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ABSTRACT: We measured the nonradiative fluorescence resonance energy transfer between 7-nitro-2,1,3-
benzoxadiazol-4-yl (NBD) labeled lipids (amine labeled phosphatidylethanolamine or acyl chain labeled
phosphatidylcholine) and rhodamine labeled lipids in large unilamellar dioleoylphosphatidylcholine vesicles.
Two new rhodamine labeled lipid analogues, one a derivative of monolauroylphosphatidylethanolamine and
the other of sphingosylphosphorylcholine, were found to exchange through the aqueous phase between vesicle
populations but not to be capable of rapid transbilayer movement between leaflets. Energy transfer from
NBD to rhodamine was measured using liposomes with symmetric or asymmetric distributions of these new
rhodamine labeled lipid analogues to determine the relative contributions of energy transfer between donor
and acceptor fluorophores in the same (cis) and opposite (trans) leaflets. Since the characteristic R, values
for energy transfer ranged from 47 to 73 A in all cases, significant contributions from both cis and trans
energy transfer were observed. Therefore, neither of these probes acts strictly as a half-bilayer quencher
of NBD lipid fluorescence. The dependence of transfer efficiency on acceptor density was fitted to a theoretical
treatment of energy transfer to determine the distances of closest approach for cis and trans transfer. These
parameters set limits on the positions of the fluorescent groups relative to the bilayer center, 20-31 A for
NBD and 31-55 A for rhodamine, and provide a basis for future use of these analogues in measurements

of transbilayer distribution and transport.

Fluorescent lipids have been used to study both biological
and model membrane systems (Loew, 1988). One widely used
class of fluorescent lipid analogues are the 7-nitro-2,1,3-
benzoxadiazol-4-yl (NBD)! labeled lipids (Pagano & Sleight,
1985; Chattopadhyay, 1990). A useful property of NBD is
that it can transfer excited state energy by nonradiative
fluorescence resonance energy transfer (FRET) with lissamine
rhodamine (LRH) and sulforhodamine (SRH) lipid analogues
(Struck et al., 1981; Nichols & Pagano, 1982, 1983; Uster &
Pagano, 1986; Connor & Schroit, 1987). FRET involves the
transfer of energy from one fluorophore (the donor) to another
(the acceptor) by a dipole-induced dipole interaction (Forster,
1948). FRET manifests itself in several phenomena:
quenching and depolarization of donor steady-state fluores-
cence, sensitized emission of acceptor fluorescence, and
shortening of donor excited state lifetime. Transfer efficiency
(E1) decreases as the sixth power of the reciprocal of the
interfluorophore distance. Thus, FRET is exquisitely sensitive
to distance and has been called “the spectroscopic ruler”
(Stryer, 1974).

This spatial sensitivity has been exploited to obtain three-
dimensional structural information about biomolecules. For
example, it has been used to study the structure of poly-
nucleotide hybridization (Cardullo et al., 1988), to measure
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receptor aggregation and the structure of ligand-receptor
complexes in membranes (Dale et al., 1980; Baird & Holowka,
1988), to determine the structure of proteins in membranes
(Kleinfeld, 1985), and to study the polymerization and
structure of biopolymers such as actin (Taylor et al., 1981;
Tao et al., 1983),

Beyond applications of FRET in spectrofluorimetric studies,
it can be employed at the single-cell level in cell sorting ex-
periments and in fluorescence microscopy (Uster & Pagano,
1986). FRET has been used to measure the transport of NBD
lipids between lipid vesicles (Nichols & Pagano, 1982, 1983)
and to test the ability of NBD lipids to undergo transbilayer
movement (“flip-flop”) (Pagano & Longmuir, 1985; Pagano,
1989; Conner & Schroit, 1987). However, the use of FRET
to determine transbilayer distribution and measure the
transport within cells has been hampered by the lack of ex-
changeable acceptor lipid analogues which do not themselves
flip across membranes. In this paper, we introduce LRH and
SRH lipid analogues that exchange between membranes but
do not flip-flop across lipid bilayers. These properties allowed
us to selectively place the exchangeable LRH and SRH lipid
analogues in either the inner and/or outer leaflet of lipid

! Abbreviations: C¢-NBD-PC, 1-palmitoyl-2-(NBD-aminocaproyl)-
phosphatidyicholine; D, doublet, S, single band; DOPC, dioleoyl-
phosphatidylcholine; FRET, nonradiative fluorescence resonance energy
transfer; LRH, lissamine rhodamine; MLPE, monolauroyl-
phosphatidylethanolamine; NaCl-HEPES, 0.9% NaCl in 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4; NBD, 7-nitro-
2,1,3-benzoxadiazol-4-yl; N-NBD-PE, egg N-NBD-phosphatidyl-
ethanolamine; N-LRH-MLPE, N-LRH-monolauroylphosphatidyl-
ethanolamine; N-LRH-PE, egg N-LRH-phosphatidylethanolamine; N-
SRH-PE, N-SRH-dioleoylphosphatidylethanolamine; N-SRH-SPC,
N-SRH-sphingosylphosphorylcholine; SPC, sphingosylphosphorylcholine;
SRH; sulforhodamine.
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Lipid Analogue Distribution

