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ABSTRACT We probed the kinetics with which cholesterol moves across the human red cell bilayer and exits the membrane
using methyl-�-cyclodextrin as an acceptor. The fractional rate of cholesterol transfer (% s�1) was unprecedented, the
half-time at 37°C being �1 s. The kinetics observed under typical conditions were independent of donor concentration and
directly proportional to acceptor concentration. The rate of exit of membrane cholesterol fell hyperbolically to zero with
increasing dilution. The energy of activation for cholesterol transfer was the same at high and low dilution; namely, 27–28
Kcal/mol. This behavior is not consistent with an exit pathway involving desorption followed by aqueous diffusion to
acceptors nor with a simple one-step collision mechanism. Rather, it is that predicted for an activation–collision mechanism
in which the reversible partial projection of cholesterol molecules out of the bilayer precedes their collisional capture by
cyclodextrin. Because the entire membrane pool was transferred in a single first-order process under all conditions, we infer
that the transbilayer diffusion (flip-flop) of cholesterol must have proceeded faster than its exit, i.e., with a half-time of �1 s
at 37°C.

INTRODUCTION

Sterols are major constituents of eukaryotic plasma mem-
branes. They reduce the permeability of the membrane,
increase its mechanical strength and help to organize its
constituents laterally into domains such as rafts and
caveolae (Barenholz, 2002; Simons and Ikonen, 2000).
Despite repeated study, some basic features of the dis-
position of sterols in plasma membranes remain uncer-
tain. It has been variously suggested that cholesterol may
be mostly in the outer leaflet (Fisher, 1976), mostly in the
inner leaflet (Brasaemle et al., 1988; Schroeder et al.,
1991) or nearly equally distributed across the bilayer
(Lange and Slayton, 1982; Muller and Herrmann, 2002).
(See also Clejan and Bittman, 1984; Schroeder et al.,
1996.) Furthermore, consensus is lacking as to whether
cholesterol diffuses across bilayers on the time scale of
seconds or less (Lange et al., 1981; Muller and Herr-
mann, 2002), minutes (Rodrigueza et al., 1995; Schroe-
der et al., 1996; Haynes et al., 2000; Leventis and Silvius,
2001), or hours (Brasaemle et al., 1988; Rodrigueza et
al., 1995). Also unsettled is the mechanism by which
cholesterol is passively transferred from membranes to
acceptor particles, an issue of relevance to the physio-
logical role of plasma lipoproteins and the pathophysiol-
ogy of atherosclerosis (Brown, 1992; Rothblat et al.,
1999). These issues also bear on the intra- and intermem-
brane dynamics of other bilayer lipids, amphipathic me-
tabolites, and drugs (Brown, 1992).

�-Cyclodextrins selectively bind sterols to form water-
soluble complexes. They have proven to be excellent vehi-
cles for the rapid delivery and extraction of membrane
sterols (Ohtani et al., 1989) and have been used to examine
both intra- and intermembrane cholesterol movements
(Yancey et al., 1996; Rothblat et al., 1999; Haynes et al.,
2000; Leventis and Silvius, 2001; Hao et al., 2002). We now
extend that work, documenting unprecedented rates of
transfer of red cell membrane cholesterol to methyl-�-
cyclodextrin (MBCD) and presenting evidence for an acti-
vation–collision pathway for this movement. Our data also
show that transbilayer cholesterol diffusion is fast compared
to the kinetics of extraction and thus must have a half time
of less than 1 s.

MATERIALS AND METHODS

Materials

[1�,2�-3H]cholesterol was from Amersham Pharmacia Biotech (Piscat-
away, NJ). Hydroxypropyl-�-cyclodextrin and MBCD were from Research
Plus, Inc. (Bayonne, NJ) or Sigma (St Louis, MO). Blood was obtained
from a healthy volunteer donor or outdated from the Rush-Presbyterian-St
Luke’s Blood Bank. Although all of the data presented were obtained using
fresh blood, there were no systematic differences between these two
sources. Plasma and buffy coat were separated from the cells, which were
then washed twice with 5 volumes of PBS (150 mM, NaCl-5 mM, NaPi,
pH 7.4).

Labeling donor cells

Approximately 1 �Ci of [3H]cholesterol was dried from ethanol under N2

and taken up in 3 �l hydroxypropyl-�-cyclodextrin (200 mg/ml water) by
warming at 37°C for 3 min. 40 �l PBS was added and the sample incubated
for an additional 3 min. 20 �l of this complex was then mixed with one ml
of washed, packed red cells, and the mixture incubated for 20–60 min at
37°C to allow the probe to equilibrate between the bilayer leaflets (see
below). The labeled cells were then washed thrice with 3 ml PBS.
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Optimization of [3H]cholesterol transfer to
cholesterol-MBCD complexes

Aqueous solutions of �5 mg cholesterol/100 mg MBCD were prepared in
water as described (Klein et al., 1995). Before each experiment, these
optically clear solutions were made isotonic with PBS. Sufficient MBCD/
cholesterol was used to assure the transfer of �90% of red cell [3H]cho-
lesterol at equilibrium. Because both increasing and decreasing the mass of
cholesterol in the red cells by incubation with MBCD/cholesterol caused
significant hemolysis, we loaded the acceptor MBCD with an optimized
amount of unlabeled cholesterol, �5 mg/100 mg MBCD. This maintained
red cell cholesterol content at a nearly normal level during the transfer
reaction. Under these conditions, the release of hemoglobin was generally
�1% and never �8%.

