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ABSTRACT: The rate of phospholipid trqnsfer from sonicated phospholipid vesicles to human erythrocytes 
has been studied as a function of membrane concentration and lipid acyl chain composition. Phospholipid 
transfer exhibits saturable first-order kinetics with respect to b o t h d l  and vesicle membrane concentrations. 
This kinetic behavior is consistent either with transfer during transient contact between cell and vesicle surfaces 
(but only if the fraction of the cell surface susceptible to such interaction is small) or with transfer of monomers 
through the aqueous phase. The acyl chain composition of the transferred phospholipid affects the transfer 
kinetics profoundly; for homologous saturated phosphatidylcholines, the rate of transfer decreases exponentially 
with increasing acyl chain length. This behavior is consistent with passage of phospholipid monomers through 
a polar phase, which might be the bulk aqueous phase (as in the monomer transfer model) or the hydrated 
head-group regions of a cell-vesicle complex (transient collision model). Collisional transfer also predicts 
that intercell transfer of phospholipids should be slow compared to cell-vesicle transfer, as surface charge 
and steric effects should prevent close apposition of donor and acceptor membranes. This is not found; 
dilauroylphosphatidylcholine transfers rapidly between red cells. Thus, the observed relationship between 
acyl chain length and intermembrane phospholipid transfer rates likely reflects the energetics of monomer 
transfer through the aqueous phase. 

I n  the preceding paper (Ferrell et al., 1985), phospholipid 
transfer from synthetic vesicles to human erythrocytes served 
as a convenient method for changing the bilayer balance of 
the erythrocyte membrane. However, lipid transfer is a 
phenomenon of broader theoretical and practipl interest, being 
of central importance for an understanding of membrane lipid 
dynamics. 

Two types of mechanisms have been proposed for the 
spontaneous transfer of lipids between biological membranes 
(Figure 1). The first involves lipid transfer during transient 
collisions between the donor and acceptor membranes. In the 
second, lipid monomers dissociate from the donor membrane, 
diffuse through the aqueous phase, and assqciate with the 
acceptor membrane. Evidence from several laboratories favors 
the second model for the transfer of phospholipids and cho- 
lesterol between a variety of donors and acceptors (Martin & 
MacDonald, 1976; Duckwitz-Peterlein et al., 1977; Roseman 
& Thompson, 1980; Nichols & Pagano, 1981; Backer & 
Dawidowicz, 1981; McLean & Phillips, 1981; Massey et al., 
1982; DeCuyper et al., 1983; Lange et al., 1983), although 
other evidence supports the collision model (Martin & Mac- 
Donald, 1976; Kremer et al., 1977). 

It is frequently argued that the kinetips of lipid transfer can 
distinguish between these two models, supposing the rate of 
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transfer to be first order in both donor and acceptor membrane 
concentrations in the collision model and first order in donor 
concentration alone in the monomer transfer model. As the 
following discussion will show, this distinction is valid only for 
limiting cases. In general, initial transfer rates depend on 
donor and acceptor concentrations in a saturable (hyperbolic) 
fashion in both models. The kinetic data that have been 
garnered in support of monomer transfer do not rule out the 
transient collision model. 

Given this ambiguity, further tests are required to distin- 
guish between the two models. The collision model can be 
evaluated by altering the physical properties of the donor and 
acceptor membranes in ways that discourage formation of 
complexes. The monomer transfer model can be tested by 
examining a prediction which follows from simple thermo- 
dynamic arguments. The dissociation of a lipid monomer into 
the aqueous phase would increase the ordering of the water 
molecules that contact its acyl chains. The free energy of this 
process should be directly proportional to the length of the 
chains (Tanford, 1980). The Hammond postulate (March, 
1977) predicts that the transition state of a dissociating lipid 
would resemble a free monomer. Thus, the free energy of 
activation would also be roughly proportional to the length 
of the acyl chains, and the rate gf lipid transfer would decrease 
sharply as acyl chain length increased. In particular, the rate 
coefficient for monomer dissociation (k, in Figure IC) would 
decrease exponentially with increasing chain length. In the 
present study, we measured the kinetics of transfer of five 
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palmitoyl, 30% stearoyl, and 3% oleoyl chains), and chole- 
sterol] and Avanti [DLPC, di( 13:0)PC, and di( 15:O)PCl. 
[14C]DMPC was synthesized as described (Stockton et al., 
1974); [ 14C]lysopalmitoyl-PC ([ ''C]lyso-PPC) and [3H] - 
cholesteryl oleate were purchased from New England Nuclear. 
Egg lyso-PC micelles and small unilamellar PC vesicles were 
prepared as described in the preceding paper (Ferrell et al., 
1985). 