the dark, 8 mL of CHCIl, and 7.2 mL of acidic saline (0.9%
NaCl, 15 mM HCI) were added. The reaction mixture was
vortex mixed, centrifuged, and the upper aqueous phase dis-
carded. The lower organic phase was washed three times with
an equal volume of CH,OH /acidic saline (1:1), dried under
N,, dissolved in CHCI;/CH;OH (10:1), and separated by
TLC using CHCl;/CH,0H/28% aqueous NH,OH/H,O
(72:48:2:9) as the developing solvent. When compared to a
mock reaction mixture lacking SPC, two unique fluorescent
products were identified, a single band (R; = 0.36) referred
to as N-SRH-SPC(S) and a doublet (R; ~ 0.3) termed N-
SRH-SPC(D). The N-SRH-SPC isomers were scraped, ex-
tracted, and further purified using C18 reverse-phase TLC
plates (Whatman, Clifton, NJ) using CHCl,/CH;0OH/H,0
{1:3:1) as the mobile phase [R; = 0.16 and 0.13 for N-SRH-
SPC(S) and (D), respectively]. This was followed by an
additional separation by TLC with CHCl;/CH;0H/28%
aqueous NH,OH/H,0 (72:48:2:9) (R; values, see above). The
yields of N-SRH-SPC(S) and N-SRH-SPC(D) were deter-
mined by fluorescent measurements and were ~2% and ~1%,
respectively. The presence of N-SRH-SPC isomers probably
resulted from both the starting SPC and sulforhodamine
sulfonyl chloride having at least two different isomers each.

The structures of all the rhodamine lipid products were
confirmed by mass spectrometry, which was carried out at the
Middle Atlantic Mass Spectrometry Laboratory, a National
Science Foundation Shared Instrumentation Facility. N-
LRH-MLPE in methanol had a molar extinction coefficient
of 137000 M~ cm™! at 560 nm and exhibited fluorescence
excitation and emission peaks at 572 and 590 nm, respectively,
in DOPC liposomes at 0.5 mol %. N-SRH-SPC(S) in
methanol had a molar extinction coefficient of 118 000 M™!
cm™! at 584 nm and exhibited fluorescence excitation and
emission peaks at 593 and 608 nm, respectively, in DOPC
liposomes at 0.5 mol %.

Fluorescence Measurements. Steady-state fluorescence was
measured at magic angle orientation (54.7°) at 530 nm (A,
= 470 nm) for NBD-lipids, at 590 nm (A, = 535 nm) for
lissamine rhodamine-lipids, and at 605 nm (\., = 550 nm) for
sulforhodamine lipids with an SLM-8000C fluorimeter (Ur-
bana, IL) in the photon-counting mode. All measurements
were made at 25 °C using polystyrene cuvettes (10 X 10 X
48 mm) from Sarstedt (Princeton, NJ).

Preparation of Lipid Vesicles. The following two methods
were employed to prepare unilamellar vesicles. (i) Large
unilamellar vesicles (LUVs) ~1000 A in diameter were
prepared by ethanol injection (Kremer et al., 1977). A lipid
mixture in ethanol (32 mM) was injected into a solution of
10 mM HEPES, pH 7.4, and 0.9% NaCl (NaCl-HEPES).
The resulting LUVs were then diluted with NaCI-HEPES to
a final concentration of 16 uM lipid. (ii) Large unilamellar
vesicles were also prepared by the extrusion technique (LU-
VETS) (Hope et al., 1985; Mayer et al., 1985). Briefly,
DOPC was dried under nitrogen, desiccated in vacuo, and
redispersed using a vortex mixer into NaCl-HEPES to produce
multilamellar vesicles. These vesicles were then exposed to
five cycles of freezing in liquid N, and thawing at 40 °C. The
vesicles were then extruded 10 times through two stacked
0.1-um polycarbonate filters to produce LUVETS of ~1000
A in diameter at concentrations of 10-50 mM.

To prepare vesicles with a symmetric distribution of a given
probe, the probe was added to the lipid mixture prior to for-
mation of membranes. To prepare vesicles with an asymmetric
distribution of an exchangeable probe, two methods where
used: (1) the outer leaflet of initially symmetric vesicles was
diluted by incubation with unlabeled vesicles or (2) probe was
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added from the aqueous phase to the outer leaflet of preformed
membranes.

