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ABSTRACT. An assay was developed to study the spontaneous transfer and transbilayer movement (flip
flop) of lipid analogs labeled with the fluorescent fatty acid, 5-(5,7-dimethyl BODIPY)-1-pentanoic acid
(Cs-DMB-) in large unilamellar lipid vesicles comprised of 1-palmitoyl-2-oleoyl phosphatidylcholine
(POPC). The assay is based on the concentration-dependent changes in fluorescence intensity that occur
when donor vesicles containing a-OMB-lipid are mixed with nonfluorescent acceptor vesicles. A
kinetic model was developed to describe the time-dependent changes in concentration of a lipid undergoing
both spontaneous transfer between unilamellar vesicles and transbilayer movement within the vesicle
membranes, and a mathematical solution was obtained. Data were obtainedstBi@dabeled analogs

of sphingomyelin (-DMB-SM), ceramide (&DMB-Cer), phosphatidylcholine &DMB-PC), and
diacylglycerol (G-DMB-DAG), and kinetic parameters for each lipid were determined using a nonlinear
least-squares fitting program. The half-times for interbilayer transfer of the lipids webMB-SM (21

s) < Cs-DMB-PC (350 s)~ Cs-DMB-Cer (400 s)< Cs-DMB-DAG (100 h). G-DMB-Cer (1, ~ 22

min) and G-DMB-DAG (ti2 ~ 70 ms) exhibited rapid spontaneous transbilayer movement, wkile C
DMB-SM (t1» =~ 3.3 h) and G-DMB-PC (t1> = 7.5 h) moved across the bilayer very slowly. These
results provide a basis for interpreting the behavior of these lipid analogs in cells.

Fluorescent lipid analogs have been useful for studying branes and exhibits a high rate of spontaneous trairsfer
membrane lipid traffic in animal cells (reviewed in-B). vitro (7), provides a rational explanation for the observation
In this approach, one of the naturally occurring fatty acids that this lipid labels intracellular membranes (e.g., the
of a lipid is replaced with a short-chain fluorescent fatty acid, endoplasmic reticulum, nuclear envelope, and mitochondria)
resulting in a fluorescent lipid analog that is more water of living cells at low temperature. In contrast, the finding
soluble than its endogenous counterpart and that consequentlyhat other G-NBD-lipids, which exhibit rapid spontaneous
can be readily integrated into cellular membranes by transfer in liposomes but do not exhibit appreciable-flip
spontaneous lipid transfer from an exogenous source. Theflop in those systems, has led to the postulate of facilitated
intracellular distribution of the labeled molecules can then transbilayer movement of some of those lipids in cellular
be observed in living cells by high-resolution fluorescence membranes9—13).
microscopy, and temporal changes in the distribution of a Recently, we have begun to extend the approach noted
given lipid (and its metabolites) can be correlated with above using lipids labeled witiN-[5-(5,7-dimethyl-BO-
changes in its metabolism. From such studies, it is possible DIPY)-1-pentanoic acid (&DMB-) (14, 158). These ana-
to define the pathways of transport of a particular lipid analog logs are a particularly attractive alternative to NBD-labeled
and to study the underlying mechanism(s) of that transport. lipids because the BODIPY fluorophore (i) has a higher
This approach has been particularly successful in studyingfluorescence yield and is more photostable than NB6),(
lipid analogs labeled witIN-(4-nitrobenzo-2-oxa-1,3-diaz- and (i) is less polar than NBD and therefore is probably
ole)aminocaproic acid (ENBD-). In the case of the £ better anchored in the membrane bilayer than NBD which
NBD-labeled lipids, biophysical studies of the rates of loops back to the membranevater interface 17, 18).
spontaneous transfer of the lipid analogs between artificial Futhermore, lipids labeled with&«DMB-fatty acids exhibit
membranes4, 5), as well as studies of their ability (or a shift in their fluorescence emission maximum from green
inability) to undergo transbilayer movement (fliflop) in to red wavelengths with increasing concentration in mem-
such systems6(-8), have provided important information branes 14). Thus, it is possible to distinguish membranes
for studying the mechanisms for intracellular transport of within the same cell that contain different concentrations of
these analogs. For example, the finding thatNBD- a fluorescent lipid and, using quantitative microscopy, to
ceramide undergoes spontaneous-ffipp in model mem- estimate the apparent concentration of the lipid in a particular

organelle. This approach has been used to study the
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Ficure 1: Structures of BODIPY-labeled lipids used in the present study. Phosphatidylcholine (PC), diacylglycerol (DAG), sphingomyelin
(SM), and ceramide (Cer).