Transfer of [3H]cholesterol from red cells
to MBCD

Time courses were carried out in small hand-swirled beakers containing
one ml of reaction mixtures. To start the reaction, MBCD/cholesterol
complexes were added to the red cell suspension. Both the donor and the
acceptor were in PBS and were pre-equilibrated at the specified tempera-
ture. At specified times, 80–100 �l aliquots of the reaction mixture were
transferred to microfuge tubes containing 500 �l ice-cold stopping solu-
tion. (A metronome guided sampling in rapid time courses.) The acceptor
was immediately separated from the donor cells by a 5-s spin in a micro-
centrifuge. For experiments involving single time points, 100-�l reactions
were carried out in microfuge tubes. Stopping solution was then added, and
the suspension centrifuged as described above.

The stopping solution contained 10 mg MBCD/ml PBS to prevent the
[3H]cholesterol in the extract from precipitating from the dilute, cold
quenching buffer and entering the pellet nonspecifically. We showed in
control assays that the stopping solution did not extract red cell cholesterol
appreciably under the ice-cold conditions used. For zero time points,
labeled red cells were mixed with the stopping solution before the addition
of the MBCD—cholesterol. This background value amounted to �5% of
total counts.

After centrifugation, cell pellets were washed once with 1 ml ice-cold
PBS and extracted for 10 min at room temperature with 20 volumes
isopropanol. Aliquots of both the donor and acceptor were counted for
tritium and the values corrected for quenching. Time courses were fit with
SigmaPlot to an equation of the form: y � yo � a(1 � e�bt). The value of
R2 for these fits invariably exceeded 0.95 (see Fig. 1). Transfer rates are
expressed as fractional velocity with units of % donor [3H]cholesterol per
s, or simply s�1.

Other assays

Cholesterol mass was determined by HPLC, as described (Lange, 1991).
Hemolysis was determined from the optical absorbance at 412 nm of
dilutions of the supernatant, pellet, and input.

RESULTS

As previously reported for the exit of cholesterol from lipid
vesicles (Leventis and Silvius, 2001), �90% of the
[3H]cholesterol probe transferred from red cells to an excess
of MBCD with first-order kinetics. Half of the cholesterol
left the membrane in �1 s at 37°C (Fig. 1). This value was
corroborated in related experiments in which multiple 1-s
time points were taken.

The fractional rate of the transfer reaction did not vary
with the abundance of the donor red cells at a standard level
of acceptor MBCD (Fig. 2) but increased linearly with the
abundance of the acceptor at a standard level of donor (Fig.
3). [A similar direct dependence on cyclodextrin concentra-
tion was reported for lipid vesicle donors (Leventis and
Silvius, 2001).] When the ratio of donor to acceptor was
held constant, the fractional rate of transfer decreased hy-
perbolically with increasing aqueous volume (Fig. 4). Ex-
trapolation of the solid line in Fig. 4 suggests that the
transfer velocity approaches zero at infinite dilution.

FIGURE 1 Time course of transfer of [3H]cholesterol from red cells to
MBCD. Red cells labeled with [3H]cholesterol were vigorously mixed with
MBCD–cholesterol in PBS at the stated temperatures. The reaction mix-
tures contained 100 �l red cells plus 72 mg MBCD/3.9 mg cholesterol
acceptor in 1 ml final volume. At intervals, 80–100-�l aliquots were
analyzed. Each curve shows a single experiment, representative of three, fit
by a first-order exponential expression. Left: 37°C (O) and 25°C (F).
Right: 10°C (Œ) and 0°C (‚).

FIGURE 2 Transfer of [3H]cholesterol from red cells to MBCD–cho-
lesterol complexes; dependence on donor concentration. Increasing vol-
umes of [3H]cholesterol-labeled red cells were placed in a series of mi-
crofuge tubes at 25°C containing PBS to make a final volume of 100 �l.
Transfer to acceptor (13 mg MBCD/0.7 mg cholesterol) was for 5 s at
25°C. Values are pooled from three separate experiments.
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The rate of transfer of [3H]cholesterol from red cells to
MBCD was highly temperature dependent (Fig. 5). At a
high concentration of reactants (�), half times varied from
460 s (�8 min) at 0°C to �1 s at 37°C. The corresponding
first-order rate constants are 1.5 � 10�3 s�1 and 0.7 s�1.
The energy of activation obtained from the slope of this

Arrhenius plot was 28 Kcal/mol. The temperature depen-
dence of [3H]cholesterol transfer was also examined at low
reactant concentrations (Fig. 5, ‚). The fractional transfer
rates were about one-fifth of those seen in Fig. 1, and the
Arrhenius plot ran parallel to that found at high reactant
levels, yielding an energy of activation of 27 Kcal/mol.