Three types of vesicles were used in these experiments:

Vesicles Containing N-NBD-PE or C¢-NBD-PC in Both
Leaflets and Rhodamine Lipid in either Both Leaflets (Type
D) or Only in the Inner Leaflet (Type II). We prepared DOPC
LUVs (16 uM) containing 1 mol % N-NBD-PE or C,-NBD-
PC and 0-5 mol % rhodamine lipid in both leaflets by the
ethanol injection method. The relative NBD fluorescence was
first measured for the sample, DOPC LUVETS were added
to a 70-fold molar excess from a concentrated stock solution,
and NBD fluorescence was again measured. The small con-
tribution of light scattering due to the added LUVETS was
subtracted from each measurement. Finally, Triton X-100
was added to 1% (v/v), and both NBD and rhodamine
fluorescence were measured. Triton disrupts the vesicles, thus
separating the NBD and rhodamine labeled lipids, eliminating
energy transfer. These measurements with Triton provided
a calibration for the concentration determination of both NBD
and rhodamine labeled lipids with the asymmetric vesicles
described below.

Vesicles Containing N-NBD-PE in Both Leaflets and
Rhodamine Lipid in Only the Outer Leaflet (Type IIT). We
parpared DOPC LUVs (16 uM) containing 1 mol % N-
NBD-PE in both leaflets. The NBD fluorescence was mea-
sured and aliquots of exchangeable rhodamine lipid were added
from a concentrated solution in NaCl-HEPES to individual
LUV samples to produce vesicles containing rhodamine lipid
in the outer leaflet at ~0-4 mol %, and NBD fluorescence
was measured. Finally, Triton X-100 was added to 1% (v/v),
and both NBD and rhodamine fluorescence were measured.
The mole percents of rhodamine lipid in the outer leaflet were
determined from the rhodamine fluorescence in the presence
of Triton X-100. These were compared to a calibration curve
of rhodamine fluorescence (+ Triton X-100) vs mole percent
rhodamine lipid generated from the symmetric vesicle ex-
periment described above and multiplied by two to account
for outer leaflet-only labeling. All fluorescence measurements
described above were performed on the same day. The ex-
periments were done at sufficiently low optical densities to
avoid inner filter effects. All changes in fluorescence intensity
which resulted from addition of exchangeable rhodamine lipids,
DOPC LUVETS, or Triton X-100 were found to be complete
by the end of the mixing procedure (~30 s).

Resonance Energy Transfer Calculations. Resonance en-
ergy transfer efficiency (Er) of the various vesicle populations
was determined by assessing the degree of NBD fluorescence
quenching. Briefly, vesicles (16 uM DOPC LUVs) containing
constant concentrations of N-NBD-PE (1 mo! %) and in-
creasing concentrations of rhodamine lipid (0-5 mol %) in
either both leaflets or only in one leaflet were prepared as
described above, and the relative NBD fluorescence was de-
termined in the absence and presence of 1% Triton X-100.

E; was calculated as

1 - (F/Fo)(F§™/F*™X) M

where F and F,, were the relative NBD fluorescences in LUVS
with or without the rhodamine lipid, respectively. The +TX
superscripts designate the presence of Triton X-100. Thus,
(F{™/F*TX) is a correction factor for variations in the amount
of NBD lipid. In a typical experiment, this correction factor
varies by about 12% (SD) from 1.0.

Analysis of FRET Data. FRET data were analyzed by a
modification of the theory of Fung and Stryer (1978). For
an isolated donor—acceptor pair separated by a distance r, the
rate of energy transfer k; is given by
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where 7, is the donor’s excited state lifetime in the absence
of acceptor and R, is the distance where the transfer efficiency
is 0.50.

R, in angstroms can be calculated from first principles

Ry = (JK2Qyn#)1/6 x 9.786 X 103 (3)

where @ is the quantum yield of donor in the absence of
acceptor, 7 is the index of refraction, «? is the dipole—dipole
orientation factor, and J is the overlap integral given by

J= fo “AMNEQIN dn/ j; “EQ) dA )

where A()\) is the absorbance spectrum of acceptor (M™! cm™)
as a function of wavelength, A, and E()) is the corrected
fluorescence emission spectrum of donor.

In the presence of energy transfer, the probability p(¢) that
a donor molecule in the excited state at time O is still in the
excited state at time ¢ is given by

p(2) = exp(=t/7y) exp(-kr?) (5)
The transfer efficiency is then defined as
Ec=1- f p@dt/ f poo) dt (6)

where py(t) is p(t) in the absence of acceptor (i.e., kt = 0).
Equation 6 thus reduces to eq 1 without the correction factor.

Transfer among fluorescent lipid probes in a bilayer is not
between an isolated donor-acceptor pair but between a donor
and a distribution of acceptors. Figure 2 shows the essential
elements of this process. If the donor fluorophore is at distance
x from the bilayer center, the fluorophore can transfer energy
in the plane of the bilayer (cis transfer) to an acceptor group
at a distance y above the bilayer center, or it can transfer
energy to an acceptor in the opposite leaflet transfer which
is also a distance y from the center. Equation 5 then becomes

p(t) = eXP(‘t/to) exp[—d(scis + Strans)] (7)

where

Six= [ 11 - exp(-t/7)(Ro/PI2mz dz  (32)

Sus = ) 11 = exp(-t/70)(Ro/P)|2mz 6z (8D)

and where o is the density of acceptors in each leaflet. z is
a variable of integration in the plane of the bilayer. For cis
transfer

