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Time-Resolved Fluorescence Anisotropy of Fluorescent-Labeled
Lysophospholipid and Taurodeoxycholate Aggregates
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ABSTRACT Previous work from this laboratory demonstrated that the environment-sensitive lysolipid N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-monomyristoylphosphatidylethanolamine (N-NBD-MPE), at concentrations below its critical micelle con-
centration (CMCy_nep-mee = 4 M), reached maximum fluorescence yield upon the addition of taurodeoxycholate (TDC) at
concentrations well below its CMC (CMC+pc = 2.5 mM). These data indicated the formation of micellar aggregates of the two
amphiphiles at concentrations below both of their CMCs. In the present study, fluorescence lifetime and differential
polarization measurements were made to determine the size of these aggregates. In the absence of TDC and at 0.5 mM TDC
a single lifetime (7) and rotational correlation time (¢) were measured for N-NBD-MPE at the submicellar concentration of 2
uM, indicating a lack of interaction between the two molecules at this concentration. Above 0.5 mM TDC, two discrete
lifetimes were resolved. Based on these lifetimes, two distinct rotational correlation times were established through polar-
ization measurements. The shorter ¢ (0.19-0.73 ns) was ascribed to local probe motions, whereas the longer ¢ was in a time
range expected for global rotation of aggregates the size of simple bile salt micelles (3-6.5 ns). From the longer ¢, molecular
volume and hydrodynamic radii were calculated, ranging from ~15 A at 1 mMto ~18 A at 5 mM TDC. These data support
the conclusion that monomeric lysolipids in solution seed the aggregation of numerous TDC molecules (aggregation number
= 16 at 1 mM TDC) to form a TDC micelle with a lysolipid core at concentrations below which they both self-aggregate.

INTRODUCTION

Bile salts facilitate the absorption of amphiphilic lipids
(e.g., cholesterol, phospholipids, fatty acids, lysophospho-
lipids, and fat soluble vitamins) from the intestine by their
ability to form mixed micelles, which facilitate amphiphile
transfer to the surface of mucosal cells lining the small
intestine (Carey et al., 1983; Erlinger, 1987; Wilson, 1971,
1991). Absorption of these slightly water-soluble amphi-
philes is thought to occur by transfer from the mixed mi-
celles through the water to the enterocyte cell surface
(Westergaard and Dietschy, 1976). One of the primary ways
in which bile salt mixed micelles facilitate lipid absorption
is by providing a pathway of diffusion that acts in parallel to
the diffusion of free monomers through the unstirred water
layer. In this way, bile salt mixed micelles effectively re-
duce the diffusional boundary layer resistance and increase
the rate of absorption.

Work from this laboratory (Nichols, 1986, 1988) has
demonstrated another important property of bile salts that is
relevant to their ability to facilitate lipid absorption. Kinetic
measurements of the transfer of fluorescent-labeled phos-
pholipids between bile salt/phospholipid mixed micelles or
vesicles demonstrated that the rate of phospholipid transfer
through the water phase is significantly faster than transfer
between phospholipid vesicles .in the absence of bile salts.
Subsequent work has led to the hypothesis that the faster
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rate of phospholipid transfer in the presence of bile salts is
due to the ability of water-soluble, monomeric phospholip-
ids to seed the formation of bile salt micelles. These seeded
micelles coexist in equilibrium with mixed micelles and
vesicles in bile salt/phospholipid mixtures and function as
shuttle carriers to increase the rate of exchange (Shoemaker
and Nichols, 1990, 1992). This hypothesis is based on the
demonstration that bile salts and lysophospholipids form
micelles at concentrations below both of their critical mi-
celle concentrations (Shoemaker and Nichols, 1990) and
that these micelles increase the rate of lysophospholipid
removal from and insertion into vesicle bilayers (Shoemak-
er and Nichols, 1992).

