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ABSTRACT: The rate of 1-palmitoyl-2- [ 12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodecanoyl]phospha- 
tidylcholine (P-C,,-NBD-PC) transfer between dioleoylphosphatidylcholine vesicles was measured by a 
technique based on resonance energy transfer between P-C12-NBD-PC and N-(lissamine rhodamine B 
sulfony1)dioleoylphosphatidylethanolamine [Nichols, J. W., & Pagano, R. E. (1982) Biochemistry 22, 
1720-1 7261. Addition of bile salts a t  concentrations below their critical micelle concentrations increased 
the rate of spontaneous P-Cl,-NBD-PC transfer without disrupting the vesicles. The effectiveness in increasing 
the transfer rate was dependent on the structure of the bile salt. In general, conjugated bile salts were more 
effective than unconjugated, and mono- and dihydroxy bile salts were more effective than trihydroxy. The 
kinetics of intervesicular P-C,,-NBD-PC transfer in the presence of cholate were found to be consistent 
with a mass action kinetic model based on the premise that bile salts bind to the vesicles, alter the dissociation 
and/or association rate constants for phospholipid monomer-vesicle interaction, and increase the rate of 
phospholipid transfer via the diffusion of soluble monomers through the aqueous phase. Temperature 
dependence studies indicated that cholate binding to vesicles is an entropy-driven process and that cholate 
binding lowers the free energy of activation for phospholipid monomer-vesicle dissociation by producing 
compensatory decreases in both the enthalpy and entropy of activation. 

Phospholipids spontaneously transfer between membranes 
by the diffusion of soluble monomers through the aqueous bulk 
phase (Duckwitz-Peterlein et al., 1977; Roseman & Thompson, 
1980; McLean & Phillips, 1981, 1984; Nichols & Pagano, 
1981, 1982; Massey et al., 1982a,b; Decuyper et al., 1983; 
Ferrell et al., 1985). This paper demonstrates that concen- 

This study was supported by U S .  Public Health Service Grant GM 
32342 and an Emory University Research Grant. 

trations of bile salts below their critical micelle concentrations 
bind to membranes and increase the spontaneous rate of in- 
tervesicular phospholipid transfer. The simplest explanation 
for this effect is that bile salts increase the rate of spontaneous 
transfer by partitioning into the membranes and altering the 
dissociation and/or association rate constants for phospholipid 
monomer-vesicle interaction. This paper presents a model 
based on this premise using the principles of mass action 
kinetics and demonstrates that this model can predict the initial 

0006-2960/86/0425-4596$01.50/0 0 1986 American Chemical Society 



B I L E  S A L T  S T I M U L A T E D  P H O S P H O L I P I D  T R A N S F E R  V O L .  2 5 ,  N O .  1 6 ,  1 9 8 6  4597 

rate kinetics of bile salt stimulated intervesicular phospholipid 
transfer. According to this model, bile salts increase the rate 
of phospholipid transfer between vesicles by increasing the rate 
constant for phospholipid dissociation from vesicles. Mea- 
surements of the temperature dependence of the bile salt 
stimulated transfer indicate that bile salts lower the free energy 
of activation for this process. 

Control and bile salt stimulated initial rates of intervesicular 
transfer for the fluorescently labeled phospholipid 1 -palmi- 
toyl-2-[ 12-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]dodeca- 
noyl]phosphatidylcholine (P-C12-NBD-PC)' were measured 
by a technique based on resonance energy transfer between 
P-C12-NBD-PC and N-(lissamine-rhodamine B sulfonyl)- 
dioleoylphosphatidylethanolamine (N-Rh-PE) (Nichols & 
Pagano, 1982). A preliminary report of this work has appeared 
elsewhere (Nichols, 1985a). 

