE to DL.

As sample turbidity is known to decrease fluorescence in-
tensity via the well known inner filter effect (equation 1),
optical density was recorded for each fluorescent sample.
Figure 6b shows optical density as a function of time at the
excitation wavelength (300 nm) and both emission wave-
lengths (DHE at 373 nm, DL at 515 nm). The onset of max-
imal turbidity occurs 3 h, 4 h, and 7 h after PLC addition at
300 nm, 373 nm, and 515 nm, respectively, and turbidity re-
mains essentially constant thereafter. The turbidity profiles
in Fig. 6b were used to correct the fluorescence intensities
of Fig. 6a for the inner filter effect, as shown in Fig. 6c.

Figure 6¢c quantifies intensity changes in both fluoro-
phores through the use of a single parameter, the fluores-
cence ratio (Rg), which is simply the DHE fluorescence in-

tensity at 373 nm divided by the maximal DL fluorescence
intensity. Using the intensities of Fig. 6a, Ry (solid line) de-
creases from an initial value of 2.33 to a minimum of 1.18
in the first 2 h after PLC addition. Beyond 2 h, Rr increases
for the duration of the experiment to a final value of 2.03.
Using equation 1 to correct the fluorescence intensities in
Fig. 6a for inner filter effects, Fig. 6¢ also gives a corrected
Rr (dashed line). Similar to the uncorrected fluorescence
ratio, the corrected R decreases to a minimum at 2 h and
then increases for the duration of the experiment. Thus,
the fluorescence changes in Fig. 6a are clearly not an arti-
fact of turbidity, and inner filter effects cannot account for
the observed increase in the fluorescence intensities.
Figure 7 shows the changes in Rg for multiple PLC load-
ings measured in vesicle samples with lipid concentrations
of 72 um lecithin, 3 um DL, 54 um cholesterol, and 21 pm
DHE. Four enzyme (PLC) loadings were used, and R was
recorded as a function of time for each. As shown, the
general trace of Rg in all samples is similar to that in Fig.
6c. However, the minimum shifts to shorter times and the

Wrenn, Kaler, and Lee Energy transfer in lecithin-cholesterol vesicles 1487

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

1.04

1.024

1.0 4

0.984 O

I/II Peak Ratio

0.96

0.94- b

ont+—

0 2 4 6 8
Time, hrs

Fig. 5. The excitation peak ratio (1/11) defined in Fig. 4c is plot-
ted as a function of time after PLC addition. A decrease in this ratio
begins after 40 min and continues for the duration of the experi-
ment. This signifies a loss of energy transfer from DHE to DL and
an increased separation between the two fluorophores.

slope of the Ry trace beyond the minimum becomes
steeper with increased enzyme loading.

EGTA quenching

PLC requires calcium to function, and Fig. 8 shows the
effect of deactivating PLC at various times by chelating
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calcium with EGTA. Forty pnL of a 140 mm EGTA solution
was added to 2.5 mL of lecithin-cholesterol vesicles la-
beled with both fluorophores at lipid concentrations of 72
pm lecithin, 3 um DL, 54 pm cholesterol, and 21 pm DHE.
EGTA was injected into one of four samples at 20 min, 45
min, 1 h, and 3 h after enzyme addition, and no EGTA was
added to a fifth (control) sample. Figure 8a shows the cor-
responding DL fluorescence intensity profiles. The profile
in all samples follows the control curve up to the point of
EGTA injection, after which the DL intensity decreases.
Figure 8b shows the effect of PLC deactivation on DHE in-
tensity profiles. Without PLC deactivation, the DHE inten-
sity in the control sample decreases slightly to a minimum
at 1 h and then increases by 2000 units. In general, the
consequence of PLC deactivation is to prolong and mag-
nify the initial decrease, and lessen the subsequent in-
crease, in the DHE fluorescence intensity.