To gain further information regarding the molecular
nature of micelle formation between bile salts and
lysophospholipids at concentrations below both of their
CMCs, we have used time-resolved fluorescence to measure
the lifetimes and rotational correlation times of the environ-
ment-sensitive, fluorescently labeled lysophospholipid,
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-monomyristoylphos-
phatidylethanolamine (N-NBD-MPE) in association with
the bile salt taurodeoxycholate. Hydrodynamic radii for
simple bile salt micelles have been determined previously
by using light scattering techniques (Mazer, 1990; Schurte-
nberger et al., 1985) and for bile salt-phospholipid mixed
micelles by using high-performance liquid chromatography
(Nichols and Ozarowski, 1990), small-angle neutron scat-
tering (Long et al., 1994; Hjelm et al., 1988, 1990), small-
angle x-ray scattering (Miiller, 1981, 1984), and nuclear
magnetic resonance (Schurtenberger and Lindman, 1985).
The measurement of fluorescence lifetimes and rotational
correlation times of mixed N-NBD-MPE/TDC micelles al-
lowed the investigation of environmental and motional
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properties that exist at very low bile salt concentrations or
coexist with simple TDC micelles at higher concentrations.
These measurements confirmed the aggregation of N-NBD-
MPE and TDC at concentrations below both of their CMCs
and provided an estimate of the minimum stoichiometry of
~16 TDC molecules per molecule of N-NBD-MPE.

MATERIALS AND METHODS

Solutions and preparations

The sodium salt of taurodeoxycholate (Sigma Chemical Co., St. Louis,
MO) was analyzed for >95% purity via thin-layer chromatography. N-
NBD-MPE was prepared by the reaction of monomyristoylphosphati-
dylethanolamine with NBD chloride (4-chloro-7-nitrobenz-2-oxa-1,3-dia-
zole) (Avanti Polar Lipids, Alabaster, AL) (Struck et al., 1981), purified by
preparative thin-layer chromatography on silica plates and stored at —20°C
in CHCI;. Solutions of TDC were prepared in HEPES-buffered saline
(HBS) (150 mM NaCl (Fisher Biotech, Fair Lawn, NJ), 0.04% NaN,
(Sigma Chemical Co.), 10 mM HEPES (Fisher Biotech), pH 7.4). Mixtures
of TDC and N-NBD-MPE were prepared by the addition of the appropriate
concentration of TDC in HBS to a test tube containing dried and desiccated
N-NBD-MPE. CHCI, was removed by evaporation with a steady stream of
N, followed by 4-12 h of vacuum desiccation. Phospholipid concentra-
tions were determined with a lipid phosphorous assay (Ames and Dubin,
1960).

Fluorescence measurements

NBD fluorescence lifetimes and differential polarization measurements
were collected by using a multifrequency phase and modulation fluorom-
eter based on the design of Gratton (Gratton and Limkeman, 1983). Briefly,
the excitation intensity is modulated sinusoidally through a frequency in
the megahertz range, resulting in a modulated fluorescence emission de-
layed in phase because of the lifetime of the excited state. Sample lifetimes
are then determined by the relative phase shift and demodulation of the
fluorescence with respect to a fluorescent standard. The relationships
between the phase shift and the modulation ratio and their lifetimes are as
follows:

tan P = o1,
M=[1+ (w71,

where P is the phase shift, M the relative modulation, w the angular
modulation frequency, and 7, and 7,, the phase and modulation lifetimes,
respectively. Depending upon the frequency, these two lifetimes will yield
different values in a multicomponent system, affecting the weighting of
components, lifetimes, and fractional intensities (Hazlett et al., 1993).

The excitation light for the NBD-lysolipids was provided by a tunable
mode-locked ND:YAG (Coherent Antares Model 76, Palo Alto, CA)
pumped, cavity dumped DCM dye laser (Coherent model 700). The
690-nm beam was frequency doubled to obtain the 345-nm wavelength
beam. The excitation light passed through a U360 broad bandpass filter,
and the fluorescence emission was monitored through a KV450 cutoff
filter. The frequency range for the lifetime measurements was 7.620—
251.46 MHz, and the range for the polarization measurements was 3.81—
300.99 MHz. The fluorescent standard used was POPOP (Eastman-Kodak,
Rochester, NY).