EXPERIMENTAL PROCEDURES 
Materials and Routine Procedures. DOPC and P-CI2- 

NBD-PC were purchased from Avanti Biochemical Corp. 
N-Rh-PE was synthesized and purified as previously described 
(Struck et al., 1981). [3H]DOPC was a gift of Richard Pa- 
gano (Pagano et al., 1981). [14C]Cholate was purchased from 
New England Nuclear. [3H]DOPC and [14C]cholate were 
tested for purity by silica gel thin-layer chromatography and 
liquid scintillation counting. Greater than 98% of the I4C and 
95% of the 3H counts migrated with cholate and DOPC, re- 
spectively. Bile salts were purchased from Sigma Chemical 
Co. Bile sallts were tested for purity by silica gel thin-layer 
chromatography in choroform/methanol/acetic acid/water, 
65:25:2:4. Densitometric analysis of the plates following 
sulfuric acid charring indicated that all of the bile salts used 
in these studies were greater than 97% pure. Phospholipids 
were stored at -20 OC, periodically monitored for purity by 
thin-layer chromatography, and repurified when necessary. 
Phospholipid concentrations were determined by a lipid 
phosphorus assay (Ames & Dubin, 1960). Bile salt concen- 
trations were determined by a fluorescence assay (Beher et 
al., 1981). 

Vesicle Preparation. Lipids were mixed in desired pro- 
portions and their storage solvents removed by evaporation 
under nitrogen followed by a minimum of 4 h of vacuum 
desiccation. Vesicles were prepared by ethanol injection 
(Kremer et al., 1977) as follows. Dried phospholipids were 
dissolved in ethanol (10-40 pmol/mL), injected into NaC1- 
HEPES at room temperature, and dialyzed against 4 L of 
NaCI-HEPES overnight at 4 O C .  The resulting vesicles (final 
concentration 0.5-2.0 mM) were used on the day following 
injection. 

Fluorescence Measurements. Fluorescence was recorded 
from a Perkin-Elmer MPF-44E fluorescence spectrophotom- 
eter. Peak absorbance of samples was kept to <0.1 to reduce 
inner filter effects. Solutions in the cuvette were stirred by 
a magnetic stirrer, and the temperature was controlled by a 
circulating water bath. Concentrations of P-C12-NBD-PC and 
N-Rh-PE in vesicles were determined by disrupting the vesicles 
with Triton X-100 (1% final concentration) and measuring 
NBD and rhodamine fluorescence. Triton X- 100 disruption 
eliminates energy transfer, allowing P-C12-NBD-PC and 

I Abbreviations: P-C,,-NBD-PC, l-palmitoyl-2-[ 12-[(7-nitro-2,1,3- 
benzoxadiazol-4-yl)amino]dodecanoyl]phosphatidylcholine; N-Rh-PE, 
N-(lissamine rhodamine B sulfonyl)dioleoylphosphatidylethanolamine; 
DOPC, dioleoylphosphatidylcholine; NaC1-HEPES, 0.9% NaCl in 10 
mM 4-(2-hydroxyethyl)- 1 -piperazineethanesulfonic acid, pH 7.4; HDL, 
high-density lipoprotein. 

Table I: Percent Increase in the Initial Rate of Intervesicular 
P-C,,-NBD-PC Transfer in the Presence of Bile Salts' 

% % 
increase increase 

bile salt in rate bile salt in rate 
~~ ~ 

lithocholate 31 chenodeoxycholate 297 
cholate 106 deoxycholate 309 
glycocholate 134 glycolithocholate 341 
taurocholate 197 taurochenodeoxycholate 464 
glyccdeoxycholate 296 taurodeoxycholate 483 

Donor vesicles: P-C,,-NBD-PC/N-Rh-PE/DOPC, mole ratio 
1:1:98, final concentration 38 pM. Acceptor vesicles: DOPC, final 
concentration 38 pM. Bile salts: final concentration 100 pM; tem- 
perature, 25 OC. 

N-Rh-PE concentrations to be determined by comparison to 
a standard curve made from stock solutions of known con- 
centration. 