Phospholipase C kinetics

Due to the small concentrations used in the fluorescence
studies, kinetics were measured in the more highly concen-
trated lipid systems of Fig. 9 (see footnote 2). This figure
shows the reaction profiles for PLC hydrolysis of lecithin-
cholesterol vesicles containing 33 mol% cholesterol at an
initial lecithin concentration of 6.2 mm, for PLC concentra-
tions of 50 nm, 245 nm, 485 nm, 970 nm, and 1940 nm. Reac-
tion conversion to diacylglycerol (DAG) reaches a limiting
value below 100% for all but the highest PLC concentration.
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Fig. 6. (@) The fluorescence intensity of DHE at 373 nm (©) and
the maximum fluorescence intensity of DL (O0) from Fig. 4 are plot-
ted as functions of time after PLC addition. (b) Optical density in
the vesicle sample of panel (a) is given at the excitation wavelength
of 300 nm (0) and at both emission wavelengths, 373 nm for DHE
(0) and 515 nm for DL (2). (c) The fluorescence ratio, Ry (solid
line), defined as the DHE fluorescence intensity at 373 nm divided
by the maximal DL intensity, is given along with an R; (dashed line)
that has been corrected for inner filter effects via equation 1.
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Fig. 7. Rgis plotted as a function of time after PLC addition for
PLC concentrations of 0.01 nm (O0), 0.1 nm (A), 0.2 nm (<), and 0.6
nm (V) and for a control sample with no PLC (0). Lipid concentra-
tions were 72 wm lecithin, 3 um DL, 54 um cholesterol, and 21 um
DHE. Higher PLC loadings shift the R minimum to shorter times
and increase the slope of the R; trace beyond the minimum.

The limiting conversion is 20% at 120 min for the lowest
PLC loading but moves to higher values and appears sooner
in time with increasing levels of PLC. Complete hydrolysis
occurs after 20 min when the PLC loading is 1940 nm.

A limiting conversion is common in enzymatic systems
and occurs when a product of the enzymatic reaction
competes with a substrate for the given enzyme (33). The
fact that DAG resembles lecithin certainly makes DAG in-
hibition of PLC activity plausible, and fluorescence assays
examining the fusogenic properties of PLC support this
view (34). The conversion profiles of Fig. 9, therefore,
suggest a simple two-step mechanism for the kinetics of
PLC hydrolysis in lecithin-cholesterol vesicles. The first
step is production of DAG according to the traditional

DL Fluorescence Intensity, a.u.

T T T T T T T

Time After PLC Addition, hrs

MichaelisMenten framework, described by the maximal
rate, Vs, the total enzyme concentration, [E]+, the first
order rate constant, k,, and the Michaelis constant, K.
The second step is an irreversible binding between DAG
and PLC to account for the apparent inhibition of PLC ac-
tivity. This binding is modelled as a second order process
with rate constant, k;. The solid lines in Fig. 9 represent
the hydrolysis rates as predicted by the modified Michaelis-
Menten model, using fitted parameters {V,./[El7} = k, =
1000 min~1, Ky, = 2.0 mm, and k; = 0.035 (mm-min)~1,
The Michaelis-Menten parameters reported in this work
are consistent with results of other authors (35, 36) but
are several orders of magnitude greater than the values re-
ported in vivo (37).

Dansyl blue shift

Using the modified Michaelis-Menten model to calcu-
late DAG levels generated during the fluorescence stud-
ies, Fig. 10 shows the dependence of the DL blue shift on
DAG conversion. This dependence is unigue so that a single
curve is obtained, independent of enzyme loading. This
shows that the DL blue shift depends simply on the amount
of DAG present in the vesicle bilayer, a fact that is easily
understood given the solvent polarity dependence of the
dansyl Stokes shift. DAG forms by removal of polar leci-
thin head groups, and the resulting drop in polarity
within the vesicle bilayer diminishes solvent relaxation to
produce the observed blue shift.

Additional insight regarding the dansyl blue shift
comes from Fig. 11. Here the dependence of the dansyl
emission wavelength is shown as a function of cholesterol
loading in the vesicles, in the absence of PLC. The addi-
tion of cholesterol induces a dansyl blue shift, and the
blue shift increases sharply when the cholesterol loading
reaches 43 mole%. The change in slope at 43 mole% cho-
lesterol is consistent with previous X-ray diffraction, nu-
clear magnetic resonance, and calorimetry studies that

13000

ity, a.u.

