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Abstract

Dehydroergosterol (DHE, A%711D22_ergostatetraen-3-ol) is a naturally occurring fluorescent analog of cholesterol found
in yeast. Since DHE has been shown to faithfully mimic cholesterol in a large number of biophysical, biochemical, and cell
biological studies, it is widely used to explore cholesterol organization, dynamics and trafficking in model and biological
membranes. In this work, we show that DHE, in spite of its localization at the membrane interface, does not exhibit red
edge excitation shift (REES) in model membranes, irrespective of the membrane phase. These results are reinforced by
semi-empirical quantum chemical calculations of dipole moment changes of DHE in ground and excited states, which show
a very small change in the dipole moment of DHE upon excitation. We conclude that DHE fluorescence exhibits lack of
environmental sensitivity, despite its usefulness in monitoring cholesterol organization, dynamics and traffic in model and

biological membranes.
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Introduction

Cholesterol is an essential and unique lipid in higher eukary-
otic cellular membranes and plays a vital role in membrane
organization, dynamics, function, and sorting [1-3]. A
hallmark of the organization of membrane cholesterol is its
nonrandom distribution in domains [4-6]. Membrane cho-
lesterol has been recognized as a vital lipid in the function of
crucial membrane proteins such as ion channels and recep-
tors [7-14] and in the entry of intracellular pathogens to host
cells [15]. Interestingly, cholesterol has been implicated in
endocytosis and intracellular traffic of membrane receptors
[16-19]. Intracellular cholesterol traffic among organelles
helps to maintain cellular cholesterol homeostasis. Dysregu-
lated cholesterol traffic in cells has been reported to give rise
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to serious and fatal neurological diseases such as Niemann-
Pick type C [20].

Fluorescent sterols offer a powerful approach for moni-
toring cholesterol organization, dynamics and trafficking in
membranes due to their high sensitivity, time resolution, and
multiplicity of measureable parameters [21-24]. Naturally
occurring fluorescent analogs have an advantage in this con-
text, since they do not perturb the membrane as much as ster-
ols that are covalently linked to external fluorophores (due
to bulky and polar nature of the fluorescent group). Dehy-
droergosterol (DHE, A%72D-22_ergostatetraen-3-ol) is a
naturally occurring fluorescent analog of cholesterol which
is found in yeast and differs from cholesterol in having three
additional double bonds and a methyl group (see Fig. 1). A
number of previous reports have shown that DHE faithfully
mimics natural cholesterol in biophysical, biochemical, and
cell biological studies [25-29]. For this reason, DHE has
been extensively used to monitor cholesterol organization,
dynamics and trafficking in model and cellular membranes
[27, 30-34].

An important property of a fluorophore is its sensitivity
to the microenvironment in which it is localized. This
makes fluorescence an excellent marker of any change in
fluorophore microenvironment by change in parameters
such as emission maximum. However, all fluorophores do
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Fig.1 Molecular structures of cholesterol (left) and the naturally
occurring fluorescent cholesterol analog dehydroergosterol (DHE;
right). DHE differs from cholesterol in three additional double bonds
and a methyl group (highlighted in its chemical structure). DHE has
been shown to faithfully mimic the properties of cholesterol in sev-
eral biochemical, biophysical, and cell biological studies. See text for
more details

not share this property. For example, although tryptophan, a
naturally occurring fluorescent amino acid, is characterized
by environment-sensitive fluorescence, tyrosine (another
naturally occurring fluorescent amino acid) and serotonin
(a tryptophan derivative which acts as a neurotransmitter)
display lack of environmental sensitivity in their fluorescence
[35, 36]. In this paper, we report that DHE does not exhibit
red edge excitation shift (REES) in model membranes,
irrespective of the membrane phase. These results are
supported by semi-empirical quantum chemical calculations
of dipole moment changes of DHE in ground and excited
states. In other words, DHE fluorescence, although useful for
monitoring cholesterol organization, dynamics and traffic in
model and cell membranes, lacks environmental sensitivity.