Initial Rate Measurements of P- C1 2- NBD- PC Intervesicular 
Transfer. Resonance energy transfer between P-C1,-NBD-PC 
and N-Rh-PE was used to measure the rate of transfer of 
P-C12-NBD-PC from donor to acceptor vesicles as described 
previously (Nichols & Pagano, 1982). Briefly, the method 
is as follows. Donor vesicles containing P-C12-NBD-PC/N- 
Rh-PE/DOPC (mole ratio 1:1:98, total phospholipid 500 pM) 
were added to NaCl-HEPES + bile salts in the fluorescence 
cuvette. Resonance energy transfer between P-C12-NBD-PC 
and N-Rh-PE quenches the NBD fluorescence (excitation 475 
nm, emission 530 nm). Unlabeled acceptor vesicles (DOPC, 
500 pM) were added to the cuvette, and an increase in NBD 
fluorescence was recorded as P-C,,-NBD-PC moved into the 
nonquenching environment of the acceptor vesicles. N-Rh-PE 
moves between the vesicles at a much slower rate than P- 
C12-NBD-PC (Nichols & Pagano, 1983) and can be consid- 
ered as nonexchangeable on the time scale of these experi- 
ments. Initial rates (relative fluorescence units per minute) 
were determined from the recordings and converted to the 
amount transferred per minute from a standard curve prepared 
from P-C12-NBD-PC contained in DOPC vesicles at non- 
quenching concentrations (0.1 mol %). The fluorescence yield 
of the standard vesicles was determined for each temperature. 

Measurement of the Cholate-Vesicle Equilibrium Constant. 
The cholate-vesicle equilibrium constant was measured by 
dialysis; 100 pM [14C]cholate and varying amounts of [3H]- 
DOPC vesicles in 1.0 mL of NaC1-HEPES were placed on 
the cis side of a multichambered Plexiglas dialysis apparatus 
and allowed to equilibrate (approximately 12 h) across a 
Spectrapor 6 dialysis membrane (50 000 molecular weight 
cutoff) with NaCl-HEPES on the trans side. Concentrations 
of [3H]DOPC and [14C]cholate in both chambers were de- 
termined by liquid scintillation counting. The cholate con- 
centration in the trans chamber is the free monomer concen- 
tration. The concentration of vesicle-bound cholate was ob- 
tained by subtracting free monomer minus the total cholate 
concentration on the cis side. The slope of a plot of the ratio 
of vesicle-bound to free cholate vs. vesicle concentration is 
equal to the equilibrium constant (Ki ;  see eq A15 in the Ap- 
pendix). For the calculation of thermodynamic parameters, 
Kk was converted to the mole fraction partition coefficient by 
multiplying by the molar concentration of water (55 mM). 

RESULTS AND DISCUSSION 
The data presented in Table I indicate that low concen- 

trations of bile salts in solution with phospholipid vesicles 
increase the rate of intervesicular phospholipid transfer. Under 
the conditions used for these rate measurements (0.15 M 
NaCl, pH 7.4, 25 "C), all of the bile salt molecules tested in 
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FIGURE 1 : Cholate concentration dependence of intervesicular P- 
C!,:NBD-PC transfer. R ,  is the cholate-dependent increase of the 
initial rate over the control. Donor vesicles, P-C,,-NBD-PC/N- 
Rh-PE/DOPC, mole ratio 1:1:98; acceptor vesicles, DOPC. (0) Donor 
vesicle concentration 50 pM, acceptor vesicle concentration 20 p M ;  
(0) donor vesicle concentration 50 pM, acceptor vesicle concentration 
200 p M .  

Table I exist predominantly as unprotonated salts with critical 
micelle concentrations greater than 1 mM (Carey & Small, 
1969, 1972). At these low concentrations of bile salts, the 
integrity of the phospholipid vesicles remained intact, as ev- 
idenced by only a slight change in the extent of resonance 
energy transfer between P-C,,-NBD-PC and N-Rh-PE. If the 
vesicles had been disrupted by the bile salts, the two probes 
would be physically separated and the extent of energy transfer 
would be significantly reduced. We therefore propose that 
bile salts increase the rate of intervesicular transfer of phos- 
pholipids between vesicles by binding to the vesicle and in- 
creasing the rate of spontaneous monomer diffusion through 
the aqueous phase. A model based on this mechanism is 
presented in the Appendix and has been tested for its ability 
to predict the initial rate kinetics of intervesicular phospholipid 
transfer stimulated by the presence of bile salts. 

The model assumes for simplicity that at low mole fractions 
of bile salts bound to the vesicles the phospholipid association 
and dissociation rate constants are altered by a constant factor 
when in the vinicity of a bile salt molecule. This assumption 
was true for cholate concentrations below 50 pM even at the 
lowest concentrations of vesicles used in these experiments 
(Figure 1). At concentrations of bile salt below the critical 
micelle concentration, the amount of bile salt bound to the 
donor vesicles is a linear function of the total amount of bile 
salt added to solution (eq A18). Thus, the increase in the 
initial rate due to addition of bile salts (&) would be expected 
to be a linear function of the total bile salt concentration given 
a constant fractional change in rate constants in the vicinity 
of a bile salt molecule. The effect of bile salts begins to 
saturate at  higher concentrations, probably due to bile salt 
molecules interacting with each other as opposed to adjacent 
phospholipids. 

