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ABSTRACT We present a detailed study of the translocation rate of two headgroup-labeled phospholipid derivatives, one
with two acyl chains, NBD-DMPE, and the other with a single acyl chain, NBD-lysoMPE, in lipid bilayer membranes in the
liquid-disordered state (POPC) and in the liquid-ordered states (POPC/cholesterol (Chol), molar ratio 1:1, and sphingomyelin
(SpM)/Chol, molar ratio 6:4). The study was performed as a function of temperature and the thermodynamic parameters
of the translocation process have been obtained. The most important findings are 1), the translocation of NBD-DMPE is
significantly faster than the translocation of NBD-lysoMPE for all bilayer compositions and temperatures tested; and 2), for both
phospholipid derivatives, the translocation in POPC bilayers is ;1 order of magnitude faster than in POPC/Chol (1:1) bilayers
and ;2–3 orders of magnitude faster than in SpM/Chol (6:4) bilayers. The permeability of the lipid bilayers to dithionite has also
been measured. In liquid disordered membranes, the permeability rate constant obtained is comparable to the translocation rate
constant of NBD-DMPE. However, in liquid-ordered bilayers, the permeability of dithionite is significantly faster then the
translocation of NBD-DMPE. The change in enthalpy and entropy associated with the formation of the activated state in the
translocation and permeation processes has also been obtained.

INTRODUCTION

The kinetics and thermodynamics of the interaction of

amphiphiles with lipid bilayers is of fundamental importance

for the understanding of the dynamic properties of biological

membranes as well as for the development of new pharma-

cologically active amphiphilic molecules and modeling of

their pharmacokinetics. Additionally, these studies may also

elucidate some physical-chemical properties of the bilayers.

For the complete characterization of the interaction of amphi-

philic molecules with lipid bilayers, the insertion, desorp-

tion, and translocation (flip-flop) processes have to be

considered. With this aim, we have recently studied the inter-

action of two fluorescent phospholipids, both labeled with

the NBD fluorophore in the headgroup, one of them with two

acyl chains (NBD-DMPE) and the other with a single acyl

chain (NBD-lysoMPE), with lipid bilayers in the liquid-

disordered and liquid-ordered states (1,2). The study of the

translocation step was approached using the well-established

method of reduction of the NBD group by dithionite (3). In

this method, reduction of the NBD group, attached to a lipid

embedded in a lipid bilayer vesicle, occurs in two kinetically

distinct steps: one is completed within a few minutes and the

other extends over several hours or even days. The fast step

is the reduction of the NBD chromophore located at the outer

surface of the vesicles. Due to the slow permeation of

charged molecules (in this case the dithionite anion) across

homogeneous lipid bilayers, the slow step was suggested to

be essentially due to translocation of the NBD-labeled

amphiphile from the inner (inaccessible to dithionite) to the

outer (accessible to dithionite) monolayer of the lipid bilayer

vesicle (3,4). Several authors have, however, noted that the

permeation of the reducing agent could be the process con-

trolling the rate of reduction of the amphiphile in the inner

leaflet of the bilayers (3–10). However, there are no quan-

titative data concerning dithionite permeation of lipid bi-

layers. In recent published work, we too (1,2) have assumed

dithionite permeation to be slow compared to NBD-labeled

lipid translocation. In view of the results reported in the work

presented here, this assumption was not correct: the slow rate

of reduction of the NBD moiety located in the inner mono-

layer of lipid vesicles must, in fact, be understood in terms of

both the translocation of the NBD-labeled lipid and the

permeability of dithionite. In the articles from our laboratory

cited above, we were studying the complete interaction of the

amphiphilic molecules namely insertion/desorption, and the

corresponding equilibrium constant, as well as translocation.

The latter process was a minor contribution to the articles

and was considered only for a matter of completeness; this is

the only process that needs correction. In this work, we re-

assess the translocation process by measuring the transloca-

tion of the NBD-derivatives in the absence of dithionite (11).

With the knowledge of the translocation rate, as well as the

rate of reaction of dithionite with the NBD phospholipids,

the permeability of dithionite across the lipid bilayers can

now be obtained from the observation of the reduction of

NBD in the inner monolayer. In this article, we have devel-

oped a kinetic model that accounts for both translocation and

dithionite permeation and, therefore, permits calculation of

the dithionite permeability rate constants. To our knowledge,

this is the first time that this sort of analysis has been
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performed, and we are able to present true rate constants with

predictive value rather than apparent permeabilities (10,12).