Data collection and initial analysis were performed with ISS software
(ISS, Champaign, IL). x2 values indicate the goodness of fit for the decay
models defined as

2 = 2{[(P. = P)a,] + (M. = Mo, ]}2n — f = 1),
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where P and M correspond to the phase shift and relative modulation
values and ¢ and e subscripts indicate calculated and experimental values.
n is the number of modulation frequencies, and f is the number of free
parameters. o;, and o, indicate the phase and modulation standard devia-
tions, respectively, which were set constant at values of 0.004 for the
modulation and 0.2° for the phase shift (Jameson et al., 1984).

Steady-state polarization measurements were performed in the T format
on an SLM 8000C spectrofluorometer (SLM Instruments, Urbana, IL).
NBD fluorescence was excited at 475 nm (8-nm slit width). The vertical
and horizontal components of the emitted fluorescence were measured
simultaneously by two photomultiplier tubes mounted at right angles to the
excitation light beam. Emitted light was filtered through a 500-nm long-
pass cutoff filter and either a vertically or horizontally oriented Glan-
Thompson polarizer. To measure polarization (P), the intensity (/) of the
vertical (v) and horizontal (h) components of the emitted fluorescence were
measured with the excitation polarizer in the vertical position and ratioed
(,/1.,). A correction factor for the instrument was obtained by measuring
the ratio of the vertical and horizontal emitted components with the
excitation polarizer set in the horizontal position (I,,/7,,,). Polarization is
calculated using the following equation:

(B Ul 1) — 1
I SYTNINES

Background signals for the instrument and the TDC/HEPES buffer solu-
tions were automatically subtracted for each polarization measurement. At
least 10 measurements were made per sample.

The steady-state limiting polarization for the free, dilute N-NBD-MPE
in vitrified solution (P,) was determined to be 0.31 in 70% glycerol at
—4°C. Under these conditions, the fluorophore does not rotate appreciably
during the lifetime of the excited state. Thus, P, is a measure of the
intrinsic polarization of the N-NBD-MPE molecule, resuiting from angular
displacement between the excitation and emission transition moments, and
represents the maximum expected value of polarization.

RESULTS AND DISCUSSION

The fluorescence intensity of monomeric, water-soluble N-
NBD-MPE has previously been shown to increase as a
function of TDC concentration and to reach a maximum at
concentrations below the CMC of TDC (Shoemaker and
Nichols, 1990; reproduced in Fig. 1 E). These data indicated
that the association of TDC molecules with N-NBD-MPE
increased the hydrophobicity of the environment surround-
ing the probe and that the maximum hydrophobic environ-
ment was achieved at TDC concentrations below its CMC.
To determine the size and molecular stoichiometry of these
micelles that form when both N-NBD-MPE and TDC are
below their respective CMCs, we used multifrequency
phase and modulation fluorometry to measure the lifetimes
and rotational correlation times of the N-NBD-MPE mole-
cule in the presence of TDC. The N-NBD-MPE concentra-
tion was held constant at 2 uM, well below its CMC of 4
uM (Shoemaker and Nichols, 1990). TDC concentrations
were varied from below to above its CMC of 2.5 mM
(Shoemaker and Nichols, 1990).