A representative experiment demonstrating the ability of 
the model to predict the effect of acceptor vesicle concentration 
on the initial transfer rate is presented in Figure 2. Although 
the model (eq A21) has three unknown parameters, two of the 
unknowns ( k L  and Ki) were determined independently, 
leaving a single parameter v,) to fit to the data. The cho- 
latevesicle equilibrium constant (pb) was measured to be 627 
M-' at 25 OC (see Experimental Procedures; data not shown). 
The off-rate constant from the vesicles was calculated from 

[Acceptors] (AM)  
FIGURE 2 Acceptor concentration dependence of intervesicular P- 
C,,-NBD-PC transfer. Donor vesicles, P-C,,-NBD-PC/N-Rh- 
PE/DOPC, mole ratio 1:1:98, final concentration held constant at 
20 pM; acceptor vesicles, DOPC. (0) Initial rate without cholate; 
(0) initial rate in the presence of 50 p M  cholate. 

the spontaneous rate of P-C!,,-NBD-PC transfer in the absence 
of bile salt [k', = (3.6 f 0.8) X s-l; average f standard 
deviation of three independent experiments]. The initial rate 
of P-C12-NBD-PC transfer in the presence of 50 pM cholate 
was predicted from the best fit of the model while holding kh 
and Ki constant at  the above-mentioned values v, = 13.0 
f 1.8; average f standard deviation of three independent 
experiments). The theoretical curve accurately predicted the 
dependence of the initial rate of P-C,,-NBD-PC transfer on 
acceptor vesicle concentration. 

The model also predicts that at  very high acceptor vesicle 
concentrations the initial rate will return to that of the control. 
This was not observed in these experiments because the affinity 
of cholate for the vesicles (pb) was so low that addition of the 
acceptor vesicle concentration required to see this effect was 
not experimentally possible. The rationale for this prediction 
is that at  high acceptor vesicle concentrations most of the bile 
salt will be bound to the acceptors, leaving an insignificant 
amount bound to the donors. At high acceptor concentrations, 
the rate-limiting step for monomer diffusion is the dissociation 
rate from the donors. 

Since previous studies (Nichols, 1985b) demonstrated that 
the activation energy for phospholipid monomer dissociation 
from vesicles is dominated by the activation enthalpy, with 
only a small contribution due to the entropy of activation, we 
were interested in determining the effect of cholate on the 
enthalpy and entropy of activation. The temperature depen- 
dence of the dissocation rate constant was measured in the 
presence and absence of cholate and is presented as Arrhenius 
plots in Figure 3. 

Since the apparent rate constant in the presence of cholate 
depends both on the affinity constant (Ki) and also on its effect 
on the dissociation constant cf,) 

1 Xb[ 1 +  ub- - 1)a[blT 
[AI, + [BIII + W 9 - l  

the temperature dependence of the affinity constant was 
measured independently (data not shown). A van't Hoff plot 
of the partition coefficient vs. the inverse of temperature in- 
dicates that the binding of cholate to DOPC vesicles is only 
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FIGURE 3:  Arrhenius plots of dissociation rate constants. Effect of 
cholate on P-Clz-NBD-PC dissociation from DOPC vesicles. Donor 
vesicles, P-Ciz-NBD-PC/N-Rh-PE/DOPC, mole ratio 1 :1:98, final 
concentration 50 pM; acceptor vesicles, DOPC, final concentration 
50 pM. (0) Control; (0) +lo0 pM cholate. Linear regression analysis 
was used to calculate the slopes and y intercepts f standard deviations 
(Snedecor & Cochran, 1967). Control: slope = -9830 f 170 K y 
intercept = 23.4 f 0.6. With cholate: slope = -9150 & 160 K; y 
intercept = 21.8 f 0.5. Predicted In ( k b )  at 25 OC for control equals 
-9.58 f 0.05 and with cholate equals -8.86 f 0.04. 