22=r-(y-x)* (9a)
and for trans transfer
z2=rr— (y + x)? (9b)

a and b are the distances of closest approach for cis and trans
transfer respectively. Steric hindrance would be expected to
prevent the fluorophores from coming any closer than a dis-
tance a in the plane. However, steric effects should not be
an issue in the case of trans transfer, and the acceptor could
be immediately below the donor. Thus 4 = 0. It is convenient,
as pointed out by Fung and Styer (1978), to make a change
of variables so as to be able to integrate over r. We note for
both egs 9a and 9b that

2xz dz = 27r dr (10)

Wolf et al.
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FIGURE 2: Schematic diagram of model used to fit the FRET data.
Donor NBD groups are assumed to be equally distributed between
the two leaflets at a distance x from the bilayer center. Acceptor
(RH) groups are a distance y from the bilayer center. Their dis-
tribution between leaflets depends upon the experiment. It is assumed
that within the plane of the membrane there is a distance (a) of closest
approach and that across the bilayer an RH group in one leaflet can
get directly below an NBD group in the opposite leaflet. Thus, the
distance of closest approach for cis transfer is [a> + (p - x)?]"/? and
for trans transfer is (x + p).

Thus eqs 8a and 8b become

Se= f

a*+ (y - x)?

[ —exp(~t/70)(Ry/r)]2mr dr (11a)

Seaw = . [1 = exp(=t/70)(Ro/N¥2mr dr (11b)
y+x

It should be noted that the above derivation does not assume
that y > x or that x and y are less than the bilayer half-
thickness. Equation 7 describes the case in our experiments
where donor and acceptor were equally distributed between
the bilayer leaflets (case I: symmetric vesicles). In all cases
considered, donor distribution remained equal while that of
acceptor varied. The following cases were also considered.

Case II. Symmetric Vesicles + DOPC. Here the DOPC
vesicles were added as a sink to dilute the distribution of
acceptor in the outer leaflet 70-fold.

p(t) = 0.5 exp(-t /1) X
[exp[—a(scis + Strans/70)] + exp[_G(Scis/70 + Siandl]
(12)

Case III: Asymmetric Vesicles. Here, acceptor was present
only in the outer leaflet.

p(1) = 0.5 exp(=t/7o)[exp(=0Sc;) + exp(=0Sine)]  (13)

Case IV: Asymmetric Vesicles + DOPC. Here as in case
II the outer leaflet acceptor concentration was diluted 70-fold.

p(t) =05 CXP(I/TO)[CXP(‘O'Scis/7O) + exp(_astrans/70)]
(14)
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Data from energy transfer experiments was reduced to
transfer efficiency Et vs mole fraction acceptor. These data
were then fitted by minimization of x? to eq 6 with the ap-
propriate expression for p(f) (eqs 7-14) using a grid search
procedure (Bevington, 1969) and varying the two distances
of closest approach and R,. The integrations over space in
the S terms and over time in eq 6 were performed using Gauss’
approximation (Abramowitz & Stegun, 1965). Data were
analyzed on a Compaq 386/20 with math coprocessor. Pro-
grams were written in MS Pascal. Alternatively, R, can be
determined from first principles as described above and the
data then fit to determine the two distances of closest approach
only. This gave similar results. However, as we shall show
there is considerable uncertainty in R, determinations from
spectral data. Thus, parametric variations of R, were found
to be preferable. Once a x? minimum was obtained by grid
search, a three-point parabolic fit of x? around the best grid
is made to obtain the minimum. Uncertainty in the parameters
obtained was estimated from the second derivatives of y? with
respect to the parameters as described by Bevington (1969).
Where more than one determination was made, the uncertainty
reported was determined by error propagation of the individual
uncertainties,

Generation of Three-Dimensional Molecular Structures.
Three-dimensional molecular structures were generated on a
Silicon Graphics IRIS 4D/340 VGXB Unix workstation with
four 33-MHz IP 7 processors operating under IRIX 4D 1-3.3,
Software used for this purpose was from Biosym Technologies
(San Diego, CA): INSIGHT II version 2.0.0 comprehensive
graphic molecular modeling program in conjunction with the
DISCOVERY program for energy minimization.

RESULTS

Calculation of Ry from First Principles. As shown in eq
3, R, may be calculated from the fundamental spectral
properties of the donor and acceptor fluorophores. The fol-
lowing must be known: the corrected emission spectrum of
the donor, the quantum efficiency of donor fluorescence, the
absorbance spectrum of the acceptor, the orientation factor
between the donor emission and acceptor absorbance dipoles,
and the refractive index of the medium.

Donor Emission Spectrum and Quantum Efficiency. Figure
3 (top, dashed line) shows the corrected emission spectrum
of N-NBD-PE in ethanol, when exciting at 366 nm. The
spectrum is qualitatively the same in DOPC membranes but
with a reduced quantum efficiency (see below).