membranes. Thus, inferences about mechanisms of intrac-using the “slow time course” mode. Samples were excited
ellular transport have to be made by analogy to the at 480 nm, and the fluorescence emission was detected at
biophysical properties of other fluorescent lipid analogs. In 510 nm at room temperature.
the present study, a kinetic model was developed to describe Preparation of Lipid VesiclesLarge unilamellar vesicles
the coupled processes of spontaneous lipid transfer andwere prepared by extrusion (LUVETsPH) and were
transbilayer movement of lipids and a mathematical solution approximately~1000 A in diameter. Briefly POPC, with
was obtained. The time-dependent changes in the concentraer without G-DMB-lipid, was dried under nitrogen, desic-
tion of various G-DMB-lipid analogs (see Figure 1) were cated under vacuum, and then dispersed into 18 mM Hepes-
then determined by measuring changes in fluorescencebuffered calcium- and magnesium-free Puck’s saline, pH 7.4
intensity that occurred when donor and acceptor vesicles(HCMF), using a vortex mixer to produce multilamellar
were mixed together, and the kinetic parameters for spon-vesicles. These vesicles were subjected to five cycles of
taneous transfer and fligflop were determined by a freezing in liquid nitrogen and thawing at 4@. The
nonlinear least-squares fitting program. While a number of vesicles were then extruded 10 times through two stacked
publications pertaining to the kinetic modeling of these polycarbonate filters (0.1m pore size) to produce large
processes have appear&d<22, 36, 37), the current study  unilamellar vesicles.
is unique in that it provides a more precise correlation with  Generation of Standard Cue. A standard curve was
experimental observations when the spontaneous transfer andeneratedAex = 480 nm;Aem = 510 nm) at room temperature
transbilayer movement of a given lipid are strongly coupled. by measuring the fluorescence intensities of LUVs comprised
of POPC and containing various amounts of theDB/B
MATERIALS AND METHODS labeled lipids. The fluorescence intensity was then plotted
vs mole fraction.

Kinetic Measurements and Calculationdn a typical
experiment, an aliquot of acceptor vesicles was added to a
cuvette containing an equal volume (1 mL) of fluorescent
donor vesicles at time zero. The sample was stirred
continuously, and all measurements were made at room
temperature (22C). The concentration of donor vesicles
was 15uM POPC+ 1.5 uM Cs-DMB-lipid; the acceptor
vesicle concentration was either 120 or 24@ POPC.

The changes in fluorescence intensities with time can be
/ described by

Lipids. 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC)
was purchased from Avanti Biochemicals (Pelham, AL).
N-[5-(5,7-dimethyl BODIPY)-1-pentanoyb-erythrosph-
ingosine (G-DMB-Cer), -sphingosylphosphorylcholine-(
erythroisomer) (G-DMB-SM), and 1,2 (palmitoyl-5,7-
dimethyl BODIPY-1-pentanoyl)-phosphatidylcholine s(C
DMB-PC) were obtained from Molecular Probes, Inc.
(Eugene, OR). &DMB-PC was hydrolyzed to the corrre-
sponding fluorescent diacylglycerol {©OMB-DAG) by
digestion with phospholipase @3) and purified by thin-
layer chromatography. All lipids were stored in chloroform
methanol at-80 °C, periodically analyzed for purity by thin- — D
layer chromatography, and repurified when necessary. The F(t) = SC(ICJ}) + SC(ICE.) + SC(ICL.) + SC(ICT)
concentration of lipid stock solutions were determined by where SC is the empirical function obtained from the
measurement of lipid phosphorug4f or by reference to  standard curve, [C] represents the concentration of the
known concentrations of fluorescent standards. fluorescent lipid in the outer (out) or inner (in) leaflet of the

Fluorescence MeasurementBluorescence measurements donor (D) or acceptor (A) membrane, and is defined by eq
were carried out in an SLM 8000C fluorimeter (Urbana, IL) B4 in Appendix B.
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Ficure 2: Standard curve of fluorescence intensiynole fraction 100000
for Cs-DMB-SM. The fluorescence intensitylde = 480 nm;Aem b
= 510 nm) of large unilamellar vesicles formed from POPC and
containing various amounts ofsOMB-SM was determined at Z 800001 TR Ao
room temperature. The POPC concentration wag5for each g o I
data point. The shape of the standard curves between 0 and 12.5 =
mol % were similar for all four GDMB-lipids studied. % 600007
Nonlinear Least-Squares FittingThe data from the time g 000
course experiments were analyzed using the program NON-
LIN (26ab) on the UNIX platform. Separate programs, 20000
which described the mathematical solutions of the coupled
spontaneous transfer and transbilayer movement, the-input ° , . R ,
output information, and the empirical standard curves for 0 100 2000 300400 500 600
each G-DMB-labeled lipid were compiled in FORTRAN Time (sec)