We also used red cells fixed with glutaraldehyde as donors
because they resist lysis. We found that the rate of [3H]cho-
lesterol transfer out of fixed, washed red cells was about four
times more rapid than in unfixed cells at both 0 and 15°C (not
shown). Finally, we investigated whether the exogenous
[3H]cholesterol faithfully represented the cholesterol mass, be-
cause, for example, if there were negligible flip-flop, the probe
might simply have remained in the outer bilayer leaflet. We
found in three experiments that the first 20–35% of the
[3H]cholesterol transferred to MBCD had specific activities of
1.04 	 0.004, 1.16 	 0.02 and 1.09 	 0.02 (n � 3) times that
remaining in the cells. Thus, the cholesterol label distributed
closely with cholesterol mass. Furthermore, we showed that
the exit of cholesterol mass from fixed cells was as rapid and
complete as was the [3H]cholesterol probe (not shown).

DISCUSSION

The rate of transfer of cholesterol from red cells to MBCD
observed here was the fastest yet reported, with half of the
cholesterol transferred in one second at 37°C (Fig. 1).
Extrapolation of the best-fit curve in Fig. 4 suggests that the
maximal velocity at infinite concentration could be �50%
greater than the largest experimental value. These kinetics

FIGURE 3 Transfer of [3H]cholesterol from red cells to MBCD–cho-
lesterol complexes; dependence on acceptor concentration. [3H]choles-
terol-labeled red cells (10 �l) were placed in a series of microfuge tubes at
25°C with PBS added to make the final volume 100 �l. Transfer to varied
acceptor (with 55 �g cholesterol per mg MBCD) was for 3 s. Values are
from two separate experiments.

FIGURE 4 Transfer of [3H] cholesterol from red cells to MBCD–choles-
terol complexes; dependence on aqueous volume. Various volumes of
[3H]cholesterol-labeled red cells were placed in microfuge tubes at 25°C
containing various volumes of PBS. Transfer was initiated by the addition of
acceptor at a constant ratio to the donor, namely, 10 mg MBCD/0.525 mg
cholesterol for each 10 �l of cells. The reaction was for 5 s at 25°C. Apparent
rate constants were determined by fitting the kinetic curves to a first-order
exponential expression. The abscissa gives aqueous volume per 10 �l packed
red cells. For purposes of analysis, the data were fit to each of the three terms
in Eq. A18: y � a/x (dotted line), y � a (dashed line), and y � a/(b � x) (solid
line). This experiment is representative of three replicates.

FIGURE 5 Arrhenius plot. Upper curve (�), high concentration of re-
actants: donor (100 �l labeled red cells) plus acceptor (72 mg MBCD/3.9
mg cholesterol) in 1 ml final volume. Lower curve (‚), low concentration
of reactants: donor (100 �l red cells) plus acceptor (19 mg MBCD bearing
1 mg cholesterol) in 10 ml final volume. Reactions were carried out
between 0 and 37°C as in Fig. 1. Time courses were fit to a first-order
exponential expression and the derived kinetic constants plotted against
inverse temperature. Energies of activation were estimated from the Ar-
rhenius expression, ln k � Eact/RT.
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are more than three orders of magnitude faster than from red
cells to various lipid acceptors and nearly five orders of
magnitude faster than from some cultured cells to synthetic
vesicles (Phillips et al., 1987; Rothblat et al., 1999). The
fractional transfer rate also showed a high energy of acti-
vation and a strong dependence on aqueous volume. These
features are best interpreted in the context of our general
understanding of the passive transfer of membrane lipid, as
follows.

Cholesterol exited to acceptors with perfectly first-order
kinetics in our system as in many others (Fig. 1). This
feature indicates that there is a single donor pool, whereas
other studies have suggested the presence of two donor
cholesterol pools in a slow exchange equilibrium (Bar et al.,
1986; Yancey et al., 1996; Haynes et al., 2000; Simons and
Ikonen, 2000). In any case, it is not the time course but
rather the dependence of transfer kinetics on donor and
acceptor concentrations that points to the mechanism of the
transfer reaction.

As described in Eq. A1 of the Appendix, three general
models for the transfer of lipids between membrane com-
partments have been considered. These are a simple colli-
sional mechanism, an aqueous diffusion pathway, and an
activation–collision pathway. The first, transfer during col-
lisions without an intervening activation step, was not fa-
vored in early studies (e.g., Backer and Dawidowicz, 1981;
Phillips et al., 1987) but has been inferred more recently for
some circumstances (Jones and Thompson, 1989, 1990;
Thurnhofer and Hauser, 1990; Wimley and Thompson,
1991; Yang and Huestis, 1993). Our data do not conform
well to this model (Fig. 4, dotted line). Most interpretations
of lipid transfer data have favored an aqueous diffusion
pathway in which lipid monomers desorb from the donor
and diffuse in the medium until captured by collision with
an acceptor (Nichols and Pagano, 1981; Phillips et al.,
1987). Our data are clearly not consistent with this mecha-
nism (Fig. 4, dashed line). In the third model, activation–
collision, lipid monomers do not desorb from the membrane
but rather enter an activated state, such as partial projection
from the bilayer, from which they are either captured by
collision with acceptors and other (trans) donor particles or
else return to the ground state (Steck et al., 1988). As argued
in the Appendix, our data are in accord with this model (Fig.
4, solid line).