12000+

11000+

10000+

DHE Fluorescence Intens

W000+———F——T 7T
o 2 4 6 &8 10

Time After PLC Addition, hrs

Fig. 8. The effect of deactivating PLC with EGTA at various times after enzyme addition is shown for lecithin-cholesterol vesicles labeled
with DHE and DL at lipid concentrations identical to those in Fig. 7. The PLC loading was 0.3 nm, and the EGTA quenching concentration
was 2.2 mm. The fluorescence intensity profiles of DL (a) and DHE (b) are shown for samples quenched with EGTA 20 min (0), 45 min (O),
1h (»), and 3 h (¢) after PLC addition and for a control sample in which no EGTA was added (V). PLC deactivation terminates the in-

crease in DL intensity and suppresses the increase in DHE intensity.
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DAG Conversion

0.0 — T T T 71—
0 20 40 60 80 100 120

Time, minutes

Fig. 9. The kinetics of lecithin hydrolysis by PLC in lecithin-
cholesterol vesicles is shown in the form of conversion to 1,2-dia-
cylglycerol (DAG) versus time for various PLC loadings (0 50 nm,
0245 nm, A 485 nm, © 970 nm, and v 1940 nm). Initial lecithin con-
centration is 6.2 mm, and vesicle composition is 33 mole% choles-
terol. Predicted rates of hydrolysis corresponding to these PLC
loadings are shown as solid lines, using the following modified
Michaelis Menten parameters: k, = 1000 min~1, k3 = 0.035
(mm-min)~1, and Ky, = 2.0 mm (see text for details).

indicate abrupt changes in the physical properties of
lecithin-cholesterol membranes (38-40).

Influence of CH on DL fluorescence

The cholesterol-driven blue shift indicates an interac-
tion between DL and cholesterol, and this interaction
might also account for the increase in DL intensity seen in

30—-
25!
2
15—-

10+

Dansy! Blue Shift, nm

54

07
f T T T T T T T T T

0 0.04 0.08 0.12 0.16 0.2

DAG Conversion

Fig. 10. A correlation of the dansyl blue shift with DAG content is
shown. Lecithin-cholesterol vesicles labeled with DHE and DL at
lipid concentrations matching those of Fig. 3 were injected with
PLC, and the fluorescence emission spectrum (excitation at 300
nm) was recorded for 12 h after enzyme addition. The ensuing dan-
syl blue shifts for PLC loadings of 0.2 nm (0), 0.8 nm (0), and 3.8
nm (A) are plotted as a function of DAG conversion, where DAG
levels were calculated with the modified Michaelis-Menten parame-
ters of Fig. 9.
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Fig. 11. The effect of cholesterol content on the maximal DL
emission wavelength is shown for lecithin-cholesterol vesicles la-
beled with DHE and DL. Total lipid concentration was fixed at 0.15
mm, DL accounted for 4.5 mole% of lecithin species, and DHE ac-
counted for 28 mole% of sterols. Excitation was at 300 nm. The ad-
dition of cholesterol to the vesicle bilayer induces a significant dan-
syl blue shift when the cholesterol loading exceeds 33%.

Fig. 4a. Figure 12a compares the DL intensity profile from
Fig. 6a (upper curve in Fig. 12a) with results for two addi-
tional vesicle samples; one containing no sterol (lower
curve) and one containing cholesterol but no DHE (middle
curve). There is no change in DL emission intensity (exci-
tation at 300 nm) for vesicles containing no sterol, whereas
the initial DL intensity is enhanced from 1400 units in the
absence of sterol to 2800 units in the presence of choles-
terol alone. Moreover, when the sample containing cho-
lesterol but no DHE is subjected to the action of PLC, the
DL intensity grows sharply during the first 2 h, reaches a
maximum at 4 h, then gradually decreases for the dura-
tion of the experiment. This behavior shows that the ini-
tial rise in the DL intensity requires cholesterol but not
DHE. If the initial DL intensities in the two samples con-
taining cholesterol are normalized (Fig. 12b), then the
DL profiles are identical for the first 2 h. Beyond 2 h the DL
intensity decreases in the sample containing DHE but in-
creases until 4 h in the sample without DHE. This shows
that the DL intensity enhancement factor of 2.5, owing
to energy transfer from DHE, steadily decreases after 2 h,
and the point at which a loss in energy transfer commences
coincides almost exactly with the minimum in Re.