77 and used as entrance and exit connections for NONLIN. FIGURE 3: Spontaneous transfer oEOMB-Cer between donor
and acceptor vesicles. LUV donor vesicles (% POPC)

containing 10 mol % (a) EDMB-Cer or (b) G-DMB-SM were
RESULTS AND DISCUSSION mixed at time zero with a 16-fold excess of LUV acceptor vesicles

: B ) formed from POPC. The sample was stirred continuously and the
Standard Cuses of G-DMB-Fluorescences Concentra fluorescence intensityl{x = 480 nm;Aem = 510 nm) monitored

tion. The standard curves for each fluorescent lipid were gyer time at 22C. Dashed line, results of the NONLIN curve fitting
obtained at room temperature by measuring the fluorescenceprogram (see text for details); solid line, experimental data.
intensity @ex = 480 NM;lem = 510 nm) for lipid vesicles

containing various concentrations of the @MB-lipid. The Table 1: Estimated Rate Values of Spontaneous Transfer

shapes of the standard curve were similar for all fogr C lipid AD=N K (59 K.(sY) Kn (59
-lini 0, I

DMB-lipids us_ed over the range of-12.5 mol %. Figure C..DMB-Cer 16 15x10° 92x10° 19x10°
2 shows a typical standard curve fo-DMB-SM. Between 8 14x 103 1.8x 104 1.6x 10°2
0 and 2 mol %, the fluorescence intensity increased linearly. Cs-DMB-DAG 16 21x10° 1.3x10% 22x10°
The fluorescence intensity reached a peak at 4 mol % and 8 1.8x 10 2.2x 10> 2.0x 10~
decreased steadily with increasing concentrations of the ¢ ¢=DPMB-SM 16 32107 20x 107 3.4x 1077
e . 8 39x 102 49x103 3.9x 10
DMB-lipid, presumably because of self-quenching. Cs-DMB-PC 16 21x 103 1.3x 104 2.2x 10°3
Time Course Measurement&qual volumes of solutions 8 20x10°% 25x10* 20x10°3

containing various amounts of donor and acceptor vesicles 2N = ratio of acceptor (A) to donor (D) vesicle&n_ = dissociation
were mixed at time zero, and the fluorescence intensity wasconstant for monomeric transfer (see Figure K). andK- are defined

then measured continuously. In each case, the resultingn Figure 6.

curves could be fitted by a double-exponential function

(Appendix B). G-DMB-SM and -PC exhibited fast vesicle time course measurements fog-OMB-Cer and G-DMB-
vesicle transfer, which was characterized by a sharp linearSM.

increase in fluorescence intensity at early time points, a The rate of spontaneous transfer can be estimated from
slower increase in fluorescence intensity at intermediate the initial slope of the time course data combined with the
times, and a barely detectable change in the slope of intensityinformation from the standard curve (eqs B5B5.3). Table
vstime after 30 min. This latter observation reflects a slow 1 shows the estimated rates for spontaneous transfer of each
transmembrane movement. However, in the case of C Cs-DMB-labeled lipid used in the presnt study.

DMB-DAG, and -Cer, the increase in fluorescence intensity  Kinetic Parameters All calculations were based on the

at early time points was moderate compared teDMB- equations derived in the Appendix (A4, BB). Subpro-

SM and -PC and continued to increase with a considerablegrams were compiled in FORTRAN 77 in order to convey
rate after hours, reflecting a strong coupling of the spontane-the information to NONLIN. The estimated rates were
ous transfer and flipflop. The time to reach equilibrium  inputed into the NONLIN program as the starting point for
varied significantly depending on the lipid species and ratio the fitting calculations in order to generate accurate output
of donor to acceptor vesicles. In general, it increases in theresults. The values of the rates for spontaneous transfer and
order SM < PC < Cer < DAG. Figure 3 shows typical transbilayer movement, as well as the relaxation times, are
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Table 2: Kinetic Parameters of Spontaneous Transfer and this approach to more hydrophobic analogs such as ghe C
Transbilayer Moveme#t DMB-lipids, whose slower rates of spontaneous transfer
lipid AD=N (s 73(5) KD Ko (s make them more similar to natural lipids.
C-DMB-Cer 16 40x 102 27x 10 5.0 104 1.9x 103 (2) Both the head group and backbone affect the rate of
5" - . . . .