In general, more water-soluble membrane intercalators
are likely to be transferred by aqueous diffusion, whereas
natural membrane lipids might require collisional capture.
Although these mechanisms are distinct, a middle-ground is
sometimes envisioned in which fully desorbed monomers
are nevertheless sequestered at the surface of the donor and
must be captured by collision with acceptors (Ferrell et al.,
1985; Wimley and Thompson, 1991; Davidson et al.,
1995a,b).

Unlike simple collisional transfer, both the aqueous dif-
fusion and the activation–collision pathways show compe-

tition between donor and acceptor particles for the activated
monomers, i.e., the fully or partially desorbed lipid. This is
the significance of the expressions k3[A]/(k3[A] � k2[D])
and Ka[A]/(k6 � Ka[A] � Kd[D]) in the second (aqueous
diffusion) and third (activation–collision) terms of Eq. A14.
It is this competition that leads to the saturation isotherms
for donor and acceptor concentrations seen in many lipid
transfer experiments (Nichols and Pagano, 1981; Lange et
al., 1983; Ferrell et al., 1985; Phillips et al., 1987). The
concentration dependence that arises from competition be-
tween donor and acceptor compartments can complicate the
kinetic analysis. However, this is easily dealt with by hold-
ing the ratio of donor to acceptor constant while varying the
aqueous volume; see, for example, our Fig. 4 and Nichols
and Pagano (1981), Steck et al. (1988), and Yang and
Huestis (1993).

The activation–collision mechanism is distinguished ki-
netically from an aqueous diffusion pathway in that com-
petition arises not only from distal (trans) donor particles
(steps 11–13 in Eq. A1) but also from the return of emergent
monomers to the parent membrane (step 6 in Eq. A1). This
cis recapture is the sole difference in the form of these two
kinetic processes: compare the second and third terms of Eq.
A16. It is this step that confers volume-dependence upon
activation–collision kinetics (Eq. A18). This is because, in
the aqueous diffusion mechanism, the volume of the me-
dium has precisely the same effect on the transfer of acti-
vated monomers to trans donor particles as to acceptor
particles. In the activation–collision mechanism, however,
it is competition between the volume-independent relax-
ation of monomers back to the cis donor and volume-
dependent collisional capture that confers sensitivity to
aqueous volume upon the kinetics.

The indifference of fractional transfer rate to donor con-
centration in Fig. 2 is consistent with both aqueous diffusion
and activation–collision pathways when trans donor parti-
cles are weak competitors (see Eq. A16). In our system,
weak donor competition arises from the very slow rate of
transfer of cholesterol from red cell to red cell (Lange et al.,
1983; Steck et al., 1988) relative to rapid transfer from red
cells to MBCD (Fig. 1). The aqueous diffusion model
predicts that transfer rates will be independent of acceptor
concentration when donor competition is negligible (see Eq.
A16). However, this is not observed here (Fig. 3). Rather,
Fig. 3 is consistent with an activation–collision pathway in
which Ka[A] �� Kd[D] � k6. In that case, the data in Fig.
3 would presumably fall on the nearly linear take-off of a
hyperbolic saturation curve. Because we inferred above that
Kd[D] �� Ka[A] � k6, it follows that Ka[A] � k6. However,
it is also clear from Fig. 4 that Ka[A] is of a magnitude
similar to k6 at high particle concentrations.

Because acceptors can capture monomers at different de-
grees of projection, an activation–collision mechanism can
lead to varied kinetics. Activation–collision will resemble the
volume-independent aqueous diffusion pathway when the fall-
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back rate constant, k6, is relatively small; that is, the third term
will approximate the form of the second term in Eq. A17.
Activation–collision kinetics can also look like those of simple
collision when the fall-back rate constant, k6, is relatively large.
Then, the third term will approximate the form of the first term
in Eq. A17. In systems where the acceptor accesses an abun-
dant population of low-lying monomers, large rate constants
for both transfer (k5) and cis capture (k6) could lead to rapid,
volume-dependent kinetics. This is the behavior seen in the
transfer to cyclodextrins of membrane cholesterol (present data
and those of Yancey et al., 1996; Rothblat et al., 1999; Haynes
et al., 2000; Leventis and Silvius, 2001) and phospholipids
(Tanhuanpaa and Somerharju, 1999; Tanhuanpaa et al., 2001).

In principle, a given acceptor can capture a given lipid at
more than one degree of projection from the membrane,
producing coexistent volume-dependent and volume-inde-
pendent transfer kinetics in the same system. Such com-
pound behavior has been observed both for membrane cho-
lesterol (Steck et al., 1988) and phospholipids (Jones and
Thompson, 1989, 1990; Wimley and Thompson, 1991;
Yang and Huestis, 1993). The biphasic acceptor dependence
of cholesterol transfer in other studies might have the same
significance (Davidson et al., 1995a,b). Whether the vol-
ume-dependent process involves simple collision, as some
suggest (Jones and Thompson, 1990; Yang and Huestis,
1993), or a two-step activation–collision pathway (Steck et
al., 1988) can be approached by testing for competition by
trans donor particles, because this is a feature of the latter
mechanism but not the former.