Cells were incubated with vesicles at 37 OC in capped plastic 
tubes at concentrations and for intervals specified under Re- 
sults and in the figure legends. For incubations longer than 
5 h, penicillin G (100 pg/mL) and tobramycin (40 pg/mL) 
were added. Two procedures were used to assess the transfer 
of lipids from vesicles to cells. For egg lyso-PC, DMPC, and 
DPPC, aliquots of cell-vesicle mixtures were placed on a 
cushion of 42% sucrose in NaCl/Pi (w/v) and separated by 
centrifugation for 3 min at 8800g. The amount of lipid 
transferred to the cells was determined from [14C]lyso-PPC, 
[14C]DMPC, or [14C]DPPC in the cell pellet. Control ex- 
periments showed that the added radiolabel could be recovered 
quantitatively from the cell pellet plus supernatant. In some 
experiments, trace quantities of [3H]cholesteryl oleate were 
used as a nontransferable vesicle marker. In one experiment, 
3 mol % DPPG was cosonicated with DMPC to inhibit the 
possible formation of vesicle-cell complexes. For DLPC, 
di( 13:0)PC, and di(l5:O)PC, the amount of lipid transferred 
to cells was determined by assessing cell morphology by light 
microscopy and using the relationship between lipid incorpo- 
ration and cell shape established in the preceding paper [Figure 
7 in Ferrell et al. (1985)l. This procedure was rapid and 
reproducible and, for egg lyso-PC, DMPC, and DPPC, yielded 
results which agreed well with those obtained by using ra- 
diolabels. 

Initial lipid transfer rates (u,) were determined as a function 
of cell and vesicle concentrations. Rate coefficients were 
determined by nonlinear curve fitting of these data to eq 4 and 
8 (see below) and also by graphic methods (see Table I). 
Within experimental error, the two procedures yielded in- 
distinguishable results. 

To assess intercell transfer of DLPC, red cells were incu- 
bated with 1 volume of 140 kM DLPC for 10 min at  37 OC. 
The DLPC-induced echinocytes were pelleted for 3 min at 
8800g, washed twice with 2 volumes of NaCl/P,, and rein- 
cubated with 1 volume of fresh (discocytic) erythrocytes and 
2 volumes of NaC1/Pi. Cell morphology of the combined 
sample was monitored as a function of time. 

THEORY 
Collision Models. In a one-step collision model, the rate 

of lipid transfer is first order in both vesicle and cell concen- 
trations. If, however, lipid transfer involves the formation of 
a transient complex (Figure la,b), the kinetics become slightly 
more complicated. 

Two versions of the transient collision model will be con- 
sidered. The rate expressions for the two versions are alge- 
braically identical, though the physical processes corresponding 
to the various rate coefficients are distinct and distinguishable. 
The first model is shown in Figure la. The donor and acceptor 
membranes collide to form a partially fused complex (McLean 
& Phillips, 1981). Transfer then involves lateral diffusion of 
lipids between the outer monolayers of the cell and vesicle 
membranes. In the second model (Figure lb), the transient 
complex is more superficial, involving close apposition but not 
fusion of the donor and recipient membranes. Transfer then 
involves interbilayer translocation or flip-flop of lipids between 
the apposed membranes. 
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FIGURE 1: Schematic representation of (a and b) transient collision 
and (c) monomer transfer models. In (a), the lipid transfer step 
involves lateral diffusion of lipids between partially fused cell-vesicle 
complexes. In (b), lipid transfer occurs as a result of interbilayer 
translocation or flip-flop within the cell-vesicle complex. Abbrevi- 
ations: L,, vesicle lipid; C, cells; L,, lipid in cell-vesicle collision 
complexes; L,, lipid incorporated into the cells; L,, monomeric lipid. 

homologous phosphatidylcholines from sonicated vesicles to 
human erythrocytes and examined the transfer of one such 
lipid between two populations of human erythrocytes. 