8  41x10™ 2.6x 10*3 5.5x 104 1.7 x 10-3 lipid flip—flop and spontaneous transferWhile it has
Cs-DMB-DAG 16 5.0x 102 9.1x 10™ 1.0x 10t 2.2x 1075 previously been shown that the lipid head group plays an
o DMB.SM 12 g-gx %ﬁj igx 18;5‘ ééx ig“; %IX igz important role in these processe9{31), we also show
5 5 2:9§ ot 1:5§ 1ot e:gi 105 3:4§ 10-2 here that the lipid backbone influences this behavior. In
Cs-DMB-PC 16 4.9% 10" 4.6 x 10 2.2 x 10-5 2.0 x 10-3 general, the spontaneous transfer rates of sphingolipids are
8 52x10" 3.4x 10" 3.0x 105 1.9x 1073 significantly greater than those of the glycerolipids with the
ap, D, N, (s73), andK,,- are defined in the legend of Table I, same headgroup. This is particularly apparent when com-
andts = relaxation times defined by eqs A4.3 and A4.4; = rate paring the half-time for spontaneous transfer of t>M™B-
constant for transhilayer movement (refer to Figure 5). analogs of ceramide (400 s diacylglyercol (100 h). The

reason for this difference is unknown but may be related to
Table 3: Half Times for Spontaneous Transfer and Transhilayer ~ the polarity or the flexibility of the lipid backbones.

Movement (3) The flip—flop of G-DMB-PC is comparable to that of
Cs-DMB-Cer G-DMB-DAG Cs-DMB-SM  Cs-DMB-PC a nonfluorescent lipid.Previous reports have examined the

Thn(s) 13x10°  7.0x 102  12x 10 2.7x 107 transbilayer movement of PC (and PC analogs) in various

Texz(s) 4.0x 1072  36x 1075  21x 101  3.5x 10%2 systems, with values for the half-times varying widely from

aTf,, (= In 2/Ky) and Tex (= In 2/K_) correspond to the half- 9 1 t0>100 h at room temperaturé,(32—34). The results
times for transbilayer movement (flip-flop) and spontaneous monomeric for Cs-DMB-PC (t1» ~ 7.5 h) are similar to those obtained
transfer, respectively, at Z2Z. E_rrors in estimation of the half-times  for dimyristoyl PC (1> ~ 9.6 h) in LUV (34).
were 10%. Values were obtained at 2. (4) The half-times for spontaneous transfer and-ffifpp

of G;-DMB-Cer and -DAG suggest that endogenous Cer and

listed in Table 2. In general, the rates for spontaneous trans-pAG are transported differently within cellsBoth DAG
ferincrease in the order of DAG Cer < PC < SM, whereas  and Cer are thought to be generated at the plasma membrane
the rates for transbilayer movement increase in the order ofof cells in response to appropriate extracellular signals,
PC < SM < Cer < DAG. The half-times for spontaneous  serving in turn as lipid second messengersDMB-DAG
transfer and transbilayer movement of each of the fluorescentexhibits a significant rate of flipflop and a very small rate
lipids were calculated from the corresponding rate constantsof spontaneous transfer, suggesting that endogenous DAG
based orty, = (1/K)In 2 and are listed in Table 3. generated at the plasma membrane would initially be

In the present study, we have examinegBMB-PC vs restricted to the plasma membrane. The fact that protein
Cs-DMB-DAG and G-DMB-SM vs Cs-DMB-Cer. Within kinase C binds to the plasma membrane upon activaBon (
each pair, the backbone of the different molecules is identical js consistent with this idea. In contrasts-ODMB-Cer
while the polar head groups are different (refer to Figure 1). exhibits moderate rates for both flifflop and spontaneous
On the basis of the data in Tables 2 and 3 for these lipids, transfer, raising the possibility that endogenous Cer might
we can make the following points. be more readily accessible to other intracellular compartments

(1) The half-times for spontaneous interbilayer transfer once it is generated at a particular site.
of C-DMB-lipids are significantly longer than those obtained
using G-NBD-lipids. Several different methods have been ACKNOWLEDGMENT
used previously to quantify the half-times for spontaneous
transfer of various NBD-labeled lipids in lipid vesiclexl(
22). The rates of spontaneous transfer of tgeNBD-lipids