Experimental
Materials

DHE, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
3-(N-morpholino)propanesulfonic acid (MOPS), Na,HPO,
and NaCl were purchased from Sigma Chemical Co. (St.
Louis, MO). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-(5-doxyl)stearoyl-sn-glycero-3-
phosphocholine (5-PC), and 1-palmitoyl-2-(12-doxyl)
stearoyl-sn-glycero-3-phosphocholine (12-PC) were obtained
from Avanti Polar Lipids (Alabaster, AL). The anthroyloxy-
labeled fatty acids, 2-(9-anthroyloxy)stearic acid (2-AS) and
12-(9-anthroyloxy)stearic acid (12-AS), were from Molecular
Probes/Invitrogen (Eugene, OR). The concentration of DHE
stock in methanol was determined by measuring absorbance
utilizing a molar extinction coefficient (¢) of 10,500 M~ 'em™
at 324 nm [37]. Purity of POPC and DPPC was checked by
thin layer chromatography with a chloroform/methanol/water
(65:35:5, v/v/v) mobile phase using silica gel pre-coated
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plates from Merck (Darmstadt, Germany). Both lipids gave
one spot with a phosphate-sensitive spray and subsequent
charring [38]. Phospholipid estimation was carried out by
total digestion using perchloric acid, followed by a colori-
metric phosphate assay using Na,HPO, as standard [39].
DMPC was used as an internal standard to confirm complete
lipid digestion. All other chemicals used were of the highest
purity available. Spectroscopy grade solvents and water puri-
fied through a Millipore (Bedford, MA) Milli-Q system were
used for all experiments.

Sample Preparation

Samples containing 320 nmol of POPC (or DPPC) and
16 nmol of DHE were dissolved in methanol and a few
drops of chloroform and mixed well. Lipids were first dried
while being warmed gently (~35 °C) under a stream of nitro-
gen, followed by further drying for at least 3 h under a high
vacuum in order to remove the remaining traces of solvent.
After complete drying, 1.5 ml of buffer (100 mM MOPS,
150 mM NaCl, pH 7.2) was added to the dried lipid film
and vortexed for 3 min to ensure a homogeneous disper-
sion. During vesicle preparation, the buffer was maintained
at a temperature well above the phase transition tempera-
ture of the constituent lipids. Large unilamellar vesicles
(LUVs) of 100 nm diameter were prepared using an Aves-
tin Liposofast Extruder (Ottawa, Canada) by the extrusion
method, as described previously [32]. Briefly, multilamellar
vesicles (MLVs) formed by hydrating the dried lipid films
were freeze-thawed using liquid nitrogen and a water bath
set at ~50 °C for five cycles. The solute-equilibrated MLV's
obtained this way were extruded through polycarbonate fil-
ters (with a pore diameter of 100 nm) mounted in an extruder
fitted with gastight Hamilton syringes. The final LUV sus-
pension was prepared by subjecting the loaded samples to
19 passes through the polycarbonate filter. These LUV's were
kept overnight in dark at room temperature (~23 °C) for
equilibration before performing fluorescence measurements.
In every case, a background sample (without DHE) was pre-
pared following the same procedure.

Steady State Fluorescence Measurements

A Hitachi F-4010 spectrofluorometer (Tokyo, Japan) was
employed for acquiring steady state fluorescence meas-
urements at room temperature (~23 °C). Quartz cuvettes
with 1 cm path length and excitation and emission slits
with bandpass of 3 and 5 nm, respectively, were used for
all measurements. Spectra were recorded in the corrected
spectrum mode. Contributions from the solvent Raman peak
and other scattering artifacts were cancelled out by subtract-
ing intensities of background samples (without DHE) from
each sample spectrum. Data shown is representative of
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three independent measurements and the reported emission
maxima in each case were identical (or within + 1 nm of the
values reported).

Membrane Depth Measurements by the Parallax
Method

Fluorescence quenching of anthroyloxy-labeled fatty acids
(2- and 12-AS) was utilized to estimate the actual spin
(nitroxide) content of spin-labeled phospholipids (5- and
12-PC), as described previously [40]. Liposomes employed
for depth measurements were prepared using 320 nmol of
POPC containing 15 mol% spin-labeled phospholipid (5- or
12-PC) and 2 mol% DHE by the ethanol injection method,
as described earlier [33]. The lipid and DHE mixture was
co-dried to form dried lipid films, as described above for
the preparation of LUVs for fluorescence measurements.
Subsequently, the dried lipid film was dissolved in ethanol
to ensure a final lipid concentration of 40 mM, which was
then injected into the MOPS buffer (described above) while
vortexing, to give a final lipid concentration of 213 pM.
Duplicate samples were prepared in each case, except for
background samples (without the quenchers, 5- or 12-PC)
where triplicates were prepared. In addition, background
samples (without DHE) were prepared for all sets of experi-
ments, and their fluorescence intensity was subtracted from
the respective sample fluorescence intensity. Samples were
kept in the dark for 12 h at room temperature (~23 °C) for
equilibration before fluorescence measurements.