In contrast to the rapid kinetics observed here, the transfer
of plasma membrane cholesterol from intact cells to various
donors is very slow. It has been argued that an aqueous
diffusion mechanism obtains, but that the desorbed mono-
mers are poorly accessible to bulky acceptors because of an
unstirred water layer, a glycocalyx, or other physical barri-
ers (Phillips et al., 1987). However, poor access of large
acceptors to the surfaces of donor cells does not explain
why desorbed cholesterol molecules would not rapidly dif-
fuse to acceptors in the bulk solution. Furthermore, un-
stirred boundary water should slow the dispersion of re-
leased cholesterol in the solvent by only a matter of seconds
and not hours, as observed. In addition, small uncharged
lipid vesicles have negligible unstirred water layers and lack
protein coats but nevertheless show slow cholesterol trans-
fer kinetics (Backer and Dawidowicz, 1981; Phillips et al.,
1987). Also arguing against rate-determining diffusional
barriers is the rapid transfer to acceptors of numerous polar
membrane lipids and sterol derivatives (e.g., Phillips et al.,
1987; Steck et al., 1988; Butko et al., 1990; Kan et al., 1992;
Rodrigueza et al., 1995; Bojesen and Bojesen, 1996). Be-
cause there is no strong rationale for why desorbed mono-
mers would remain associated with the cell-surface, it is
worthwhile considering that the observed slow exit kinetics
from whole cells reflects an activation–collision process in
which the fruitful interaction of various bulky acceptors

with partially projecting monomers is slow compared to
their cis capture.

Membrane lipid transfer systems are generally characterized
by a high energy of activation, ascribed to the insolubility of
monomers in the aqueous space (McLean and Phillips, 1984;
Nichols, 1985; Phillips et al., 1987). Typical activation ener-
gies for cholesterol transfer are 10–20 Kcal/mol or more
(Jonas and Maine, 1979; Poznansky and Czekanski, 1979;
Gottlieb, 1980; McLean and Phillips, 1981; McLean and Phil-
lips, 1982; Slotte and Lundberg, 1983). These values are sim-
ilar to those found for synthetic phospholipids with 16–20
effective methylene units (Nichols and Pagano, 1981; McLean
and Phillips, 1984; Nichols, 1985). The high energy of activa-
tion found in the present study, 27–28 Kcal/mol (Fig. 5),
suggests that the transition form of the cholesterol taken up by
MBCD could be comparable to that captured by the large and
particulate acceptors studied earlier. Presumably, in both cases,
it is the nearly fully projecting membrane monomer. The
similarity of the energies of activation for the two curves in
Fig. 5 suggests that the fall in transfer rate with dilution in this
system does not reflect a shift in pathway. This was also the
conclusion of a similar study on phospholipids (Jones and
Thompson, 1990). We note in passing that very low energies
of activation for cholesterol transfer from cells and model
membranes to cyclodextrin have been reported; namely, 7 and
2 Kcal/mol (Yancey et al., 1996). The reason for the difference
between those values and ours is not evident.

Finally, our data bear on the kinetics of cholesterol dif-
fusion across the membrane. Because �-cyclodextrins are
unrivalled in the extraction of cholesterol from bilayers, it
was our hope that the rate of cholesterol exit could be made
fast compared to that of transbilayer flip-flop. In that case,
biphasic time courses would be obtained, and the rate con-
stant for transbilayer movement could then be inferred from
the slow limb of the curve. Such studies would also provide
estimates of the fraction of the cholesterol residing in each
leaflet. We found, however, that the entire membrane
[3H]cholesterol pool was exchanged with strictly first-order
kinetics at temperatures between 0 and 37°C. Could all of
the exogenous [3H]cholesterol probe have been retained in
the outer bilayer leaflet? This was not the case, because the
specific activity of the extracted [3H]cholesterol was nearly
the same as that remaining in the cells. Furthermore, cho-
lesterol mass exited as rapidly and completely as the
[3H]cholesterol probe.

Because there is no doubt that appreciable cholesterol
resides in both leaflets (Muller and Herrmann, 2002), these
data strongly suggest that the movement of sterols across
the bilayer must be fast relative to the observed time scale
of extraction. An upper bound on the time constant for flip
at 37°C can be inferred from Fig. 1 to be �1 s. A similar
conclusion was previously drawn using cholesterol oxidase
as a probe (Lange et al., 1981). However, in that case, the
cholestenone reaction product could have perturbed the
membrane (Brasaemle et al., 1988).
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Although there are several reports of slow cholesterol
flip-flop (see Schroeder et al., 1996; Muller and Herrmann,
2002), a time constant of �1 s is not unreasonable. Com-
pared to phospholipids, where the flip-flop time is measured
in hours or days, sterols contain only a single polar (oxygen)
atom. Furthermore, far more polar amphipaths, such as fatty
acids (Bojesen and Bojesen, 1996; Kleinfeld et al., 1997;
Hamilton et al., 2001), porphyrins (Kuzelova and Brault,
1994), bilirubin (Zucker et al., 1999), and amphipathic
drugs (e.g., Regev and Eytan, 1997), passively traverse the
bilayer in seconds or less. Even lysophosphatides, with
large polar head-groups, cross the membrane on the time
scale of minutes (Bergmann et al., 1984). Presumably, the
rapid flip-flop of sterols evolved to confer benefits; other-
wise, their transbilayer diffusion could have been dramati-
cally slowed by the addition of a few more polar atoms (Kan
et al., 1992; Muller and Herrmann, 2002).