slightly dependent on temperature and thus is an entropy- 
driven reaction (AGO = -6.2 * 0.4 kcal/mol; AH" = +0.7 
f 0.3 kcal/mol; T U o  = 6.9 f 0.3 kcal/mol; Kf,  = 627 M-' 
at 25 "C). Therefore, the temperature dependence of the 
apparent phospholipid monomer-vesicle dissociation rate 
constant in the presence of cholate was interpreted to result 
solely from changes in the dissociation rate constant and not 
from changes in the cholate-vesicle affinity constant. Thus, 
the effect of cholate on the activation energies for dissociation 
can be determined (Table 11). An Arrhenius plot of the 
experiment (Figure 3) yielded two straight lines (with and 
without cholate) indicating that the enthalpy of activation for 
both was independent of temperature in this range. A theo- 
retical description of amphiphile monomer-micelle dissociation 
developed by Aniansson et al. (1976) was used to calculate 
the enthalpy, entropy, and free energy of activation from the 
Arrhenius plots (Table 11). These results indicated that cholate 
binding to phospholipid vesicles lowered the free energy of 
activation for P-C,,-NBD-PC dissociation. Under the con- 
ditions used in these experiments (total cholate concentration 
equals 100 pM and donor and acceptor vesicle concentrations 
equal 50 pM DOPC), the ratio of cholate bound to DOPC 
in the donor vesicles can be calculated from eq A18 to be 0.06. 
At 25 "C, this mole ratio of cholate to DOPC lowered the free 
energy of activation for monomer-vesicle dissociation by 0.4 
kcal/mol (equivalent to a -2-fold increase in the rate of 
transfer). The net reduction in the free energy of activation 
resulted from larger but compensatory decreases in the en- 
thalpy of activation (AH*" = -1.3 kcal/mol) and the entropy 
of activation ( T U * "  = -0.9 kcal/mol). 

The three hydroxyl groups on the cholate molecule are (Y 

oriented, and the aliphatic chain terminating in the carboxyl 
group is flexible such that all the polar groups lie on the same 
plane of the steroid nucleus (Carey & Small, 1972). Con- 

Table 11: Thermodynamic Parameters for P-CI2-NBD-PC Monomer 
Dissociation from DOPC Vesicles f Cholate" 

parameter control +cholate changeb 
kb (xi04 s-i) 0.69 f 0.03 1.42 f 0.06 2.1 
AG'O (kcal/mol) 20.7 f 0.03 20.3 f 0.02 -0.4 
AH'O (kcal/mol) 19.5 f 0.3 18.2 f 0.3 -1 .3  
TM'O (kcal/mol) -1.2 f 0.3 -2.1 f 0.3 -0.9 

a Activation energies for monomer-vesicle dissociation were calcu- 
lated by using the following theoretical description of amphiphile mo- 
nomer-micelle dissociation developed by Aniansson et al. (1976): kk 
= [om/(/,)*] exp(-AG*O/RT). At constant pressure, AG'O = AH* O - 
TM'O, and thus, In k', = AH'"/RT + aS'O/R + In [D,/(/b)']. R 
and T have the usual meanings, D, is the diffusion constant for the 
exiting monomer (assumed to be 5 X lod cm*/s), and l b  is the width of 
the barrier that is RT energy units below its maximum (assumed to be 
0.7 A). AH'O and AS*" were obtained respectively from the slope and 
y intercept of the Arrhenius plot in Figure 3. The f values are the 
standard deviations propagated from the calculated standard deviations 
of the slopes, y intercepts, and predicted In ( k ' ~ )  from Figure 3. *For 
kp the change is the quotient (+cholate/control); for activation ener- 
gies, the change is the difference of the two. 

sidering this structure, it is unlikely that the individual cholate 
molecules intercalate into the phospholipid acyl chain region 
of the bilayer as does cholesterol. Two possible alternatives 
are that individual cholate molecules lie on the surface of the 
vesicle with the apolar surface of the steroid nucleus pene- 
trating only a few carbons deep into the acyl chain region and 
the polar plane remaining exposed to the water in the head- 
group region or that hydrogen bonding of the hydroxyl groups 
on the cholate molecules results in the formation of dimers 
that are able to intercalate into the phospholipid bilayer, ex- 
posing only their apolar surface to the hydrophobic acyl chain 
region (Mazer et al., 1980). In either case, according to the 
kinetic data presented above, phospholipids in the vicinity of 
a cholate monomer or dimer are less stable and more likely 
to dissociate from the bilayer. 