MATERIALS AND METHODS 
Blood was obtained as described previously (Ferrell et al., 

1985). Lipids were purchased from Sigma [dilauroyl- 
phosphatidylcholine (DLPC),I dimyristoyl-PC (DMPC), di- 
palmitoyl-PC (DPPC), dipalmitoylphosphatidylglycerol 
(DPPG), egg lyso-PC (assayed by Sigma to contain 65% 

' Abbreviations: DLPC, dilauroylphosphatidylcholine; di( 13:0)PC, 
ditridecanoylphosphatidylcholine; DMPC, dimyristoylphosphatidyl- 
choline; di( 15:0)PC, dipentadecanoylphosphatidylcholine; DPPC, di- 
palmitoylphosphatidylcholine; DPPG, dipalmitoylphosphatidylglycerol; 
lyso-PC, lysophosphatidylcholine; lyso-PPC, lysopalmitoylphosphatidyl- 
choline; HCT, hematocrit; spin PC, l-palmitoyl-2-[9-(4,4-dimethyl- 
oxazolidine-N-oxyl)stearoyl] phosphatidylcholine. 
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Table I: Predictions of the Transient Collision and Monomer Transfer Models 
quantity transient collision model monomer transfer model 

k 1kZL to t c  
k ,  + k_,Ltot  + k,C 

uo = 
k $4 to tc  vo = 

k-1 + k i  + k,(oLtot + 0 U O  

1 

U O  

- 

k-, + k, 1 u 
slope = ~ - + -  

klk l  Ltot k l  
from l/v, vs. l /C  at fixed Ltot 

1 1 k., 

k, Ltot klk, 
slope = - - + - 

1 k-, + k ,  
uo = -umax 1 when C = k,  - + k-I - Ltot 

2 k, k ,  
+ , G o t  uo = ; u ~ ~ ~  when C =  ___ 

kl  

k - ,  + k ,  1 1 

klk, c kz 
from l /uo  vs. l/Ltot at fixed C slope = - - + - 1 1  1 

slope = - -+ - 

intercept = (k- , /k1k$(1/0 

vmax = (klkZ/k-,)C 

kz c k ,  

1 k-,  + k ,  1 1 k,  k, 
2 ak I U k- .  k-,  

uo = -vmax when Ltot = ~ + -c uo = yumax when Ltot = - + - C 

At early times when no lipid has yet been transferred, the 
rate of appearance of foreign lipid in the cells is 

dLC 
u 0 = - -  - k2Lv dt 

where L, is the concentration of cell-bound foreign lipid and 
L, represents foreign lipid in transient cell-vesicle complexes. 
All lipid concentrations in these derivations are expressed in 
moles per liter of supernatant. Assuming that the cell-vesicle 
complexes quickly reach a steady-state concentration, it follows 
that 

where Lv represents the vesicle lipid concentration and Cf 
represents the free surface area of the cells. This surface area 
can be expressed in the concentration units used for L, and 
L,. Taking the red cell volume to be 88 fL, the cell area to 
be 140 pm2 (Wintrobe, 1981), the cross-sectional area per 
vesicle lipid to be 0.6 nm2 (Cornel1 & Separovic, 1983), and 
the fraction of outer monolayer vesicle lipid to be 0.735, it 
follows that a suspension of cells at  1% HCT has the same 
surface area as a 60.12 pM suspension of vesicles. 

At early times, the total lipid concentration L,, = 4 + L,. 
The total cell surface area, C (again, expressed in concentration 
units for comparison to vesicle lipid concentrations as above), 
is the sum of the free cell surface area, C,, and the area oc- 
cupied by cell-vesicle complexes. This latter area is given by 
uLcv where the constant u is the ratio of cell area to vesicle 
area in each complex. If each cell-vesicle complex consists 
of a spherical vesicle of surface area 47r9 occupying a circle 
of cell membrane whose area is Pr2, then u = 0.25. Substi- 
tuting 4 = hot - L, and C, = C - UL, into eq 2 and ignoring 
terms of order Lcv2, it follows that 

(3) 

(4) 
kl k2LtOtC 

k-1 + k2 + kl(ULt0, + c) 
u, = 

The initial velocity u, is first order in cell and vesicle con- 
centrations (C and L,,,) only if k-l + k2 >> kl(uL,,, + C). 