Measurements of the relative phase shift and demodulation
of N-NBD-MPE fluorescence in these mixtures were found to
fit best to a single lifetime at 0.5 mM TDC and to fit best to two
lifetimes at all higher concentrations (Table 1). Fitting to a
Lorentzian distribution was also attempted but did not improve
the x* fit parameter. The presence of a single lifetime at 0.5
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FIGURE 1 (A) Radius (@) and no. of TDC molecules (¥) per aggregate
versus TDC concentration. See text for details on calculations. (B) Varia-
tion of rotational correlation times, ¢, and ¢, with TDC concentration. The
¢ values plotted are from Table 2. ¢,, ®; ¢,, B (C) Steady-state
polarization versus [TDC]. The standard deviation for each point is
+0.002. (D) Dependence of the lifetimes on the concentration of TDC. The
values plotted are those from Table 1. 7, ¢; 7,, B. (E) Dependence of the
steady-state fluorescence of N-NBD-MPE on TDC concentration (repro-
duced from Shoemaker and Nichols, 1990). The critical micelle concen-
tration shown was determined by light scattering. All data (A-D) were
taken at T = 20°C, pH = 7.4. The frequency range was 7.620-251.6 MHz
for the lifetime data and 3.81-300.99 MHz for the differential phase data.
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mM TDC was consistent with the fluorophore residing in a
single environment arising from a free probe in solution. The
two discrete lifetimes obtained at 1 mM TDC and above
indicated that the NBD fluorophore was experiencing two
different environments. Both lifetimes increased with increas-
ing TDC concentration, indicating a transition of the probe
from soluble monomer to association with TDC in micelles.
Consistent with the steady-state fluorescence measurements,
this transition occurred at concentrations below the CMC of
TDC. At 1 mM TDC, two lifetimes were observed; however,
the shorter of the two was essentially the same as that mea-
sured for free monomer at 0.5 mM. These data argue that
approximately half of the N-NBD-MPE was water soluble and
half was TDC micelle associated at this concentration. Above
1 mM both lifetimes increased to constant levels, reflecting
two distinct environments for the NBD fluorophore in the
micelles. The nature of these two distinct environments is not
known; however, the existence of two lifetimes for NBD-
labeled phospholipids has been observed previously in lipo-
somes (Arvinte et al., 1986; Horowitz et al., 1992). Another
study suggested that a shorter lifetime results from self-
quenching of the NBD moiety attached to phosphatidylserine
in phospholipid vesicles (Hoekstra, 1982). Given the low,
submicellar concentration of N-NBD-MPE and the large ex-
cess of TDC used in these experiments, self-quenching is not
a likely explanation for the shorter lifetime observed in these
experiments.

Differential polarization measurements were made to de-
termine the rotational correlation times (¢) for N-NBD-
MPE in the TDC solutions. The differential phase and
modulation data for the TDC aggregates was found to fit
best to a single discrete ¢ value at 0.5 mM TDC and to two
¢ values at higher concentrations (Table 2).

The single rotational correlation time measured at 0.5
mM TDC indicated that the fluorophore has a single rota-
tional element. Furthermore, its magnitude (0.2 ns) was
consistent with that predicted for the free rotation of N-
NBD-MPE in solution. The existence of two discrete rota-
tional correlation times at concentrations above 0.5 mM

TABLE 1. Fluorescence lifetimes (7) for N-NBD-MPE in the presence of TDC

(TDC] (mM) 7 (ns) 7 (ns) Si X
0.0 1.53 — 1.00 33
0.5* 1.70 = 0.02 — 1.00 5.1
1.0t 1.74 = 0.14 382 +£0.25 0.53 = 0.07 2.8
1.25% 229 = 0.16 5.11 £ 0.61 0.66 = 0.06 32
1.5% 237 £0.12 5.20 £ 0.36 0.62 * 0.02 32
2.0* 2.53 = 0.03 6.01 = 0.16 0.64 = 0.01 2.8
3.0% 245 = 0.04 583 = 0.16 0.55 £0.01 4.6
4.0* 2.50 = 0.03 6.32 = 0.17 0.57 £0.01 3.6
5.0 241 =£0.07 6.01 = 0.13 0.53 £0.03 3.0

The lifetimes were determined with the ISS software. [N-NBD-MPE] was held constant at 2uM over the TDC concentration range. T = 20°C, Ex=345
nm. f, is the fractional intensity for 7,. x° is the goodness of fit as defined in Materials and Methods. A data set is defined as single set of lifetime and

polarization measurements of differential phase and modulation data for a particular sample.