To determine the quantum efficiencies of N-NBD-PE in
ethanol and membranes, the area contained by the emission
spectrum of the ethanol sample was compared to that of a
standard solution of quinine bisulfate (2.55 X 10° M in 0.1
M H,SO,). Assuming the literature value of 0.55 for the
quantum efficiency of quinine bisulphate under these condi-
tions (Parker, 1968), we obtain a quantum efficiency of 0.39
for N-NBD-PE in ethanol. This value compares favorably
with a value of 0.37 previously reported for NBD-benzylamine
in ethanol (Kenner et al., 1971). Since the relative quantum
efficiencies of N-NBD-PE in a membrane to that in ethanol
was found to be 0.81, the quantum efficiency of N-NBD-PE
in DOPC was 0.32.

Absorbance Spectra. Figure 3(bottom) shows the absor-
bance spectra for N-LRH-PE (solid line) and N-SRH-PE
(dashed) in DOPC membranes at 1.0 mol %. For complete-
ness, we also show the absorbance spectrum for N-NBD-PE
in ethanol (Figure 3, top, solid line).
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FIGURE 3: Spectra of the fluorophores used in these studies. (Top)
(—) Absorbance spectrum of N-NBD-PE in ethanol; (---) corrected
fluorescence emission spectrum of N-NBD-PE in ethanol with ex-
citation at 366 nm. (Bottom) (—) Absorbance spectrum of N-
LRH-PE (1 mol %) in DOPC membranes; (- - -) absorbance spectrum
of N-SRH-PE (1 mol %) in DOPC membranes.

Calculation of R, Using the data of Figure 3 and eq 3,
the overlap integrals for FRET between N-NBD-PE and
N-LRH-PE and N-SRH-PE can be calculated. One can then
calculate the predicted R, values for transfer between these
two pairs if one uses the quantum efficiency from above and
assumes that 2 is 2/5 (Koppel, et al., 1978) and that the index
of refraction for the medium is 1.33 (Weast et al., 1987). By
this method, we calculate R, to be 56 and 55 A for transfer
from N-NBD-PE to N-LRH-PE and N-SRH-PE, respectively.

Acquisition of corrected spectra and quantum efficiencies
is difficult, and there is not even total agreement on standards
and standardized procedures (Mavrodineau et al., 1973). In
addition, assuming «? to be 2/, is an approximation. As a
result, R, values so obtained must be considered as estimates.
In the following experiments, we have therefore allowed R,
to be a parameter in our fits of the data. This approach
recognizes the fact that a FRET experiment represents a direct
measurement of R,. As we show below, this approach leads
to a very self-consistent set of Ry’s which can differ by as much
as 30% from the predicted value at ~55 A.

Energy Transfer Measurements. Results of energy transfer
measurements are summarized in Table I with specific ex-
amples shown in Figure 4. In all cases, donor analogues, either
N-NBD-PE or C¢-NBD-PC, were added to the lipid mixture
before forming bilayers. We make two a priori assumptions:
(1) that analogues added to the membrane-forming solutions
equally distribute between the leaflets and (2) that these
analogues do not flip between the leaflets. These assumptions
have been shown to hold for C,-NBD-PC (Pagano et al.,
1981b), and their validity for the other NBD and rhodamine
analogues used here is demonstrated by the experiments de-
scribed below. Figure 4A shows energy transfer between
N-NBD-PE and N-LRH-PE in symmetric vesicles as a
function of acceptor concentration. Data were fit as described
under Materials and Methods to determine R, and the dis-
tances of closest approach for cis and trans transfer (Table
I, experiments 1 and 2). Both N-NBD-PE and N-LRH-PE
do not exchange across the aqueous phase between lipid vesicles
(Pagano et al., 1981b; Struck & Pagano, 1980). Thus, the
addition of a 70-fold excess of DOPC vesicles did not alter
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Table I: Depth of Probe Determined by Energy Transfer?
distance of closest
approach (&)
exp no. donor acceptor +DOPC? Ry (A) cis trans eq
Symmetric Vesicles: Nonexchangeable Acceptor i

1 N-NBD-PE N-LRH-PE - 69+ 1 25 623 7

2 N-NBD-PE N-LRH-PE - 64 = 1 223 623 7

3 N-NBD-PE N-LRH-PE + 64 £ 1 20+ 4 623 7

4 N-NBD-PE N-SRH-PE - 74 x4 42 £ 10 72+ 14 7

5 N-NBD-PE N-SRH-PE 71 322 73+ 3 7

6 C¢-NBD-PC N-SRH-PE - 69 £ 1 302 703 7

Symmetric Vesicles:* Exchangeable Acceptor?