Otherwise, at  a given vesicle concentration, u, is first order 
in C when Cis small and zero order when C is large. Similarly, 
at a given cell concentration, u, is first order in hot for small 
Ltot and zero order for large L,,,. This fact has not been 
appreciated by some critics of the collision model. Indeed, the 
collision model predicts that when klC >> kluL,,, + k-l + k2, 
lipid transfer will be first order in (donor) vesicle concentration 
and zero order in (acceptor) cell concentration, kinetic behavior 
previously considered to be the hallmark of monomer transfer. 

In the simplest monomer 
transfer model, the first step is the dissociation of a monomer 
of lipid (L,) into the supernatant (Figure IC). The lipid then 
collides with a cell and is incorporated into the cell membrane. 
At early times, the rate of appearance of foreign lipid in the 
cells is given by 

Monomer Transfer Models. 

where, again, C represents the cell concentration and L, the 
concentration of cell-bound foreign lipid. Under the steady- 
state assumption 

where 4 is the concentration of vesicle lipid. By substituting 
4 = L,,, - L,, ignoring terms of order Lm2, and solving for 
L,, it follows that 

(7) 
kIk2LtOtC 

u, = 
kl + k-ILt,t + k2C 

In the present work, we have used phospholipids at  concen- 
trations greatly in excess of their critical bilayer concentrations, 
which are defined by the ratio k l /kT l  (Tanford, 1980; Nichols 
& Pagano, 1981). Thus, k l  << k-ILtOt, and we can simplify 
eq 7 to 

klk2LtOtC 
k-ILtot + k2C 

u, = 

If k2C >> k-lL,o,, then u, is first order in L,,, and zero order 
in C. Otherwise, u, is saturable in both vesicle and cell con- 
centrations, as was the case for collisional transfer (eq 4). Both 
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FIGURE 2: Transfer of DLPC from vesicles to cells. (a) Cell morphology as a function of time for erythrocytes incubated with 62.5 pmol of 
DLPC/L of supernatant at 50% hematocrit. (b) DLPC transferred to cells, calculated from the relationship between lipid incorporation and 
morphology (inset). (c) Initial rate of DLPC transfer as'a function of vesicle concentration at  (0) lo%, (0) 25%, and (A) 50% hematocrit. 

TIME (min) TIME (min) 

FIGURE 3: Transfer of di( 13:O)PC from vesicles to cells. (a) Cell morphology as a function of time for erythrocytes incubated with 75 pmol 
of di(l3:O)PC/L of supernatant at 50% hematocrit. (b) Di(l3:O)PC transferred to cells, calculated from therelationship between lipid incorporation 
and morphology (see Figure 2b). (c) Initial rate of di(l3:O)PC transfer as a function of vesicle concentration at (0) lo%, (0) 25%, and (A) 
50% hematocrit. 

models also predict that plotting 1 /uo vs. 1 /&, for fixed values 
of C should yield families of straight lines whose intercepts 
vary with 1/C. Similarly, plotting l/u, vs. l/Cfor futed values 
of L,,, should yield straight lines whose intercepts vary with 
1 /L,,,. Table I summarizes these relationships. 

RESULTS 
DLPC. Erythrocytes were incubated at 10% 25%, and 50% 

hematocrit with 5-155 pmol of DLPC/L of supernatant. The 
results of one such incubation are shown in Figure 2a,b. The 
cells quickly became echinocytic, reflecting the accumulation 
of DLPC in their membrane outer leaflets (Figure 2a). The 
incorporated DLPC was estimated from the relationship be- 
tween cell morphology and lipid incorporation (inset, Figure 
2b) determined in the preceding paper. After 3 min of in- 
cubation, all of the DLPC appeared to be incorporated into 
the cells (Figure 2b). The initial rate of transfer, u,, was 
estimated from the early time points ( t  = 15, 30, and 45 s) 
and plotted as a function of DLPC concentration. As shown 
in Figure 2c, u, increased with both [DLPC] and hematocrit, 
as predicted by eq 4 and 8. Double-reciprocal plots of the data 
in Figure 2c yielded parallel lines (not shown). 

Di(l3:O)PC. Erythrocytes were incubated at 10%,25%, and 
50% hematocrit with 10-300 pM di( 13:O)PC. Di( 13:O)PC 
transferred more slowly and less extensively than DLPC. Lipid 
transfer appeared to be complete within about 30 min, with 
50-70% of the lipid incorporated into the cells (Figure 3a,b). 
The initial rate of lipid transfer increased with both hematocrit 
and vesicle concentration (Figure 3c) and was saturable in 
both. Again, double-reciprocal plots yielded parallel lines (not 
shown). 