Dipole Moment Calculations

Dipole moment calculations were carried out using a stand-
ard AM1 (Austin Model 1) program [41, 42], consisting of
a modified MNDO Hamiltonian [43] and parametrized for
polar systems and transition states. AM1 parametrization has
proved to be an appropriate method for predicting the struc-
ture and energy properties of similar molecules, as evident
from previous literature [44—50]. Importantly, it has been
reported that the AM1 predictions are consistent with those
obtained by other methods such as ab initio calculations
with 6-31G* basis sets [47]. The calculations were carried
out using the Hyperchem software (version 5.0 for Windows,
Hypercube Inc., Canada).

Initial geometry optimization was achieved by
MM+ molecular mechanics program, followed by unre-
stricted geometry optimization at the semiempirical level.
The gradient norms were monitored to test for successful
convergence. Excited state calculations were performed tak-
ing configuration interaction (CI) into account. The results
presented were obtained with microstate CI calculation with
the CI-active space made up of three highest occupied and
three lowest unoccupied molecular orbitals.

Results and Discussion

Membrane penetration depth represents a relevant param-
eter in the context of membrane orientation of membrane-
embedded molecules [51, 52]. Knowledge of the precise
depth of a membrane-embedded group often helps define
the conformation and topology of membrane probes and pro-
teins. In addition, properties such as polarity, fluidity, seg-
mental motion, ability to form hydrogen bonds, and extent of
solvent penetration are known to vary in a depth-dependent
manner in the membrane [53, 54]. To gain an overall under-
standing of the orientation and location of DHE in POPC
membranes, we determined the penetration depth of the fluo-
rescent moiety in DHE, utilizing the parallax method [55]
using the equation:

Zg=Lc + {[(_1/”C) 1n(Fl/F2) - L212] /2 LZI} (1)

where z . is the depth of the fluorophore from the center of
the bilayer, L, is the distance of the center of the bilayer
from the shallow quencher (5-PC in this case), L,, is the
difference in depth between the two quenchers (i.e., the
transverse distance between the shallow and deep quench-
ers), and C is the two-dimensional quencher concentration
in the plane of the membrane (molecules/A%). Here, F,/F, is
the ratio of F,/F  and F,/F,, in which F; and F, are the fluo-
rescence intensities in the presence of the shallow quencher
(5-PC) and the deep quencher (12-PC), respectively, both at
the same quencher concentration C; and F is the fluorescence
intensity in the absence of any quencher (for further details
about these parameters, see ref [55]). Our results show that
the depth of penetration of the fluorescent moiety of DHE,
on the average, was~12.8 A from the center of the bilayer
(see Table 1 and Fig. 2). This suggests that the fluorophore
in DHE is localized at the interfacial region of the mem-
brane. Interestingly, many fluorescent probes localized at
the interfacial region of the membrane exhibit REES due to
the unique physicochemical properties of this region [53].
REES is an excited state phenomenon observed with polar
fluorophores in motionally restricted environments (such as

Table 1 Average membrane penetration depth of DHE in POPC
membranes®

Calculated distance from
the membrane bilayer center
z . (A)

~12.8

Spin-labeled PC pair utilized
for quenching analysis

5-PC/12-PC

*Depth was calculated using Eq. (1), based on fluorescence quenching
obtained with samples containing 15 mol% of 5-PC and 12-PC. Exci-
tation and emission wavelengths of 326 and 373 nm, respectively,
were used. DHE to lipid ratio was 1:50 (mol/mol) and DHE concen-
tration was 4.27 uM in all cases. See Experimental for more details
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Table 2 Dipole moments of DHE and cholesterol®