In conclusion, our results suggest that the transfer of red
cell cholesterol to cyclodextrin proceeds via an activation–
collision pathway and strengthen the case for the generality
of this mechanism. As suggested (Jones and Thompson,
1989; Steck et al., 1988), a collisional mechanism is better
suited than aqueous diffusion to mediate the specific trans-
fer of lipids among membranes, hence their targeting in
cells (Simons and Ikonen, 2000; Hao et al., 2002).

APPENDIX

By Ferenc J. Kézdy (Protein Science, Pharmacia Corp., Kalamazoo MI),
Theodore L. Steck, and Yvonne Lange

Eq. A1 provides a general reaction scheme for three mechanisms relevant
to the transfer of cholesterol from a donor particle, DC:

DC
12
�D
C

�A
3(4
AC

4
1 DC

�A
214

AC�D

^
5

6

DC�D
113

DC
D
11)12

�D
DC


�A
7(8
DC
A
9(10
AC�D

(A1)

The pathway at the left depicts the aqueous diffusion mechanism in which
cholesterol (C) is released into solution in a first-order step and is then
taken up by donor (D) or acceptor (A) particles with second-order kinetics.
The pathway in the center represents a particle collision mechanism,
whereby nonactivated cholesterol is directly transferred through a second-
order collision of donor with acceptor. The scheme at the right is the
activation–collision mechanism. In this pathway, the membrane-associated
activated intermediate, C
, can not only be transferred to another donor
particle or to an acceptor but can also be recaptured by the parent donor
particle (step 6).

Initially, when [AC] � 0, the condition for steady state in [DC
D] is

k11[DC
][D] � (k12 � k13)[DC
D]. (A2)

The condition for steady state in [DC
A] is

k7[DC
][A] � �k8 � k9�[DC
A]. (A3)

The condition for steady state in [DC
] is

k5[DC] � k8[DC
A] � k12[DC
D]

� �k6 � k7[A] � k11[D])[DC
]. (A4)

Rearranging Eq. A3 yields

[DC
A] �
k7[A][DC
]

�k8 � k9�
. (A5)

Rearranging Eq. A2 yields

[DC
D] �
k11[D][DC
]
�k12 � k13�

. (A6)

By substitution into Eq. A4, we obtain

k5[DC] � [DC
]�k6 � k7[A]�1 �
k8

k8 � k9
�

� k11[D]�1 �
k12

k12 � k13
�� . (A7)

Solving for [DC
] yields

[DC
] �
k5[DC]

k6 � k7k9[A]/�k8 � k9� � k11k13[D]/�k12 � k13�
.

(A8)

The condition for steady state in [C] is

k1[DC] � [C]�k2[D] � k3[A]). (A9)

Rearrangement yields

[C] �
k1[DC]

k2[D] � k3[A]
. (A10)

The global initial rate of cholesterol transfer to acceptors by all three
mechanisms (simple particle collision, aqueous diffusion, and activation–
collision, respectively) is

d[AC]
dt

� k14[A][DC] � k3[A][C] � k9[DC
A]. (A11)
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Substitution from Eq. A5 results in

d[AC]
dt

� k14[A][DC] � k3[A][C] �
k7k9[A][DC
]

k8 � k9
.

(A12)

Substitutions from Eqs. A8 and A10 give the global initial rate of transfer
to acceptor particles as

d[AC]
dt

� k14[A][DC] �
k1k3[A][DC]

k3[A] � k2[D]

�
k5k7k9[A][DC]/�k8 � k9�

k6 � k7k9[A]/�k8 � k9� � k11k13[D]/�k12 � k13�
.

(A13)

With the definitions Ka � k7k9/(k8 � k9) and Kd � k11k13/(k12 � k13), Eq.
A13 takes the form

d[AC]
dt

� k14[A][DC] �
k1k3[A][DC]

k3[A] � k2[D]

�
k5Ka[A][DC]

k6 � Ka
A� � Kd[D]
. (A14)

If DC
A and DC
D are not true complexes but only transition states,
then Ka and Kd represent the second-order rate constants of the overall
processes, according to the simplified reaction scheme,

DC
12
�D
C

�A
3(4
AC

4
1 DC

�A

214

AC�D

^
5

6

DC�D
1Kd

�D
DC


�A
2Ka

AC�D

(A15)

From Eq. A14, the initial fractional rate, vo, is given as

vo �
d([AC]/[DC]o)o

dt

� k14[A] �
k1k3[A]

k3[A] � k2[D]
�

k5Ka[A]
k6 � Ka[A] � Kd[D]

.

(A16)

Because concentrations equal quantity, Q, divided by volume, V, Eq. A16
may be rewritten as

vo �
k14Qa

V
�

k1k3Qa

k3Qa � k2Qd
�

k5KaQa

Vk6 � KaQa � KdQd
,

(A17)

or

vo �
k14Qa

V
�

k1k3Qa

k3Qa � k2Qd
�

k5KaQa/k6

V � KaQa/k6 � KdQd/k6
.