DMPC Three concentrations of erythrocytes (hematocrits 
of lo%, 25%, and 50%) were incubated with DMPC vesicles 
(14-144 pmol/L of supernatant), and the amount of vesicle 

lipid associated with the cells was measured as a function of 
time (Figure 4a,b). The initial fate of lipid transfer (u,) 
increased with both vesicle and cell concentrations in a sat- 
urable fashion (Figure 4c,d). Plots of l / u o  vs. 1 /Cor  l/Ltot 
yielded straight lines (Figure 4e,f); however, the slopes of the 
lines were not identical, as was the case for DLPC and di- 
(1 3:O)PC. Plots of the slopes and intercepts of the lines vs. 
1/C or l/L,,, yielded straight lines (Figure 4e,f, insets). 
DMPC tranBfer was unaltered by adding 3% DPPG to the 
DMPC vesicles (data not shown). 

Di(15:O)PC. Erythrocytes (hematocrits of 20% and 50%) 
were incubated with di(l5:O)PC at concentrations from 0.3 
to 6.9 mM. Crenation occurred on a time scale of several 
hours (Figure 5a) and reached i~ plateau after less than 5% 
of the vesicle lipid was associated with the cells (Figure 5b). 
Lipid transfer was a saturable function of hematocrit and 
vesicle concentration (Figure 5c), and plots of l/v, vs. l/Ltot 
yielded straight lines with different slopes. 

DPPC. DPPC transfer was slow and difficult to quantify. 
Erythrocytes appeared to take up substantial amounts of 
[14C]DPPC from DPPC vesicles (Figure 6 ) .  However, the 
nontransferable lipid marker [3H]chole~teryl oleate also ap- 
peared to be taken up by the cell. When cells treated with 
[ ''C]DPPC/ [3H]cholesteryl oleate vesicles were washed and 
reincubated with unlabeled DPPC vesicles, the cells rapidly 
lost 75% of the lipid markers to the supernatant (Figure 6). 
In contrast, DMPC exchanges out of cells at a rate comparable 
to its rate of dissociation from vesicles (Ferrell et al., 1985). 
The rapid dissociation of cell-associated DPPC suggests that 
most of it was only loosely bound, not intercalated in the 
membrane. This conclusion is consistent with the observation 
that erythrocytes incubated with DPPC do not crenate, even 
after 20-h incubation with a high concentration of DPPC (20 
mM) and low hematocrit (10%). Instead, the cells become 
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FIGURE 4: DMPC transfer from vesicles to cells. (a) Cell DMPC 
as a function of time for cells incubated at constant hematocrit (10% 
hematocrit, equivalent to C = 0.60 mmol/L of supernatant) and four 
vesicle concentrations: (0) 0.014 mmol/L of supernatant; (m) 0.029 
mmol/L of supernatant; (A) 0.072 mmol/L of supernatant; (V) 0.144 
mmol/L of supernatant. (b) Cell DMPC as a function of time for 
cells incubated at constant vesicle concentration (J& = 0.072 mmol/L 
of supernatant) and three hematocrits: (0) 10% hematocrit or 0.60 
mmol/L of supernatant; (m) 25% hematocrit or 1.5 mmol/L of su- 
pernatant; (A) 50% hematocrit or 3.0 mmol/L of supernatant. (c) 
Initial rate of lipid transfer, u,, as a function of vesicle concentration 
at three hematocrits: (0) 10% hematocrit or 0.6 mmol/L of su- 
pernatant; (0) 25% hematocrit or 1.5 mmol/L of supernatant; (A) 
50% hematocrit or 3.0 mmol/L of supernatant. (d) Initial rate of 
lipid transfer, u,, as a function of hematocrit at four vesicle concen- 
trations: (0) 0.014 mmol/L of supernatant; (0) 0.029 mmol/L of 
supernatant; (A) 0.072 mmol/L of supernatant; (V) 0.144 mmol/L 
of supernatant. (e) Double-reciprocal plots of the data in (c). Insets 
show the slopes (in minutes) and intercepts (in minutes liters of 
supernatant per micromole) as a function of 1/C (in liters of su- 
pernatant per millimole). (f) Double-reciprocal plots of the data in 
(d). Insets show the slopes (in minutes) and intercepts (in minutes 
liters of supernatant per micromole) as a function of l/& (in liters 
of supernatant per millimole). 

slightly cupped, reflecting the fact that cholesterol transfer 
from the cells to the vesicles is more rapid than DPPC transfer 
from vesicles to cells. 