* Representative data set.

* Two data sets.

§ Three data sets.

T Four data sets.
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TABLE 2. Rotational correlation times (¢) for N-NBD-MPE in the presence of TDC

[TDC] (mM) ¢, (ns) ¢, (ns) A X
0.0 0.18 £ 0.02 1.00 45
0.5 0.19 £ 0.01 1.00 3.5
1.0 041 *0.02 33x02 0.66 + 0.01 1.9
1.25 0.46 = 0.01 29 0.1 0.60 + 0.004 0.7
1.5 0.61 *0.02 3.5+01 0.62 = 0.0t 0.9
2.0 0.56 * 0.02 3.8*0.1 0.53 = 0.02 1.1
3.0 0.73 = 0.03 54*03 0.58 = 0.01 1.5
4.0 0.68 = 0.02 53*02 0.55 = 0.01 1.2
5.0 0.73 = 0.03 6.5+04 0.58 = 0.01 1.6

Rotational correlation times for the TDC aggregates at 20°C were determined with the ISS software using a set of lifetimes determined from the ISS
software. Ex = 345 nm. f, is the fractional anisotropy amplitude of ¢,. x* is the goodness of fit as defined in Materials and Methods. All numbers were

determined from a single set of lifetime data. r, was not fixed and ranged between 0.235 and 0.292.

implied that there were at least two distinct motions asso-
ciated with N-NBD-MPE in the TDC aggregate. The longer
rotational correlation times (¢,) (Table 2) were in the same
range as that predicted from the size of simple TDC mi-
celles (16—22 A; Mazer, 1990) and therefore were assigned
to the global rotation of the aggregates. The shorter rota-
tional correlation times (¢,) (Table 2) were longer than that
predicted for free probe in solution and were therefore more
likely to reflect local probe rotations such as phosphate
headgroup wobbling, which has been reported to be on the
order of 10~° s (Milburn and Jeffrey, 1987, 1989).

The dependence of both rotational correlation times (¢,
and ¢,) on the concentration of TDC is plotted in Fig. 1 B.
At 1 mM TDC, which was the lowest TDC concentration
that resulted in two rotational correlation times, the longer
of the two (¢,) was 3.3 ns, reflecting the global rotation of
an aggregate with a hydrodynamic radius of 14.7 A (Table
3; Fig. 1 A). The rotational correlation time (¢,) increased
gradually as the TDC concentration was increased above 1
mM, suggesting a gradual increase in aggregate size. How-
ever, because the steady-state polarization measurements
(Fig. 1 C) demonstrated a constant aggregate size at con-
centrations above 2 mM TDC, ¢, most likely approached a
constant magnitude at higher TDC concentrations. ¢, also
reached a maximum at TDC concentrations above 1.5 mM,
reflecting maximum restriction of the local motions of NBD
by the association of TDC molecules well below its CMC.

The molar volumes, radii, and stoichiometry of the N-
NBD-MPE/TDC aggregates predicted from ¢, are pre-
sented in Table 3 and plotted in Fig. 1 A. The hydrodynamic
radii ranged from 14.1 A below the CMC to 18.4 A above,
which was in the size range predicted for simple TDC
micelles by light scattering (16—22 A; Mazer, 1990).

Using an anhydrous molecular volume of 770 A3 for TDC
estimated from molecular dimensions (Small, 1971) and 650
A? for N-NBD-MPE estimated from the crystal unit cell of
monopalmitoylphosphatidylethanolamine (Pascher et al,
1992), and assuming one N-NBD-MPE molecule per aggre-
gate, the number of TDC molecules per aggregate was calcu-
lated to be between 16—19 below the CMC of TDC and 27-33
above. This number agrees with previous light scattering stud-
ies in which an aggregation number of 10-25 was predicted
for simple TDC micelles (Mazer, 1990). These estimates do
not take into account the packing geometry or the degree of
hydration of the molecules in the aggregate, which could affect
the calculated aggregation number by one or two molecules.