Compound 1, (D) . (D) Ap (D)
DHE 1.88 2.49 0.61
Cholesterol 1.92 2.03 0.11

Calculated using the AM1 method. See Experimental and Fig. 5 for
more details

membranes or proteins) [53, 56-59]. An important criterion
for REES is that the time scale associated with solvent relaxa-
tion in the fluorophore microenvironment should be slower
than or comparable to the fluorescence lifetime (~ns). This
gives rise to the coupling of solvation dynamics to fluoro-
phore local dynamics in the excited state. As a result, REES
can be effectively utilized to monitor the organization and
dynamics of fluorophores in restricted microenvironments. In
operational terms, REES is defined as the shift in the emission
maximum of a fluorophore toward longer wavelengths, due
to a concomitant shift in the excitation wavelength toward
the red edge of the absorption spectrum. Figure 3 shows fluo-
rescence emission spectra of DHE in fluid phase POPC and
gel phase DPPC vesicles with increasing excitation wave-
length. A characteristic feature of the emission spectra is the
maxima at 374 and 394 nm. Interestingly, the overall spec-
tral shape remained invariant across the range of excitation
wavelengths used (327, 337 and 347 nm), although there was
a decrease in fluorescence intensity with increasing excita-
tion wavelength. The reduction in intensity could be due to
the photoselection of a smaller population of fluorophores
at higher excitation wavelengths [53, 56]. To examine the
effect of excitation wavelength on DHE fluorescence in more
detail, we analyzed these fluorescence spectra in terms of the
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Fig.2 Schematic representation of one-half of the membrane bilayer
showing the membrane localization of DHE measured using the par-
allax method. The dotted line at the bottom represents the bilayer
center. See text and Table 1 for more details
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Fig.3 (a) Representative fluorescence emission spectra of DHE
with increasing excitation wavelength in (a) fluid phase POPC and
(b) gel phase DPPC membranes. The spectra were acquired at exci-
tation wavelengths of 327 nm (solid lines), 337 nm (dashed lines)
and 347 nm (dotted lines). Data were recorded in the corrected spec-
trum mode. Concentrations of DHE and lipid were 11 and 213 pM,
respectively. All experiments were carried out at room temperature
(~23 °C). See Experimental for more details

dual emission maxima at 374 and 394 nm. Figure 4 depicts
the effect of changing excitation wavelength on the emission
maxima of DHE in fluid phase POPC and gel phase DPPC
membranes. As seen from the figure, there was no change in
the emission maxima (both peaks at 374 and 394 nm) as the
excitation wavelength was increased from 327 to 357 nm. In
other words, DHE does not exhibit any REES under these
conditions. This is an intriguing observation, since DHE was
found to be localized at the membrane interface (Table 1 and
Fig. 2), an environment known to impose dynamic constraints
on fluorophores [53], subsequently manifested as REES.

200} @ [ (b)

390 B
380 B

370 F R

1 1 1 1 1 1 1 1
330 340 350 360 330 340 350 360
Excitation wavelength (nm)

Emission maximum
(nm)

Fig.4 Effect of changing excitation wavelength on emission maxi-
mum in (a) fluid phase POPC and (b) gel phase DPPC membranes,
with emission monitored corresponding to two peaks shown in Fig. 3
(374 nm (circles) and 394 nm (triangles)). The invariance in fluo-
rescence emission maxima upon changing excitation wavelength in
all cases indicates lack of environmental sensitivity of DHE. Lines
joining data points are provided merely as viewing guides. Concen-
trations of DHE and lipid were 11 and 213 pM, respectively. All
experiments were carried out at room temperature (~23 °C). See
Experimental for more details
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Fig. 5 Electronic charge densities at the ground and excited states for cholesterol (left) and dehydroergosterol (right), calculated using a standard
AMI program. Excited state charge densities are shown within parentheses. See Experimental and Table 2 for more details

An important requirement for REES is that the fluoro-
phore should be polar, and more importantly, there should be
an appreciable change in fluorophore dipole moment upon
excitation [53, 56]. To explore this further, we determined
the actual change in the dipole moment of DHE upon exci-
tation using semi-empirical quantum chemical calculations
[41, 42]. The electronic charge densities of DHE (and cho-
lesterol as a control) in their ground and excited states, cal-
culated using the AM1 program, are shown in Fig. 5. Dipole
moments calculated from these charge densities and the dif-
ferences in dipole moment between the ground and excited
states (1, and ) are shown in Table 2. The table shows that
the difference in dipole moment (Ap) of DHE was rather
modest (0.61 D). This essentially means that Ap for DHE
is too low to give rise to REES. We previously showed that
phospholipids covalently labeled with the fluorescent NBD
(7-nitrobenz-2-oxa-1,3-diazol-4-yl) group typically displays
large REES [60, 61] due to a relatively large Ap (~3.6 D)
upon excitation [62].

Taken together, we report here that DHE, in spite of its
localization at the membrane interface, fails to exhibit REES
due to a very small change in its dipole moment upon excita-
tion. Among the popular biologically useful fluorophores,

probes such as NBD exhibit environmental sensitivity
(solvatochromism) [63, 64]. NBD solvatochromism has
previously been judiciously exploited to track the sorting
pathway of a nascent secretory protein in the cellular milieu
[65]. On the other hand, green fluorescent protein (GFP), the
intrinsically fluorescent protein that revolutionized contem-
porary cell biological research [66, 67] has been shown to be
insensitive to its environment [68, 69]. Our present results
show that DHE represents yet another biologically relevant
fluorophore that displays lack of environmental sensitivity,
in spite of its popularity in monitoring cholesterol organiza-
tion and traffic in model and biological membranes.
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