7 N-NBD-PE N-LRH-MLPE - 57 % 1 223 573 7

8 N-NBD-PE N-LRH-MLPE + 54 %1 21+ 4 66 £ 7 12

9 N-NBD-PE N-LRH-MLPE - 551 314 46 £ 5 7

10 N-NBD-PE N-LRH-MLPE + 51£6 17£2 675 12
11 N-NBD-PE N-SRH-SPC(S) - 54 &1 21+ 4 577 7
12 N-NBD-PE N-SRH-SPC(S) + 511 21 £2 672 12
13 N-NBD-PE N-SRH-SPC(D) - 531 173 69+ 6 7
14 N-NBD-PE N-SRH-SPC(D) + 47 £ 1 212 60 =2 12

Asymmetric Vesicles:® Acceptor in Outer Leaflet Only?¢

1S N-NBD-PE N-LRH-MLPE - 54 % 1 24+ 3 59 +2 13
16 N-NBD-PE N-LRH-MLPE + 45+ 3 353 673 14
17 N-NBD-PE N-LRH-MLPE - 566 23 %2 703 13
18 N-NBD-PE N-SRH-SPC(S) - 511 23 £4 59 %3 13
19 N-NBD-PE N-SRH-SPC(S) + 42 %1 34 %2 67 +2 14
20 N-NBD-PE N-SRH-SPC(D) - 49 £ 1 24 £3 58%5 13
21 N-NBD-PE N-SRH-SPC(D) + 39x1 312 652 14

@Uncertainties given are determined by the fitting routine from the second derivative of x? with respect to the parameter (see Materials and
Methods). ®Presence or absence of DOPC vesicles at 70-fold excess. ¢Initial distribution of acceptor. ¢ For exchangeable acceptors in the +DOPC
condition, acceptor in the outer leaflet is diluted 70X. ¢Since all of the acceptor is initially in the outer leaflet in asymmetric vesicles and since
addition of (DOPC) vesicles dilutes the concentration 70X, there is very little transfer in the +DOPC case, resulting in data which are difficult to fit.

the amount of energy transfer (Figure 4A; Table I, experiment
3). Similar results were obtained with the N-SRH-PE (Table
I, experiments 4 and 5). A quite different situation is shown
in Figure 4B (Table I, experiments 7-10). Here, the donor
is again N-NBD-PE and the acceptor is N-LRH-MLPE, both
being added to the lipid-forming solution. In this situation,
when a 70-fold excess of DOPC vesicles was added, energy
transfer decreased to an extent consistent with a 70-fold de-
crease in the concentration of N-LRH-MLPE in the outer
leaflet. That is, data in the +DOPC case do not fit well to
eq 6, but rather toeq 11. This demonstrates the exchangea-
bility of N-LRH-MLPE, as well as its inability to undergo
transbilayer movement. Similar results were obtained with
the N-SRH-SPC (Table I, experiments 11-14). Asymmetric
vesicles were also obtained by the addition from the aqueous
phase of N-LRH-MLPE (Table I, experiments 15-17) to
preformed vesicles or N-SRH-SPC (Figure 4C; Table I, ex-
periments 18-21) containing N-NBD-PE. Here, the acceptor
was assumed to be exclusively in the outer leaflet, and the data
were fitted to eq 13. Consistent with the absence of acceptor
in the inner leaflet, addition of excess DOPC vesicles (Figure
4C) nearly eliminated energy transfer, requiring the data to
be fit by eq 14. Note that in Figure 4 the acceptor concen-
trations shown refer to the initial (i.e., -DOPC) condition.

We also considered transfer in symmetrically labeled vesicles
between C,-NBD-PC and N-SRH-PE (Table I, experiment
6).

DiscussioN

In this paper, we have introduced two new rhodamine-la-
beled lipid analogues, N-LRH-MLPE and N-SRH-SPC. Both
probes could be introduced into membranes from the aqueous
phase and the addition of excess DOPC vesicles depleted the
fluorescence from the outer leaflet of labeled vesicles, dem-
onstrating the exchangeability of these probes between vesicle

populations. The observation that excess DOPC depletes these
analogues from only the outer leaflet demonstrated that these
analogues do not undergo rapid transbilayer movement. The
internal quantitative consistency of the fits to the energy
transfer equations comparing symmetric and asymmetric ac-
ceptor cases supports the assumption that addition of these
analogues to the membrane-forming solution results in equal
distribution between leaflets.

In Table IT we have averaged the separate determinations
of R, for the various donor-acceptor pairs used in these ex-
periments. A self-consistent set of R, values is obtained with
uncertainties <10%. These values are seen to depend most
strongly upon the acceptor fluorophore and upon the lipid to
which it is conjugated. In the case where identical acceptor
(N-SRH-PE), but different donors (C,-NBD-PC vs N-NBD-
PE), were compared, the same R, values were obtained within
experimental error. These R, values differ by as much as 30%
from values predicted spectroscopically. This supports our
contention that there are too many sources of potential error
and intrinsic assumptions which must be made to calculate
R, accurately using eq 3 and that a more accurate approach
is to calculate it from energy transfer data directly (ultimately
eq 2).