Other Lipids. Egg lyso-PC transfer was rapid, with a 
half-time of less than 7 s. Spin PC transfer appeared to occur 
on a time scale comparable to DMPC. 

Effect of Donor Membrane Phase State. Trace amounts 
of [14C]DMPC were cosonicated with DMPC or DPPC, and 
the resulting vesicles were incubated with cells. At the tem- 
perature chosen (37 "C), DMPC vesicles are fluid, and DPPC 
vesicles are near the bottom of their melting range (Cook et 

al., 1980). As is shown in Figure 7 ,  erythrocytes took up 
[ 14C]DMPC at approximately equal rates from the two types 
of vesicles. 

Intercell Transfer of DLPC. Red cells were incubated with 
1 volume of 140 pM DLPC to yield a nearly uniform sample 
of stage 3 echinocytes. These echinocytes were washed and 
resuspended in buffer with 1 volume of untreated discocytes. 
As shown in Figure 8, initially there were two distinct popu- 
lations of cells: stage 0 discocytes and stage 3 echinocytes. 
Within 20 min, these populations had merged to become a 
single population of stage 1 and 2 echinocytes. The half-time 
of this process was 7 f 3 min (average of three experiments). 

DISCUSSION 
For each phosphatidylcholine studied, the rate of lipid 

transfer between vesicles and erythrocytes depended on both 
the cell and vesicle concentrations. As predicted by both the 
collision and monomer transfer models, umaX was proportional 
to the hematocrit at  fixed vesicle concentration and propor- 
tional to vesicle concentration at fixed hematocrit. The order 
of the reaction does not distinguish between the two models. 

The data from Figures 2-5 were used to calculate rate 
coefficients for transfer of each lipid species according to both 
the collision and monomer transfer models (eq 4 and 8). For 
DPPC transfer, a range of rates was estimated by assuming 
that at most 50% (based on the binding of [3H]cholesteryl 
oleate and [14C]DPPC) and at least 12% (based on the amount 
of the two markers left after 1-h incubation with unlabeled 
DPPC) of the lipid-cell association reflected true lipid transfer. 
These rate coefficients are shown in Table I1 and, together 
with the experiment summarized in Figure 8, provide a basis 
for testing the collision and monomer transfer models. 

Collision Models. The rate data yield a physically unrea- 
sonable value for u, the constant relating the amount of cell 
and vesicle area occluded by contact in each transient cell- 
vesicle complex. In deriving eq 4, it was argued above that 
u should be roughly 0.25, meaning that each complex would 
remove 1 unit of cell area for each 4 units of vesicle area. 
However, from the rate data for DMPC, u was calculated to 
be about 15. In other words, the collision models predict that 
lipid transfer can be saturated more easily by raising C than 
by raising L,,,; the opposite is observed. It is possible to 
reconcile this observation with the collision models by assuming 
that only a small fraction (roughly 2%) of the cell surface area 
can participate in productive collisions, but we know of no other 
evidence supporting this assumption. Thus, the data for 
DMPC transfer can be reconciled, though with some difficulty, 
with the collision models. The rate coefficients for each of 
the other lipids taken individually can be rationalized similarly 
with both collision models. 

The relationship between acyl chain length and lipid transfer 
rates (Figure 9) ,  which will be discussed further below, rules 
out the transient collision mechanism shown in Figure la. The 
rate coefficient k2, which represents the rate of lateral diffusion 
of lipid within the cell-vesicle complex, is found to decrease 
exponentially with increasing acyl chain length. As pointed 
out by McLean & Phillips (1981), the rate of lateral diffusion 
should be similar for all of the lipids studied, including the 
"nontransferable" lipid cholesteryl oleate. In the more su- 
perficial transient collision model (Figure 1 b), k2 represents 
interbilayer translocation of lipid molecules. Interbilayer 
flip-flop involves the entropically unfavorable passage of hy- 
drophobic acyl chains through the hydrophilic head-group 
region. This step is energetically analogous to the dissociation 
of a monomer from a vesicle, and the rate of this step might 
decrease exponentially with increasing acyl chain length. It 
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Table 11: Rate Coefficients for Lipid Transfer 
collision: k2 U (k-1 + k d k i  (M)" 