The authors thank Dr. L. Brand (Biology Department, The
Johns Hopkins University) for making the NONLIN program

are about an order of magnitude faster than for the corre- available to us and providing assistan_ce, members of_the
sponding G-DMB-lipids [e.g., tus ~ 25 s for G-NBD-PC Pagano Laboratory for helpful suggestions, and Dr. Zeljko

(22) v5350 s for G-DMB-PC). While this difference might aajzer (Mayq ?Iinic and Foundation) for critically reading
be due to differences in vesicle siz84 in the various € manuscript.
experiments, it most likely reflects the fact that the DMB APPENDIX A: KINETIC MODEL AND

moiety is more hydrophobic than the NBD group and \,ATHEMATICAL SOLUTION FOR COUPLED

therefore is probably better anchored in the membrane SPONTANEOUS TRANSEER AND TRANSBILAYER
bilayer. Indeed, it has been shown by two different methods MOVEMENT OF LIPIDS

that the NBD group loops back to the membrameter

interface (7, 18). The difference in half-times is also The schematic in Figure 5 and the accompanying equations
reflected in cellular studies in which it has been found that (A2) describe the coupled processes of spontaneous transfer
Cos-NBD-lipids present in the outer leaflet of the plasma and transbilayer movement of a lipid moving between (and
membrane can be readily back-exchanged from the cellacross the bilayer of) lipid vesicles. This treatment is based
surface by incubation with a non-fluorescent acceptor (e.g., on the model shown in Figure 4 and eq Al, which was
lipid vesicles or BSA) 9, 12, 27, 28), while removal of G- developed by othersl@—22, 30, 31, 36, 37). The current
DMB-lipids from the plasma membrane is much more model can be treated as four, reversible reaction steps;
difficult, requiring long incubation times and high concentra- however, the mathematical solution is extremely complex.
tions of acceptor {4, 15ab). Thus, while much useful A suitable solution for this model was first obtained by
information concerning intracellular transport of lipids has Arvinte and Hildenbrand36) using the assumption thit
been obtained usingsNBD-lipids, it is important to extend < K_, resulting in a set of three-exponential functions. In
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HLolou - 2 010w+ k2CInS ° (A1)
A
Tl - i [Clow + ki (ClnS* (A12)
diCln _ 0 (A1.3)

dt

The mathematical solution has been solved in ref 4.

Ficure 4: Kinetic model for spontaneous transfer of lipids in lipid
vesicles kn— andkn+ represent respectively the off-rate and on-
rate for monomer exchange. [C] represents the lipid concentration
in a given compartment. The superscripts A and D represent the

acceptor and donor vesicles, and the subscripts out and in represent

the outer and inner leaflets of the membrane bilaggt: andky,+

represent the off-rate and on-rate for monomer exchange. S is the
total surface area of the donor or acceptor vesicles and m represents

the monomeric state. Refer to refs-422, 30, 31, 36, and 37.

Donor Acceptor

differential equation:

d[;]'% =~k [Cln + ki [Clou (A2.1)
%F”' = ku[Cln— (ki + k2ICI + k2 ICImS® (A2.2)
%:”‘ = K [Cln— (Ki- + km)[Clau + ke ClmS * (A2.3)
%]t—mcmwh ki IClou (A2.4)
% = ke [Clou+ ke [Clout — (k.S P+ kn, SM)Cln=0  (A2.5)

Ficure 5: Kinetic model for the coupled processes of spontaneous
transfer and transbilayer movement of lipids in lipid vesicles. The
equations accompanying this schematic (A2AR.5) are based on
the model in Figure 4 and eqs A+-A1.3, and the work of others
[19—22, 30, 31, 36, 37]. Setting eq A2.5= 0 has been a common
theme for all previous models. Since the rate-limiting step in
spontaneous transfer of lipids is the dissociation of lipid monomers
from the membrane into the aqueous phase,, [&fs been treated
as steady stateki— and K¢+ represent the rate constants for
transbilayer movement (flip-flop) outside to inside and inside to
outside respectively; other terms are defined in the legend to Figure
4,

a later study, Storch and Kleinfie®%) used a numerical
calculation program called MASYMA to solve eq A2,
resulting in a set of four-exponential functions. On the other