In Table IT we have averaged the separate determinations
of distances of closest approach from Table I for the various
donor-acceptor pairs. These parameters of R, and distances
of closest approach enable us to calculate the dependence of
transfer efficiency upon acceptor concentration under con-
ditions of all-cis or all-trans transfer (ES* and E%¥™) appro-
priate for each of the donor—acceptor pairs (Figure 5). Note
that here the concentration of acceptor is given as mole fraction
total lipid. We see that none of the acceptor lipid analogues
are “half-bilayer quenchers”. For each of the pairs considered,
significant transfer is observed both within a leaflet and be-
tween leaflets.
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Table II: Positions of Fluorophores Determined from Energy Transfer Measurements®?

distances of closest

position from bilayer

position from bilayer

experiments from approach center, @ = 0 model center, @ = d, model

donor acceptor Table I averaged R, (A) cis (&) trans(A) NBD(A),x RH(A),y NBD(A) RH(A)
C¢-NBD-PC N-SRH-PE 6 69 £ 1 302 70+ 3 20+2 50+2 3541 35+1
N-NBD-PE N-SRH-PE 4,5 73+ 3 377 73 £ 10 18+ 6 556 37+4 37+£4
N-NBD-PE N-LRH-PE 1,2,3 66 £ 1 21+ 4 62 £ 3 21£3 42+ 3 312 312
N-NBD-PE N-LRH-MLPE 7-10, 15-17 53+ 4 25£3 62+4 19+£3 43+ 3 31+2 312
N-NBD-PE N-SRH-SM(S) 11, 12, 18, 19 S50+ 1 25+ 3 634 19+3 44 = 3 32£2 32+2
N-NBD-PE N-SRH-SM(D) 13, 14, 20, 21 47 £ 1 23+ 3 63 + 4 20+ 3 43 %3 322 32+2

4Uncertainties determined by error propagation assuming independent samples. ®All distances are given in angstroms.

1.0+

0.8+

Transfer Efficiency

0.02 0.03 0.04 0.05

Mole Fraction of Acceptor

FIGURE 4: Er vs acceptor concentration for the three types of ex-
periments done, (O) without and (@) with excess unlabeled DOPC
vesicles. Solid lines show theoretical fits to the data. (A, top)
Symmetric vesicles with N-NBD-PE (donor) and nonexchangeable
N-LRH-PE (acceptor). Referring to Table I data, O is exp no. 2 and
@ is exp no. 3. Both cases were fit to eq 7. (B, middle) Symmetric
vesicles with N-NBD-PE (donor) and N-LRH-MLPE (acceptor): (O)
exp no. 7 (data fit to eq 7); (@) exp no. 8 (data fit to eq 12). (C,
bottom) Asymmetric vesicles with N-NBD-PE (donor) and N-SRH-
SPC (acceptor): (O) exp no. 20 (data fit to eq 13); (@) exp no. 21
(data fit to eq 14).

In an experiment where acceptor is confined to a single
leaflet while the donor is distributed in an unknown way be-
tween leaflets, the transfer would be a linear combination of
all-cis and all-trans transfer. Equation 13 represents the special
case of equal donor distribution with all acceptors in the outer

leaflet. The more general case would be given by
Er = (1 - a)EF™ + () Ef* (15)

where « is the fraction of donor in the same leaflet as the
acceptor. Using eq 15, the results of Figure 5 can be used to

P
2
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>
g
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&
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E 0.0 4 4 D
0.00 0.02 0.04 0.06 0.00 0.02 0.04 0.06

MOLE FRACTION OF ACCEPTOR

FIGURE 5: Use of FRET to determine the transbilayer distribution
of Ce-NBD-PC. Parameters from Table II were used to generate
curves for all-cis (—) and all-trans (---) transfer between (A) C4-
NBD-PC and N-SRH-PE, (B) N-NBD-PE and N-SRH-PE, (C)
N-NBD-PE and N-LRH-PE, and (D) N-NBD-PE and N-LRH-
MLPE or N-SRH-SPC.

calculate the transbilayer distribution of the donor in any
intermediate case.

Our energy transfer results can also be used to obtain in-
formation about the localization of the fluorescent moieties
of these lipid analogues relative to the bilayer center.

According to eqs 11a and 11b, the distances of closest ap-
proach for cis and trans transfer, d,;, and d,,,,,, are given by

dgs = [a® + (y - x)?]'/2 (16a)

dtrans = y + X (16b)

Absolute determination of the distances of the donor and
acceptor, x and y, from the bilayer center requires an inde-
pendent measure of the in plane steric hindrance distance a.
In the absence of such a determination, our data enable us to
set limits on x and y, since for y — x to be real, a can range
only from 0 to d . Values calculated for these two extremes
are given in Table II. Transfer from N-NBD-PE to N-
LRH-PE, N-LRH-MLPE, or N-SRH-SPC gives the same
values for d  and d,;,,; and shows that the rhodamines lie