k 2  (min-I M-I)" monomer: k ,  ( m i d )  k-l/k2 k , / k _ ,  (M)" k-,  ( m i d  M-I)'' 
DLPC (5.6 f 1.5) X lo-' 4.7 f 3.4 0 3.4 x 10-76 (1.5 f 0.4) x io6 (4.1 2.3) x 105 

di(1S:O)PC (2.2 f 1.5) X c c 2.4 X (9.2 f 6.3) X IO4  c 
DPPC (0.3-2.7) X c c 4.7 X (0.7-5.7) X IO' c 

egg lyso-PC >6 c c 7 x 1o"f >9 x 105 c 

di(l3:O)PC (4.0 f 0.7) X 5.7 f 4.2 0 6.6 X (6.0 f 1.1) X lo5 (1.5 f 1.3) X lo4 
DMPC (9.3 f 3.9) X lo-' 15.1 f 5.6 (5.8 f 2.4) X 1.3 X (7.1 f 3.0) X lo5 (5.5 4= 4.0) X lo4 

spin PC (3.0 f 1.0) X lo-' c c c c c 

a Molar units are taken to mean moles per liter of supernatant. *Interpolated from critical micelle/bilayer concentrations reported for dihepta- 
Insuffient data. dRange calculated as described in the text. noyl-PC, dioctanoyl-PC, didecanoyl-PC, and DPPC [summarized in Tanford (1980)l. 

Other ranges denote standard deviations. CReported by Smith & Tanford (1972). 'Reported by Haberland & Reynolds (1975). 
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FIGURE 5: Transfer of di(l5:O)PC from vesicles to cells. (a) Cell morphology as a function of time for erythrocytes incubated with 830 pmol 
of di(lS:O)PC/L of supernatant at  20% hematocrit. (b) Di(15:O)PC transferred to cells, calculated from the relationship between lipid incorporation 
and morphology (see Figure 2b). (c) Initial rate of di( 15:O)PC transfer as a function of vesicle concentration at (V) 20% and (A) 50% hematocrit. 
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FIGURE 6: DPPC transfer from vesicles (0.133 mmol/L of super- 
natant) to cells (50% hematocrit) as monitored by [I4C]DPPC (0) 
and corrected for [3H]cholesteryl oleate binding (0). After 6-h 
incubation, aliquots of the cells were centrifuged, washed once in 4 
volumes of NaCI/Pi, and incubated beginning at  t = 6 h 15 min with 
an equal volume of unlabeled DPPC vesicles (26.6 mmol/L of su- 
pernatant). 

6 min. 

20 min. 

0 +1 +2 +3 +4 
CELL MORPHOLOGY 

FIGURE 8: Transfer of DLPC between red cells. DLPC-induced 
echinocytes were mixed with DLPC-free discocytes at t = 0. By 20 
min, the cells assumed intermediate morphologies consistent with 
equilibration of the DLPC among the cells. 

OO 4 0 OO 500 loo0 1500 collision model shown in Figure lb, but not the partial fusion 

The observation of rapid intercell transfer of DLPC (Figure 
8) is inconsistent with both collision models. Because of the 
relatively large mass of cells, the frequency of cell-cell col- 
lisions should be small compared to cell-vesicle collisions. In 
addition, ,.lose apposition of lipid portions of the two cell 
membranes should be severely hindered by steric effects of 
proteins and repulsive Coulombic interactions. Thus,  the 
transient collision models predict that intercell transfer of 

- - 
I/LtOt (mM-') Ltot (PM)  model shown in Figure la. 