Bai and Pagano

Acceptor

Donor

%‘g = ~k,[Cln+ k. [Clow (A3.1)
E[dczi = K [CIo— (ki + k)ICIS + KICIA (A3.2)
%}2‘“ = k[Cln (ki + K)[Clou + kIC1y (A3.3)
%ﬁ =—k1,[Cln + ki-[Claw (A3.4)
- ,@S—ﬁ;?’ m (A3.5)
- knS° . .

k2,80 + ki s*
Ficure 6: Simplified kinetics for coupled spontaneous transfer and
transhilayer movement. This is an equivalent kinetic model to the
one in Figure 5. The model was simplified to three step reversible
reactions without introducing any additional restrictions or assump-
tions. The mathematical solution of this simplified model (A3)
yields a simpler solution compared to that for (A2) in Figure 5.

hand, the experimental observations of coupled spontaneous
transfer and transbilayer movement have always shown
double-exponential behavior (and change to single-exponen-
tial under certain extreme conditions}§( 41, 42). As a
result, the mathematical solutions noted above have not been
extensively applied. Instead, most of the quantitative studies
to date have been performed empiricalB4,(36, 38—41)

by assuming the process is a double-exponential function,
[A1 expBait) + Az expBat)], and fitting the pre-exponential
variablesA; and A, and superexponential variablBs and

B, independently. This empirical method avoids the require-
ment of a detailed mathematical solution for the coupled
processes of spontaneous transfer and transbilayer movement.
However, there are some negative aspects to this approach.
(i) A, and A, are actually related t@; and B,. (More
uncertainty and flexibility could be introduced in the resulting
kinetic parameters by treatingy,, A;, B; and B, indepen-
dently.) (ii) The fast and slow components must be
arbitrarily assigned to each process (usually spontaneous
transfer is assigned as “fast” and transbilayer movement as
“slow”). However, in actuality, both spontaneous transfer
and transbilayer movement can contribute to both the fast
and slow components.

It is obvious that a more suitable mathematical solution
correlated with experimental observations is needed to study
the kinetic parameters for the coupled processes of spontane-
ous transfer and transbilayer movement. Such an approach
is outlined in this appendix. First, we will simplify the
kinetic model somewhat. The schematic shown in Figure 6
and the eq A3 are equivalent to that in Figure 5 and eq A2
if we introduceK— andK+ for Kn— andKn+ to satisfy
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egs A3.5 and 3.6. Importantly, this does not introduce any Assuming that both the acceptor and donor vesicles are
additional restrictions on the original kinetic model. How- in an equilibrium state before they are mixed together, the
ever, this results in an equivalent transformation of the kinetic relaxation amplitude corresponding to each relaxation time
process from four-steps to three-steps and from eq A2 to eqcan be calculated as follows:
A3. This equivalent transformation results in a significant
simplification of the final mathematical solution without any Fori —k, +k
additional restrictions on the original model. + -

Summary (1) This solution can be universally applied to
the kinetic model of coupled spontaneous transfer and ()P = (a)°,= @)r,= (@a)h =
transbilayer movement without further restrictions and is well
correlated to the experimental observations which indicate
coupled spontaneous transfer and transbilayer movement oi:orl + 1_ k. +k_+k +k and
lipids are usually described by a double-exponential function. Tz T3
(2) This solution is relatively simple compared to previous 1 « L=k, + Kk
solutions involving three- and four-exponential functions. 7, 13 —/f+
Each variable in the equations has a clear physical meaning
so that it can be directly applied to experimental analysis