Effect of cholesterol loading

The effect of cholesterol loading on R was also measured,
and Fig. 13 shows the R profiles for lecithin-cholesterol vesi-
cles containing 33, 45, and 61 mole% sterol at a fixed PLC
loading of 0.3 nm. Cholesterol crsystals are eventually ob-
served in each of these samples, indicating that they were
initially supersaturated. The fact that samples with a cho-
lesterol:lecithin mole ratio less than unity yield crystals is
not bothersome for two reasons. One reason is that the ef-
fective cholesterol:lecithin mole ratio approaches unity in
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Fig. 12. (&) The DL fluorescence intensity is plotted as a function of time after PLC addition in three different vesicle samples: lecithin
vesicles labeled only with DL at concentrations of 146 um lecithin and 4 um DL (0); lecithin-cholesterol vesicles labeled only with DL at con-
centrations of 94 um lecithin, 4 um DL, and 52 um cholesterol (0); and the previous lecithin-cholesterol vesicle sample of Fig. 4 that contains
both DHE and DL (A). The presence of cholesterol doubles the initial DL intensity in samples labeled only with DL, and the presence of
DHE further enhances the initial DL intensity by a factor of 2.5. DL intensity rises to a maximum only in samples containing cholesterol, and
the DL enhancement arising from the presence of DHE decreases after 2 h. (b) The DL intensity profiles of the lecithin-cholesterol vesicle
samples from panel (a) are normalized and plotted with the fluorescence ratio (dashed line) from Fig. 6¢c. The point at which the DL en-
hancement factor of 2.5, owing to energy transfer from DHE, is lost coincides with the minimum in Rg.

these samples because DAG is produced at the expense of line would be required if the saturation limit in a PLC sys-
lecithin. Another reason is that the 50 mole% cholesterol tem is desired. Figure 13 shows that the effect of increas-
saturation limit is valid only for a three component system ing the cholesterol supersaturation is similar to the effect

comprising lecithin, cholesterol, and water. The genera-  of increasing the loading of the pro-nucleating enzyme,
tion of DAG and phosphocholine might shift the phase PLC (Fig. 7). Higher cholesterol contents shift the mini-
boundaries, and a rigorous phase behavior study of the mum in R to earlier times and increase the slope of the R¢
five component system containing DAG and phosphocho-  trace beyond the minimum. In contrast to PLC, the choles-
terol-driven shift of the Rp minimum to earlier times reduces
rather than intensifies the magnitude of the minimum.

DISCUSSION
Energy transfer
A key result of this work is the identification of (Forster)
I~ resonance energy transfer from dehydroergosterol (DHE)

to dansylated lecithin (DL). Two features of Fig. 3 demon-
strate the effect. First, Fig. 3a shows that the DL fluores-
cence intensity in the vesicle sample containing both DL
and DHE is greater by a factor of 2.5 than in the sample
containing DL alone. This enhancement of DL fluores-

¥ cence intensity is accompanied by a decrease in the DHE
0 2 4 6 8 10 fluorescence intensity of similar magnitude. This suggests
Time, hrs that DL derives additional fluorescence from the presence