The structure of the bile salts determines their effectiveness 
in increasing the rate of intervesicular phospholipid transfer 
(Table I). For a given amount of bile salt added to the vesicle 
solution, the degree to which the initial rate is increased de- 
pends both on the extent of binding to the vesicles (determined 
by IC:) and on the extent to which it increases the dissociation 
rate constant for phospholipids in its vicinity (&). In general, 
conjugated bile salts are more effective than unconjugated, 
and mono- and dihydroxy bile salts are more effective than 
trihydroxy. 

This mechanism for increasing the rate of intervesicular 
phospholipid transfer should apply to any number of different 
molecules that bind to membranes and nonspecifically reduce 
the stability of phospholipids in the bilayer. For example, in 
the same assay presented above, the addition of 5 pM lyso- 
lecithin increases the rate of P-C,,-NBD-PC 2-fold without 
disrupting the vesicles (data not shown). Furthermore, the 
nonspecific lipid transfer protein isolated from beef liver (Crain 
& Zilversmit, 1980) has been proposed to function by a similar 
mechanism (Nichols & Pagano, 1983). 

Concentrations of bile salt in the same range as used in this 
sudy are found postprandial in the hepatic portal vein of hu- 
mans (Ahlberg et al., 1977), and 30-40% of the bile salt in 
the plasma is bound to HDL particles (Kramer et al., 1979). 
Low concentrations of bile salt in hepatic portal blood may 
function to increase the rate of movement of lipids between 
HDL and other membranous compartments. The kinetic 
model for bile salt stimulated monomer diffusion of phos- 
pholipids between vesicles will be useful in pursuing the 
physiological significance of low levels of plasma bile salt. In 
addition, this model should be generally useful for studying 
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FIGURE 4: Schematic diagram of bile salt stimulated phospholipid 
diffusion between vesicles and definition of rate constants. 

other molecules thought to stimulate the diffusion of lipids 
between membranes. 
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APPENDIX 
Model for Bile Salt  Stimulated Phospholipid Diffusion 

between Vesicles. A model describing the diffusion of phos- 
pholipid monomers between phospholipid vesicles has been 
presented previously (Nichols & Pagno, 1981, 1982). The 
effect of bile salts on this process is modeled by assuming that 
bile salts partition rapidly between the vesicle and water phases. 
Bile salts are assumed to alter the phospholipid monomer- 
vesicle dissociation and/or association rate constants of a given 
vesicle population as a linear function of their mole fraction 
in the vesicle population. 

Rate equations for the spontaneous diffusion-mediated 
model (Nakagawa, 1974; Thilo, 1977; Nichols & Pagano, 
1981, 1982) can be written by assuming that the rate at which 
a phospholipid monomer escapes from the surface of a vesicle 
is proportional to its concentration on that surface and that 
the association rate is proportional to the product of the free 
monomer concentration and the surface area of the membrane 
(Figure 4). The following rate equations describing the 
transfer of the phospholipid probe molecule D between two 
populations of vesicles composed of phospholipid A and B can 
be written by using these equations: 

I thank Justyna Ozarowska for her technical assistance and 

d[DII/dt = kb+[Dlm(SDIDII + - kk[D1l (A1) 

d[DIIl/dt = kg+[Dlm(SDIDIII + sBIBIII) - kg-[DII1 (A2) 
kb+ and k$ are the on-rate constants of the D phospholipid 
into vesicle populations I and 11, respectively. kb- and k!- are 
the corresponding off-rate constants. [D], is the free monomer 
concentration in bulk solution of the D phospholipid, and [D],, 
[D],,, [A],, and [B],, are the concentrations in bulk solution 
of the D, A, and B phospholipids residing in the outer leaflet 
of the subscripted vesicle populations. SA, SB, and SD are the 
surface area per mole of the subscripted lipid. The free mo- 
nomer concentration is assumed to reach steady-state equi- 
librium rapidly in relation to the net transfer process, and 
therefore 

d[D]I/dt + d[D]I,/dt = 0 

and 

If [DII and [D],, are a small fraction of [A], and [B],,, re- 
spectively, then 

SDIDl l  + SAIAII  2: (A4) 