X : ) o )
without |.ntr0ducmg any fu.rther restrictions. (ay)P = ( = )[C;A]i?1 (A5.1)
(3) This approach can yield more accurate kinetic param- T2~ T3
eters compared to the empirical fittings noted above, by
relating the pre-exponential and superexponential variables ( kf 4
to each other and by removing the arbitrary assignment of (az)(?ut= [CA]out (A5.2)
the slow and fast phases during the analysis. T
Sobing Relaxation Times 7, — (k)
_ _ - (@)ou= ( “liCla (A5.3)
Noting that there are only three independent equations in T
eq A3, the reciprocal relaxation timeg;i$hould be the eigen
values of determinantal equation which is derived from these 7,
equations. (a)h = (ﬁ)[c NS (A5.4)
2 3
1
ke == —ke 0
' 1 (a0 = (L)[c I° (A6.1)
ke ketke=T ke —=0 I \rg— ) AT '
1
K-+ K+ — K+ K+ + k- k- —= 73— (k)
’ (3ou = ( e )[CA]DM (R6.2)
1 1 1 N Ll B
(; - kf+ - kf_)’? - (kf+ + kf_ + k+ + k_); + (a3)out_ ( 3T, [CA]out (A6'3)
ki (ky +k)|=0 A 3 A
CH T —1 [CAlin (A6.4)
3 2
v
The general solution of A2 or A3 could be predicted as
1 follows:
==Kk, +k_ and (A4.1)
1 , [Cln=[Celn+ 3 @)nexpttin) (A7)
;3=[(kf++kf-+k++|£)i[(kf++kf_)+ =
+ K2+ 20k — +KOIYA2 (A4.2 :
()T 20— k)l TOITY2 (A4.2) (CIa=CdRu+ Y @uexpvr)  (A7.2)
)
A _ A A tf
Also’% _|_ Tl — kf+ + kf_ + k+ + k_ and (A43) [C]out_ [CE]out+ J;(aj)out exp( t/TJ) (A73)
2 3
1 3
= x==ku(k +k) (A4.4) [Clin = [Celin + 3 @) exptir)  (AT4)
2 J:
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where [G] represents equilibrium concentrationgrepre-
sents relaxation times, argl represents relaxation ampli-
tudes.

Sobing Equilibrium Concentrations

At t = 0, concentrations of donor and acceptor vesicles
are [CP and [CT, repsectively. Then,

ol |
[Co]in (kf + kf [C]o and [Co]out kf+ + kf, [C]o
o)
[Co]out (kf + kf [C]o and [Q)]Iﬂ kf+ + kf [C]o

At equilibrium, the following equations apply:
[k ko
[CE]F;—(kf+ e ) Tk )([Clo +[Cl5)  (A8.1)
[Celo =( it ( = )([C]D+[C]A) (A8.2)
out kij + kf7 k+ + k7 o [0} b
a_ [ M ) Ky ) A
[Celn (kf_ | P LS I GER)
[ ke ) K
[CE]’;,t—(kf+ ko (k+ i )([C]o +[Cl5)  (A8.4)

For change of concentrations, the following equations apply:

Caln= kf+kf;kf k*[cgli‘[c]ﬁ (A9.1)
[Calow= kf+k‘+*kf M[Cijtt‘[c]ﬁ (A9.2)
[Calh = ka_ka_ k[cgl:z[c]‘? (A9.3)
[CAlow= kf+kj:kf k_[cl]ﬁ;k*[c]‘? (A9.4)

The following is the complete solution for eqs A2 or A3:

Ty _ T3 _
e I/‘L'z + e Tf‘L’3
T, — T3 T3— T,

[Clh = [Celi) + [CA]E[(

(A10.1)
[C] out ™ [CE] out [CA] Eut{ (TZ _ (1/kf+) —t/ty +
Ty — T3
(w)eth] (AlOZ)
T3 —
[C] out [CE] out [CA]ﬁut{ ( ( /kf+) —t/rz +

( (1/kf+)

T3~ 17

) "73] (A10.3)
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7, _ T3 _
e titp + e tit3
Ty~ 73 137 73

(A10.4)

where [CI is the lipid concentration for each compartment
at timet, [CE]§ is the equilibrium lipid concentration for
each compartment, m is the total change of lipid con-
centration for each compartment (IC= [C,] — [Cg]), and

7; are the relaxation times.

[Clh =[Celph + [CA]{:{(

For special cases, (1) whdq, > k;, the coupling of
spontaneous transfer and fliflop becomes weaker, we have

1ok 1k (A11.1)
(2

1w +k, (A11.2)
T3

Under these conditions, the kinetic process could be de-
scribed as one fast phase and one slow phase. This is the
theoretical basis for refs 34, 36, 382, which arbitrary
assigned the fast phasespontaneous transfer and the slow
phase— flip—flop. (2) Whenk;+ andk;— — 0, we have

1ok 1k (A12.1)
L7

1,

- (A12.2)

the kinetic process became a single exponential, which
simplified to @, 5),

D
[Clh=[CJhn=[Cdn= [C]" (A13.1)
[C]out [Co] out + [CA] oute (Al32)
[Clow= [Colas+ [Caloue ™ (A13.3)
[Clh = [CJih =[Celn= Q (A13.4)
[C ]0 [Cly
[Cow= "% [Cow="5"
T L (Gl
out i, + k_ 2 ’
k [C]5 +[Cl
A _ + 0o 0
[CE]out_ (k + k_) 2
k,[Cls — k_[CI5
[CA]out 2(k++ k,) y
A [KICIh = KkCID
[CA]OU'[_ 2(k++ k_)
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_ (ki ke )S" + (ko kK )S
lns S + K, S°

which is same as the result in ref 4.