FIGURE 7: [14C]DMPC transfer from DMPC (a) and DPPC (b) 
vwiclw+ Initial velocities are plotted in accordance with 8 (a) and 
q 12 from the preceding paper (b) (Ferrell et al., 1985), both based 
on monomer transfer models. The rate of monomer dissociation from 
donor vesicles is calculated to be 9 x min-1 for (a) (taken as 
I/slope) and 17 X 

is  therefore possible to rationalize the observed acyl chain 
length dependence of this rate coefficient with t h e  transient 

min-' for (b) (taken as l/intercept). 
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FIGURE 10: Two possible modifications of the monomer transfer model: 
top, “caged” monomer transfer; bottom, an additional reaction pathway 
for lipid monomers. The expressions for v, as a function of C and 
4 0 ,  are 

(9) 
k l  k2k3L10tC 

k-,k3 + k-lk-240t + k2k3C 
u, = 

(corresponding to kl in the monomer transfer model and k2 
in the collision model) could largely account for this dramatic 
decrease. The value of this rate coefficient decreased expo- 
nentially with increasing acyl chain length, as predicted by 
the monomer transfer model (Figure 9). Addition of one 
carbon to each PC acyl chain resulted in about a 9-fold de- 
crease in kl.  This relationship held over a wide range of 
characteristic times and provides strong circumstantial support 
for the monomer transfer model. 

Egg lyso-PC is less hydrophobic than the diacyl-PC’s em- 
ployed. The monomer transfer model predicts that it should 
therefore transfer more rapidly than the other phospholipids, 
as was observed (Table 11). Measurements of critical micelle 
concentrations suggest that lyso-PPC (Haberland & Reynolds, 
1975) and didecanoylphosphatidylcholine (Reynolds et al., 
1977) have similar monomer dissociation rates. The value of 
k l  extrapolated for lyso-PPC and didecanoylphosphatidyl- 
choline is about 40 m i d  (Figure 9), compatible with our 
experimentally determined lower bound of 6 m i d .  

The data in Figure 7 suggest that the phase state of the 
donor membrane is significantly less important than the acyl 
chain length of the lipid in determining lipid transfer rates. 
This suggests that the free energy of monomer dissociation 
arises more from the monomer-aqueous phase interaction than 
from the membrane defect caused by the loss of a monomer. 
DMPC transfer from DPPC vesicles obeys the kinetic equation 
derived in the preceding paper for monomer transfer between 
“inert” membranes. 

Inconsistencies between the monomer transfer model and 
the observed kinetics were found only for the slowly transferred 
lipids DMPC and di(l5:O)PC. According to eq 8, double- 
reciprocal plots should have yielded parallel lines; however, 
the observed slopes of these lines varied systematically with 
l/& or l/hematocrit (Figure 4e,f, insets). This finding 
suggests that the actual transfer mechanism for these species 
is more complicated than that shown in Figure IC. Two 
plausible modifications of the monomer transfer model are 
shown in Figure 10. In the first, lipid transfer can occur 
between lipid monomers that have not yet escaped the unstirred 
aqueous phase near the vesicle. In the second, lipid monomers 
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are assumed to undergo some process other than collisions with 
vesicles or cells. Both models predict the nonparallel slopes 
found in the double-reciprocal plots, and both predict that the 
monomer dissociation rate can be deduced by extrapolating 
the slope of l/vo vs. l / &  to infinite hematocrit (Table I). 
We have no basis for discriminating between these models or 
other possible models yielding similar kinetic predictions 
(provided that such models include a monomer transfer step). 
The discrepancies could also possibly result from experimental 
complications such as the concomitant transfer of cholesterol 
from cells to vesicles, which occurs to a significant extent on 
the time scale of DMPC and di( 15:O)PC transfer and is dif- 
ficult to accommodate in theoretical models. 

Spin-labeled PC dissociated from vesicles on about the same 
time scale as DMPC, with kl  = (3.0 f 1.0) X min-’ 
(Table 11). The similarity between these rate coefficients 
probably reflect6 a balance between the hydrophobicity of spin 
PC’s longer acyl chains (C16 and CIS vs. CI4) and the hydro- 
philicity of its oxazolidine ring. 

Some insight into the behavior of natural membranes can 
be gleaned from the data in Table 11 and Figure 9. Natural 
phosphatidylcholines almost always possess 16 or more carbons 
in each acyl chain. Their spontaneous transfer between 
membranes would therefore be expected to occur on time scales 
of weeks to years. Less polar phospholipids might exchange 
even more slowly. This would suggest that it is advantageous 
for natural membranes to adjust their fluidity by adding un- 
saturations to long-chain fatty acids instead of the energetically 
more economical route of decreasing the chain length; long- 
chain lipids ensure the integrity of the membrane. 
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