(A18)

According to Eq. A16, the mechanism of transfer can be inferred from
the dependence of vo on donor and acceptor concentrations. Of particular
value are experiments that hold donor and acceptor quantities constant and
vary the aqueous volume. Then, a nonlinear least squares analysis of vo

versus V according to Eq. A18 will suggest which of these transfer
mechanisms contributes significantly to the overall reaction rate.

The authors thank Wendy Zhang, Ajay Gopinathan, and Leo Kadanoff of
the Department of Physics, University of Chicago, for helpful discussions.

This work was supported by grants from the National Institutes of Health
(HL 28448) to Y.L. and the National Science Foundation (MCB-9723450)
to T.L.S.

REFERENCES

Backer, J. M., and E. A. Dawidowicz. 1981. Mechanism of cholesterol
exchange between phospholipid vesicles. Biochemistry. 20:3805–3810.

Bar, L. K., Y. Barenholz, and T. E. Thompson. 1986. Fraction of choles-
terol undergoing spontaneous exchange between small unilamellar phos-
phatidylcholine vesicles. Biochemistry. 25:6701–6705.

Barenholz, Y. 2002. Cholesterol and other membrane active sterols: from
membrane evolution to “rafts.” Prog. Lipid Res. 41:1–5.

Bergmann, W. L., V. Dressler, C. W. Haest, and B. Deuticke. 1984.
Reorientation rates and asymmetry of distribution of lysophospholipids
between the inner and outer leaflet of the erythrocyte membrane. Bio-
chim. Biophys. Acta. 772:328–336.

Bojesen, I. N., and E. Bojesen. 1996. Oleic acid binding and transport
capacity of human red cell membrane. Acta Physiol. Scand. 156:
501–516.

Brasaemle, D. L., A. D. Robertson, and A. D. Attie. 1988. Transbilayer
movement of cholesterol in the human erythrocyte membrane. J. Lipid
Res. 29:481–489.

Brown, R. E. 1992. Spontaneous lipid transfer between organized lipid
assemblies. Biochim. Biophys. Acta. 1113:375–389.

Butko, P., I. Hapala, T. J. Scallen, and F. Schroeder. 1990. Acidic phos-
pholipids strikingly potentiate sterol carrier protein 2 mediated inter-
membrane sterol transfer. Biochemistry. 29:4070–4077.

Clejan, S., and R. Bittman. 1984. Distribution and movement of sterols
with different side chain structures between the two leaflets of the
membrane bilayer of mycoplasma cells. J. Biol. Chem. 259:449–455.

Davidson, W. S., K. L. Gillotte, S. Lund-Katz, W. J. Johnson, G. H.
Rothblat, and M. C. Phillips. 1995a. The effect of high density lipopro-
tein phospholipid acyl chain composition on the efflux of cellular free
cholesterol. J. Biol. Chem. 270:5882–5890.

Davidson, W. S., W. V. Rodrigueza, S. Lund-Katz, W. J. Johnson, G. H.
Rothblat, and M. C. Phillips. 1995b. Effects of acceptor particle size on
the efflux of cellular free cholesterol. J. Biol. Chem. 270:17106–17113.

Ferrell, J. E., Jr., K. J. Lee, and W. H. Huestis. 1985. Lipid transfer between
phosphatidylcholine vesicles and human erythrocytes: exponential de-
crease in rate with increasing acyl chain length. Biochemistry. 24:
2857–2864.

Fisher, K. A. 1976. Analysis of membrane halves: cholesterol. Proc. Natl.
Acad. Sci. U.S.A. 73:173–177.

Gottlieb, M. H. 1980. Rates of cholesterol exchange between human
erythrocytes and plasma lipoproteins. Biochim. Biophys. Acta. 600:
530–541.

Hamilton, J. A., R. A. Johnson, B. Corkey, and F. Kamp. 2001. Fatty acid
transport: the diffusion mechanism in model and biological membranes.
J. Mol. Neurosci. 16:99–108; discussion 151–157.

Hao, M., S. X. Lin, O. J. Karylowski, D. Wustner, T. E. McGraw, and F. R.
Maxfield. 2002. Vesicular and non-vesicular sterol transport in living
cells. The endocytic recycling compartment is a major sterol storage
organelle. J. Biol. Chem. 277:609–617.

Haynes, M. P., M. C. Phillips, and G. H. Rothblat. 2000. Efflux of
cholesterol from different cellular pools. Biochemistry. 39:4508–4517.

2124 Steck et al.

Biophysical Journal 83(4) 2118–2125



Jonas, A., and G. T. Maine. 1979. Kinetics and mechanism of phosphati-
dylcholine and cholesterol exchange between single bilayer vesicles and
bovine serum high-density lipoprotein. Biochemistry. 18:1722–1728.

Jones, J. D., and T. E. Thompson. 1989. Spontaneous phosphatidylcholine
transfer by collision between vesicles at high lipid concentration. Bio-
chemistry. 28:129–134.

Jones, J. D., and T. E. Thompson. 1990. Mechanism of spontaneous,
concentration-dependent phospholipid transfer between bilayers. Bio-
chemistry. 29:1593–1600.

Kan, C. C., J. Yan, and R. Bittman. 1992. Rates of spontaneous exchange
of synthetic radiolabeled sterols between lipid vesicles. Biochemistry.
31:1866–1874.