Fig. 13. The effect of varying cholesterol content on the fluores- of DHE and is evidence for e_n?rgy transfer. Second, F'Q- 3b
cence ratio is shown. Overall lipid concentration was fixed at 0.15  Shows that the sample containing both fluorophores yields
mm, DL accounted for 4.5 mole% of lecithin species, DHE ac- an excitation spectrum matching that of DHE but at a wave-
counted for 28 mole% of sterol, and PLC concentration was fixed length at which DHE does not fluoresce. The (bold) excita-
at 0.3 nm. The fluorescence emission spectrum (excitation at 300 tion spectrum in Fig. 3b must be due solely to DL, which
nm) is given as a function of time after enzyme addition for vesicles now exhibits the absorption characteristics of DHE. Thus,

containing 33 mole% (0), 45 mole% (T0), and 61 mole% (A) sterol. ..
As with an increased PLC loading, increasing the cholesterol load- non-radiative energy transfer proceeds from DHE to DL

ing shifts the R; minimum to shorter times and increases the slope in lecithin-cholesterol vesicles.
of the R trace beyond the minimum. The existence of energy transfer from DHE to DL dem-
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onstrated here provides a new way of characterizing the
changes in lecithin-cholesterol vesicles upon exposure to
PLC. This is because the efficiency of energy transfer
drops sharply as the separation between molecules in-
creases (41, 42), and by repeatedly measuring the extent
of energy transfer one obtains the average separation be-
tween lecithin and cholesterol as the metastable vesicles
attain equilibrium. This information is potentially very
useful, as a significant increase in the separation between
lecithin and cholesterol is expected when cholesterol nu-
cleates from the vesicles.

Moreover, energy transfer from DHE to DL is special in
that DL is itself fluorescent, and this provides additional
insight into the modification of bilayer properties when
vesicles are exposed to PLC. For example, the dansyl chro-
mophore is extremely sensitive to solvent polarity (25),
and the DL blue shift in Fig. 4a likely represents a de-
crease in bilayer polarity resulting from cleavage of polar
phosphocholine head groups by PLC. The fact that the
dansyl blue shift correlates with the level of DAG, regard-
less of PLC loading (Fig. 10), supports this claim. Thus,
the use of a fluorescent energy acceptor provides addi-
tional information regarding the level of DAG and serves
as an indirect indicator of membrane polarity and fluidity.

Also, it is unclear from Fig. 4 whether the initial in-
crease in dansyl intensity, which is accompanied by a slight
decrease in DHE intensity, is due to improved energy
transfer or some other mechanism involving DL. Here the
use of a fluorescent energy acceptor is essential, and the
increasing DL intensity in the absence of DHE (Fig. 12)
rules out improved energy transfer as the cause for the in-
crease. Similarly, the lack of a DL increase in the absence
of cholesterol clearly shows that the initial increase in DL
intensity (Fig. 4) stems from an increased interaction be-
tween DL and cholesterol, which is not surprising (43).
The fact that calcium chelation with EGTA inhibits this in-
teraction suggests that the interaction of DL and DHE too
stems from the generation of DAG, perhaps through fluid-
ization of the vesicle bilayer. However, it remains unknown
whether the interaction is a general effect involving unla-
beled lecithin and cholesterol, is a specific interaction
between DL and cholesterol, or is a more specific interac-
tion between cholesterol and the diaclylglycerol version of
DL. The latter scenario is plausible because dansyl is polar,
and cleavage of the DL phosphocholine head group might
induce a reorientation of the dansyl moiety within the ves-
icle bilayer.

Although the utility of intrinsic DL fluorescence is clear,
it is energy transfer from DHE to DL that is potentially most
beneficial for the investigation of lecithin-cholesterol vesi-
cles. This is because energy transfer in lecithin-cholesterol
vesicles dissipates shortly after exposure to PLC, and the
rate and onset of energy transfer dissipation correlate with
both enzyme loading and cholesterol supersaturation.
This is a very interesting result, and any mechanism that
separates DHE from DL might account for it.