Lok +k
rz_k+ -

APPENDIX B: SIMPLIFICATIONS APPLIED TO
THIS PAPER

(1) Concentration Equations (A10)The general format

of the concentration equations does not change. However, [C /o]out

[C4], [CE], and T, 3 could be simplified as follows. (1) Since
LUV were used for all the measurements we haye,=

ki— = ki. (2) Donor and acceptor vesicles are composed of
Only the donor vesicle

the same phospholipid (POPC).
contains small amounts of fluorescent lipid. 9§, =

km+ and Kf” (3) The ratio of acceptor to donor
vesicles was\. We havesS* = N&. So,
k, = Lk; k, +k =k, _
N+ 1 k.
__1 k- - Kk
N+1 -

Then, eq A4 relaxation time could be simplified to

_ (@ k) £ VAK K

2

1

123

(B1)
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concentrations as follows:

T
[Co%If, = [Ce%If, + [CA%]F;[ (—, =
2 3

e U2 4
73
13 -

e—Tf‘L' 3
P

[CeI2,+ [C, /olou[ (%(ilkf))e

(r - (1/kf))
—|e

73— (1)) .
. ) ”](833)

[C%]out [CE%]out + [CA /O]ou[

T3~ 17

T
(ot = [ceo + c. 0 [ 2o+
2 3

T
(—3 )e”’S] (B3.4)
T3~ T3
(3) Fluorescence Intensity

At time t, F(t) = F(t)i, + F(t)5, + F(t)a, + FOh

The lipid concentrations of each compartment can also beAlso, F(t) = SC([C%E) + SC([C%EU,) +

simplified to

[Cdh = [CJou=C [CIh=[Cda=0  (B2.)

el _NIClg
[CE]m [CE]out 2(N + 1) [CE]m [CE]out 2(N + 1)

(B2.2)
[CAlin = [Calow= []° [CAll = [Clow=
Alin Alout — 2(N + 1) Alin out
N[C ]0
T 2N+1) (B2.3)

(2) Ratio of Concentrations of Fluorescent LipidsPOPC
in Each Compartment

D
[C %] = [C%lo, = m =[C]°%
[C%] = [Co%]5, = O
L [CI5%

[CE%]ln [C %]out [C %]m [CE%]out= m

N[C]°%
[Ca%la = [Ca%low= 7 1

—[C]9%
[Ca%lin = [Ca%low= 3 1

From A10, the lipid concentrations can be converted to ratio

N{SC(IC%E.) + SC(C%L)} (B4)

A short program containing the above equation was compiled
in Fortran 77 and linked to the NONLIN fitting program.
(4) Estimation of Kinetic Constants before Calculations

F(t) = SC([C%],) + SC([C%P,) + NSC([C%T) +

NSC([C%],)
dF _ dSC d[C%]; dIC%hu
dt  dClc=[cwpp dt dC c=[cwp, dt

dsc diC%ly dsq  dC%L,
dC |c=[cwp, dt dC |c=fcosp it
Also, [C%] = (C/Cpopd x 100%, therefore,
dF_ 2 [dS dICly
= [C%]2
dt [Coopd® dcC dt
dsd  dClo d[Clou
dc C%lw ot dc el ot
dsd  dIC] ds
4C el g n] {kf([c]m [C]Eur)(ﬁ [Co%2,
ds

“dc lewl, + (k+[C%]0ut_ ko [C]out) dC [C%]

dsc asc

ac c%]D) + kf([C]m [C]Qu,)( dc cols,
ds )} 2
qc licwn
dc [Coord”
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Whent = 0, [Ci]i = [Colo, = [Cl/2, and [C], = [C]4, =
0:

dF . _ _

a =0 [C d (k+[c]out ko [C]out)( dC |icol,

dsc
dC [[cwp,

tomwmuqu

ds ds dsC
dac 10%) 10%K ( dClow dC 10%)
10, OF| (dSQ _dsC
K, =10x dt =0 ( dC o dC 0%) (B5.1)
ke
k.= N (B5.2)
Ky =k, +k_ (B5.3)

The kinetic parameters for spontaneous transfer could be
estimated from the initial increase in rate of fluorescence

intensity.
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