SD[D]II + SB[BlII s= SBIBIII (A51 

and 

Substituting eq A3-A5 into eq A2, the initial rate of transfer 
(R), where [D],, = 0, is predicted by 

The effect on the rate of transfer of the binding of small 
amounts of bile salt to the vesicles can be modeled in an 
analogous manner: 

where Rbile is the initial rate of phospholipid transfer in the 
presence of bile salt and k z ,  kg+, and kgi are the off- and 
on-rate constants for the two vesicle populations in the presence 
of bile salt. Assume that at low mole fractions of bile salt in 
the vesicles there are two off-rate constants: that for phos- 
pholipids not in the vicinity of a bound bile salt molecule (kb-) 
and that for phospholipids in the vicinity of a bound bile salt 
molecule Cfwk',-), where the spontaneous rate constant (kb-) 
is either increased or decreased by a constant factor VDJ. The 
relative contribution of each rate constant to the apparent rate 
constant (kbd_) is dependent on the mole fraction of phos- 
pholipid in the vicinity of a bound bile salt molecule 
(a[bII/[A]1), where [b], and [A], are the concentrations per 
bulk solution of bile salt and phospholipid in vesicle population 
I and a is the number of phospholipids in the vicinity of one 
bile salt molecule. Thus 

kg- = - a[blI/[AII +fb-a[blI/[AII) (A8) 

Similarly 

kbd+ = kb+(l - a[blI/[AII +fD+a[blI/[All) (A9) 

kk1: = @+(I - a[blII/[BllI +fd+~Y[bllI[BlII) ('410) 
Substituting eq A8-Al0 into eq A7 gives 

Rbile = 
lk'd+{l + ubt+ - l)~[blII/[BIII~kb-(l + U'D- - 

1 )a[b1 I /  [AI I)[D1 l s B L B 1  I t ) /  

(kb+{l + @D+ -l)~[blI/[All)sAIA]l + kk!+(l + @+ - 
[BIII~SBIBIII~ (A1 

If the bile salt is assumed to equilibrate rapidly between the 
two populations of vesicles, the amount of bile salt in each can 
be calculated from its affinity for and the concentration of each 
vesicle type as demonstrated below. The bile salt is distributed 
between vesicle populations I and I1 and the aqueous phase: 

(A12) [blT = [bll + [blll + Ib1aq 

[bIT is the total concentration of bile salt in solution, and [b],, 
is the concentration of unbound bile salt in solution. 

Rate equations for bile salt binding to vesicles can be written 
in a manner analogous to phospholipid-vesicle binding: 

d[b l~ /df  = ki+[bIaq[Alt - kk-[b11 ('413) 

(A141 d[b]~i/dt  = kk$[bI,q[B111 - kk![b111 

At equilibrium 
d[b]I/dt = d[b],,/dt = 0 

and since by definition 
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and 

Substituting eq A15-Al7 into eq A12 results in 

Substituting eq A18 and A19 into eq A l l  gives the initial rate 
equation for bile salt stimulated phospholipid transfer between 
vesicles: 

For the special case where vesicle populations I and I1 are 
composed of the same lipids, k b  = k k ,  kL+ = k&, sD- =?A, 
fD+ = sd+, SA = SB, and Ki = Ki', eq A20 simplifies to 

Rbile = 
kb-[DlI[BlII(1 + 6 - l)a[b]T/[[AlI + [BIII + (Kk)-']) 

[AI, + [BIII 
(A2 1) 

and eq A6 simplifies to 

Thus, Rnet, the bile salt stimulated increase of the initial rate 
over the spontaneous rate, equals 

Rnet = Rbile - Rspont = 

('423) 
U'D- - ) k6-a[D1 II[blT 

([AI, + [BlII)[[AlI + [BIII + Wil-Il 
Registry No. DOPC, 1001 5-85-7; lithocholate, 434-1 3-9; cholate, 

81-25-4; glycocholate, 475-31-0; taurocholate, 8 1-24-3; glycodeoxy- 

cholate, 360-65-6; chenodeoxycholate, 474-25-9; deoxycholate, 83-44-3; 
glycolithocholate, 474-74-8; taurochenodeoxycholate, 516-35-8; 
taurodeoxycholate, 5 16-50-7. 
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