The first possibility is diacylglycerol generation by PLC.
If sufficient DAG is generated, then DL might partition
into a new DAG-rich “oil” phase. This seems unlikely, how-
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ever, for several reasons. First, the primary effect of DAG is
to decrease rather than increase the fluorescence ratio, as
shown by the increase in DL intensity and dansyl blue shift
(Fig. 4a). Whereas both the initial drop in the fluores-
cence ratio and the dansyl blue shift correlate with DAG
content, the subsequent increase in the fluorescence ratio
does not. Second, the fluorescence ratio continues to in-
crease even after the formation of DAG is terminated with
EGTA. Unless partitioning into the putative DAG-rich
phase is much slower than DAG generation itself, parti-
tioning of probes cannot account for the continued re-
duction in energy transfer. Third, the fluorescence ratio
does not increase upon direct addition of diacylglycerol
(unpublished observations). If the increase in the fluores-
cence ratio is due to DAG, then the DAG formation must
proceed in situ. Fourth, no macroscopic oil phase is ob-
served, which agrees qualitatively with the observation
that conversion to DAG never exceeds 20%. To answer un-
equivocally whether a DAG-rich phase forms would require
rigorous phase behavior studies in a five component system,
a time-consuming task that seems unnecessary in light of
the above considerations. Fifth, and perhaps most compel-
ling, we observe a similar dissipation of energy transfer in a
PLC-free system comprising lecithin, cholesterol, and so-
dium taurocholate at near physiological levels (S. P. Wrenn,
E. W. Kaler, and S. P. Lee, unpublished results). Thus, it
appears that the reduction in energy transfer observed in
this work is a general effect and is not related to DAG for-
mation by PLC.

Another mechanism that would separate DHE and DL
is cholesterol nucleation from vesicles, and several obser-
vations make cholesterol nucleation a likely candidate for
the observed dissipation of energy transfer. First, the onset
and increase in the fluorescence ratio correlate with PLC
loading, as would be expected for any “pro-nucleator.”
Second, the onset and increase in the fluorescence ratio
also correlate with the initial cholesterol content of the
lecithin-cholesterol vesicles. As either the enzyme loading or
the initial supersaturation increases, dissipation of energy
transfer commences earlier and proceeds more rapidly, in
agreement with nucleation theory. Third, the reduction of
energy transfer continues beyond the time scales for vesi-
cle aggregation and fusion, as measured by turbidity, and
precedes the appearance of macroscopic crystals observed
with an optical microscope. Thus, the time scale for the
dissipation of energy transfer is consistent with a nucle-
ation mechanism. Moreover, all samples in which the fluo-
rescence ratio increased yielded crystals, and all samples
in which the fluorescence ratio did not increase yielded
no crystals (S. P. Wrenn, E. W. Kaler, and S. P. Lee, unpub-
lished observations).

A third mechanism that is consistent with the observed
dissipation of energy transfer is lateral phase separation of
cholesterol and DHE within the vesicle bilayer. There is
some evidence to suggest that lateral phase separation
does proceed in metastable lecithin-cholesterol vesicles
(44-46), but there is no clear way to discern whether the
increasing fluorescence ratio results from lateral phase
separation or sterol nucleation. It might be possible to dis-
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tinguish the two mechansims based on the extent of en-
ergy transfer dissipation because lateral phase separation
maintains DHE and DL at a distance less than or equal to
the vesicle diameter. As energy transfer is active over dis-
tances of 80 nm, lateral phase separation should not elim-
inate energy transfer. On the other hand, the separation
between DHE and DL will be much greater than 80 nm
for direct nucleation from the vesicles and should dissi-
pate energy transfer to a larger extent. However, neither
mechanism will eliminate energy transfer completely, as
some DHE and DL will reside in close proximity within the
equilibrium lamellar phase. In any event, if the increase in
the fluorescence ratio is due to lateral phase separation,
then this must be considered a precursor step to nucle-
ation because crystals are always observed after the in-
crease. In fact, lateral phase separation could be viewed as
the first step in nucleation.

Regardless of whether nucleation proceeds directly by
exit of cholesterol from the vesicles or involves a prelimi-
nary lateral phase separation, dissipation of energy trans-
fer from DHE to DL shows potential as a nucleation assay to
assess putative pro- and anti-nucleating factors in model
bile. Here we have reported the effect of the pro-nucleating
enzyme, phospholipase C. The technique is currently be-
ing extended to model bile systems at physiological con-
centrations with the aim of measuring the influence of
bile salts and other pro- and anti-nucleating agents. il
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