“between 42 and 31 A from the bilayer center with the NBD

lying between 19 and 31 A. Transfer between N-NBD-PE
and N-SRH-PE shows that the rhodamine of that probe is
between 55 and 37 A from the bilayer center and the NBD
is between 18 and 37 A. The appropriate distance from the
bilayer center to the lipid phosphates is ~19 A. These data
thus tell us that the rhodamine fluorophores are all well above
the lipid phosphates and the NBD group of N-NBD-PE is at
or above the phosphate. Since the upper limit of rhodamine
position is hard to reconcile with molecular dimensions, it is
likely that a is greater than zero. The assumption that a equals
the intermolecular distance between lipid head groups (8.4 A)
has little effect on y. It thus seems likely that a is large and
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FIGURE 6: Structures of N-NBD-PE (A) and C,-NBD-PC (B) showing how free rotation around a single bond could result in a large variation

in the NBD positions.

that the lower limit for the rhodamines and the upper limit
of the distance from the bilayer center for the NBD are more
realistic. Three-dimensional structures consistent with these
conclusions were generated by an energy minimization pro-
gram and are shown in Figure 1.

Transfer between C,-NBD-PC and N-SRH-PE places the
rhodamine between 50 and 35 A and the NBD between 20
and 35 A from the bilayer center. These values for the rho-
damine are consistent with the values determined using N-
NBD-PE as the donor. Thus, the NBD of C,-NBD-PC, like
that of N-NBD-PE, appears to be at or above the lipids
phosphates. This conclusion is independent of the value of a
since, according to eq 16b, d,,,, is independent of a. The
differences in the d,,,,, for N-NBD-PE and C;-NBD-PC are
equal to the difference in x. Thus, the NBD group in Cg-N-
BD-PC is 3 + 10 A below the NBD group in N-NBD-PE (see
Table II).

These calculations may be compared to two other deter-
minations of the position of NBD groups on C¢-NBD-PC and
N-NBD-PE. Connor and Schroit (1987) estimated the NBD
group on C-NBD-PC to be about 6 A from the bilayer center
while Chattopadhyay and London (1987) determined that the
NBD group of C-NBD-PC and N-NBD-PE are to be about
12 and 14 A from the bilayer center, respectively.

Both our data and those of Chattopadhyay and London
(1987) contradict the conclusion of Connor and Schroit (1987)
that the NBD group of C,-NBD-PC is buried deeply in the
hydrocarbon core of the bilayer. Connor and Schroit (1987)
used a simple nearest neighbor theory to fit their data. Such
an approach is, at best, approximate (Koppel et al., 1979).

Our data are in agreement with Chattopadhyay and London
(1987) in that we both find that the NBD groups in C-
NBD-PC and N-NBD-PE are, roughly speaking, at the same
level relative to the bilayer center. Our data do, however,
appear to disagree somewhat, since we find both probes to be
at or above the level of the phosphates, while Chattopadhyay
and London (1987) place them at or below the carbonyls.
Chattopadhyay and London (1987) have pointed out that the
precise meaning of distances of closest approach and position
may depend upon the technique used. FRET measures an
average position weighted as 1/r%. As shown in Figure 6,
rotation about a single bond can bring the NBD groups of
C¢-NBD-PC and N-NBD-PE from the positions indicated by
our data to those indicated by Chattopadhyay and London
(1987). Such a rotation might be expected to occur relatively
freely. Quenching of NBD fluorescence by a spin probe with
very small R, within the bilayer would be heavily biased in
favor of NBD molecules near the surface. To a lesser degree
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(because of the larger Ry), our data would favor NBD mol-
ecules farther from the surface, that is, nearer the rhodamines.
By detailed and more rigorous analysis, one can potentially
use this bias to one’s favor and determine not only the mean
fluorophore position but the probability distribution of positions
as well (Cantor & Pechukas, 1971; Grinvald et al., 1972).

CONCLUSIONS

In conclusion, we have

(1) Determined the corrected spectra and R, values ap-
propriate for fluorescence resonance energy transfer mea-
surements between a series of rhodamine and NBD labeled
lipid analogues.

(2) Introduced two new fluorescent lipid analogues, N-
LRH-MLPE and N-SRH-SPC, which exchange readily across
the aqueous phase but do not flip rapidly between bilayer
leaflets.

(3) Demonstrated that these exchangeable rhodamine lipid
analogues effectively quench NBD lipid analogue fluorescence
in lipid bilayer membranes by nonradiative fluorescence res-
onance energy transfer.

(4) Established the parameters of energy transfer quenching
of NBD lipid analogue fluorescence, demonstrating that all
of the acceptor (rhodamine) lipid analogues considered (ex-
changeable and nonexchangeable) quench the fluorescence of
donor (NBD) lipids in the opposite (trans) leaflet of the bilayer
membrane, providing a theoretical basis for future use of these
probes in studying NBD lipid transbilayer distribution and
transport. Therefore, none of them can be considered “half-
bilayer quenchers”.

(5) Set limits on the positions of the donor (NBD) and
acceptor (rhodamine) fluorphores relative to the bilayer center
using energy transfer data. The rhodamine probes are all well
above the lipid phosphates, and the NBD groups of N-NBD-
PE and C4,-NBD-PC are at or above the phosphates.
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