These experiments indicated that at TDC concentrations
well below its CMC, relatively large aggregates of TDC
formed around the N-NBD-MPE molecules. Steady-state flu-
orescence measurements (Shoemaker and Nichols, 1990) dem-
onstrated that the NBD chloride did not associate with TDC
molecules at concentrations below its CMC. Furthermore, as
the acyl chain length of the N-NBD-PE molecules increased
from 12 carbons to 18 carbons, the TDC concentration at

TABLE 3. Calculated molecular volumes, radii, and TDC stoichiometry of N-NBD-MPE/TDC aggregates

No. of TDC
[TDC} (mM) ¢, (ns) V(cm3/mol) rA) molecules
1 33 13,300 14.7 16
1.25 29 11,700 14.1 14
1.5 3.5 14,100 15.0 17
2 3.8 15,300 154 19
3 5.4 21,800 17.3 27
4 5.3 21,400 17.2 27
5 6.5 26,200 18.4 33

Molecular volumes were calculated from ¢, using the equation V = ¢RT/nN,, where V is the molecular volume, R is the ideal gas constant, T is the absolute
temperature, 7 is the viscosity of the solvent (assumed to be 0.01018 poise for 0.15 M NaCl solution at 20°C), and N, is Avogadro’s number. Hydrodynamic
radii were calculated from V, assuming spherical shaped aggregates. The number of bile salt molecules was determined by assigning one lysolipid molecule
per aggregate and using the following equation: No. of TDC molecules = (V,5repae — Vvnsp-mpe) Vipe-
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which the N-NBD-lysolipids associated with TDC decreased.
These data argued that the acyl chain regions of the N-NBD-
lysolipids induced the aggregation of TDC molecules. This
aggregation occurred with high cooperativity, resulting in rel-
atively large micelles (aggregation number 16—-19 TDC mol-
ecules) at concentrations well below the CMC of TDC.

The lifetime data at 1 mM TDC indicated that approxi-
mately 50% of the N-NBD-MPE was associated with TDC
micelles and half was free in solution. This result argued
that the increase in steady-state fluorescence as TDC was
added to N-NBD-MPE (Fig. 1 E) did not occur by gradual
addition of TDC to all N-NBD-MPE molecules, but rather
by inducing, with high cooperativity, the aggregation of
TDC to form micelles with a lysolipid core, leaving the
remaining N-NBD-MPE free in solution.

SIGNIFICANCE

These data demonstrated that the hydrophobic acyl chain
region of water-soluble lysolipid molecules acts to seed the
aggregation of 16—19 TDC molecules at concentrations
below their CMC. Previous studies demonstrated that these
seeded micelles coexist with bilayer vesicles and interact
with the vesicles to facilitate N-NBD-lysoPE removal from
and insertion into phospholipid vesicles (Shoemaker and
Nichols, 1992). Given that the seeding of bile salt aggrega-
tion appears to be a nonspecific hydrophobic interaction, it
is likely to be a generalized phenomenon affected by any
number of different amphiphiles. Thus, we suggest that the
formation of small aggregates of bile salts surrounding a
single, water-soluble amphiphile will increase its effective
water-soluble concentration and thereby increase its transfer
rate through the water phase. This phenomenon provides an
additional mechanism by which bile salts facilitate amphi-
phile absorption in the intestine.

These observations are of general interest as an example
of the aggregation behavior of mixed amphiphiles in solu-
tion. Although it is known that the CMCs of binary mixtures
of amphiphiles are intermediate in value to the respective
CMCs of the two amphiphiles, the data presented herein
demonstrate that mixed micelles form at concentrations
below the CMCs of both amphiphiles. It remains to be
determined whether this is a unique property of the bile salts
or of amphiphiles in general.
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