Klein, U., G. Gimpl, and F. Fahrenholz. 1995. Alteration of the myometrial
plasma membrane cholesterol content with beta-cyclodextrin modulates
the binding affinity of the oxytocin receptor. Biochemistry. 34:
13784–13793.

Kleinfeld, A. M., P. Chu, and C. Romero. 1997. Transport of long-chain
native fatty acids across lipid bilayer membranes indicates that transbi-
layer flip-flop is rate limiting. Biochemistry. 36:14146–14158.

Kuzelova, K., and D. Brault. 1994. Kinetic and equilibrium studies of
porphyrin interactions with unilamellar lipidic vesicles. Biochemistry.
33:9447–9459.

Lange, Y. 1991. Disposition of intracellular cholesterol in human fibro-
blasts. J. Lipid Res. 32:329–339.

Lange, Y., J. Dolde, and T. L. Steck. 1981. The rate of transmembrane
movement of cholesterol in the human erythrocyte. J. Biol. Chem. 256:
5321–5323.

Lange, Y., A. L. Molinaro, T. R. Chauncey, and T. L. Steck. 1983. On the
mechanism of transfer of cholesterol between human erythrocytes and
plasma. J. Biol. Chem. 258:6920–6926.

Lange, Y., and J. M. Slayton. 1982. Interaction of cholesterol and lyso-
phosphatidylcholine in determining red cell shape. J. Lipid Res. 23:
1121–1127.

Leventis, R., and J. R. Silvius. 2001. Use of cyclodextrins to monitor
transbilayer movement and differential lipid affinities of cholesterol.
Biophys. J. 81:2257–2267.

McLean, L. R., and M. C. Phillips. 1981. Mechanism of cholesterol and
phosphatidylcholine exchange or transfer between unilamellar vesicles.
Biochemistry. 20:2893–2900.

McLean, L. R., and M. C. Phillips. 1982. Cholesterol desorption from
clusters of phosphatidylcholine and cholesterol in unilamellar vesicle
bilayers during lipid transfer or exchange. Biochemistry. 21:4053–4059.

McLean, L. R., and M. C. Phillips. 1984. Kinetics of phosphatidylcholine
and lysophosphatidylcholine exchange between unilamellar vesicles.
Biochemistry. 23:4624–4630.

Muller, P., and A. Herrmann. 2002. Rapid transbilayer movement of
spin-labeled steroids in human erythrocytes and in liposomes. Bio-
phys. J. 82:1418–1428.

Nichols, J. W. 1985. Thermodynamics and kinetics of phospholipid
monomer–vesicle interaction. Biochemistry. 24:6390–6398.

Nichols, J. W., and R. E. Pagano. 1981. Kinetics of soluble lipid monomer
diffusion between vesicles. Biochemistry. 20:2783–2789.

Ohtani, Y., T. Irie, K. Uekama, K. Fukunaga, and J. Pitha. 1989. Differ-
ential effects of alpha-, beta- and gamma-cyclodextrins on human eryth-
rocytes. Eur. J. Biochem. 186:17–22.

Phillips, M. C., W. J. Johnson, and G. H. Rothblat. 1987. Mechanisms and
consequences of cellular cholesterol exchange and transfer. Biochim.
Biophys. Acta. 906:223–276.

Poznansky, M. J., and S. Czekanski. 1979. Cholesterol exchange as a
function of cholesterol/phospholipid mole ratios. Biochem. J. 177:
989–991.

Regev, R., and G. D. Eytan. 1997. Flip-flop of doxorubicin across eryth-
rocyte and lipid membranes. Biochem. Pharmacol. 54:1151–1158.

Rodrigueza, W. V., J. J. Wheeler, S. K. Klimuk, C. N. Kitson, and M. J.
Hope. 1995. Transbilayer movement and net flux of cholesterol and
cholesterol sulfate between liposomal membranes. Biochemistry. 34:
6208–6217.

Rothblat, G. H., M. de la Llera-Moya, V. Atger, G. Kellner-Weibel, D. L.
Williams, and M. C. Phillips. 1999. Cell cholesterol efflux: integration
of old and new observations provides new insights. J. Lipid Res. 40:
781–796.

Schroeder, F., A. A. Frolov, E. J. Murphy, B. P. Atshaves, J. R. Jefferson,
L. Pu, W. G. Wood, W. B. Foxworth, and A. B. Kier. 1996. Recent
advances in membrane cholesterol domain dynamics and intracellular
cholesterol trafficking. Proc. Soc. Exp. Biol. Med. 213:150–177.

Schroeder, F., G. Nemecz, W. G. Wood, C. Joiner, G. Morrot, M. Ayraut-
Jarrier, and P. F. Devaux. 1991. Transmembrane distribution of sterol in
the human erythrocyte. Biochim. Biophys. Acta. 1066:183–192.

Simons, K., and E. Ikonen. 2000. How cells handle cholesterol. Science.
290:1721–1726.

Slotte, J. P., and B. Lundberg. 1983. Transfer of [3H]cholesterol between
lipid vesicles and rat arterial smooth muscle cells in vitro. Biochim.
Biophys. Acta. 750:434–439.
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