The translocation of NBD-DMPE and NBD-lysoMPE, as

well as the permeability of dithionite, was studied in large

unilamelar vesicles (LUV, 100 nm diameter) prepared from

pure POPC and from lipid binary mixtures of POPC/Chol

(molar ratio 1:1) and SpM/Chol (molar ratio 6:4). For POPC

bilayers, where the bilayer is in a liquid-disordered phase (13),

the measurements were done as a function of temperature

between 15�C and 55�C, whereas the other two bilayer

systems, in the liquid-ordered phases (14,15), were studied

between 25�C and 65�C. Using transition state theory, the

temperature-dependence of the rate constants enabled us to

derive the standard free energy, enthalpy, and entropy

changes associated with the formation of the transition state

in each process.

MATERIALS AND METHODS

NBD-DMPE (purity .99%) and POPC were from Avanti Polar Lipids

(Alabaster, AL); egg yolk SpM was from Sigma-Aldrich Quı́mica (Sintra,

Portugal); and cholesterol was from Serva/Boehringer Ingelheim (Heidel-

berg, Germany). All reagents were of the highest commercially available

purity. Solvents of analytical reagent grade were from Sigma-Aldrich

Quı́mica. NBD-lysoMPE was prepared from NBD-DMPE by treatment with

phospholipase A2 (2).

Phospholipid concentrations were determined using a modified version

of the Bartlett phosphate assay (16) and cholesterol concentrations were

determined by the Lieberman-Burchard method as described by Taylor et al.

(17). NBD-lysoMPE and NBD-DMPE concentration was determined by

spectrophotometry using a molar extinction coefficient at 463 nm of 21000

M�1 cm�1 in methanol. Absorption spectra were recorded on a Unicam

UV530 UV/Vis spectrophotometer (Cambridge, UK), and fluorescence

measurements were performed on a Cary Eclipse Fluorescence Spectro-

photometer (Varian, Victoria, Australia) equipped with a thermostated

multi-cell holder accessory. The samples were stirred continuously during

measurements. Stopped-flow measurements were performed as previously

described (18) on a thermostated stopped-flow fluorimeter (Hi-Tech model

SF-61, Salisbury, UK). Data were analyzed using Microsoft Excel and

Solver.

Aqueous suspensions of lipids were prepared by evaporating a solution

of the desired lipid or premixed lipid mixture, with or without NBD

phospholipids, in chloroform/methanol (87:13, v/v) solution by blowing dry

nitrogen over the heated (blowing hot air over the external surface of the

tube) solution and then leaving the residue in a vacuum dessicator for at least

8 h at 23�C. The solvent-free residue, heated in a water bath at 23�C (POPC

samples), at 50�C (POPC/Chol samples) or at 65�C (SpM/Chol samples),

was then hydrated with HEPES buffer 10 mM pH¼ 7.4 with 0.15 M sodium

chloride (HEPES buffer), which had been previously heated to the same

temperature, and the mixture was left to hydrate for;10 min. The amount of

hydrating medium added was calculated to result in a final lipid concen-

tration of 4–83 10�3 M. The hydrated lipid was subjected to several cycles

of vortex/incubation at the specified temperature for at least 1 h to produce a

suspension of multilamellar vesicles that was then extruded, using a mini-

mum of 10 passes, through two stacked polycarbonate filters (Nucleopore,

Whatman, Springfield Hill, UK) with a pore diameter of 0.1mm (19). During

extrusion, the water-jacketed extruder (Lipex Biomembranes, Vancouver,

British Columbia, Canada) was maintained at the temperature used for

hydration. For experiments with NBD-DMPE, symmetric LUV were

prepared, using the above procedure, with a ratio of 1:3000 NBD-DMPE/

lipid, whereas for symmetric LUV with NBD-lysoMPE the ratio was

1:30000.

Asymmetric LUV suspensions were prepared by two different proce-

dures:

1. LUV with NBD-DMPE, or NBD-lysoMPE, only in the inner monolayer

were obtained by adding 1% (v/v) of a solution of sodium dithionite

1 M, in 1 M Trizma base pH 10, to,4 ml of symmetric LUV (43 10�3

M for NBD-DMPE or (5–8) 3 10�3 M for NBD-lysoMPE), incubation

at 23�C for 2 min to allow the reduction of the NBD-DMPE in the outer

monolayer, and removal of the dithionite in a Sephadex G75 column

eluting with HEPES buffer. The asymmetrically labeled LUV fraction

was recovered in the free volume of the column (15–20 ml) while

dithionite was eluted in fractions above 40 ml. The asymmetric LUV

were diluted with HEPES buffer to the required concentration and

stored at 4�C.
2. LUVs with NBD-lysoMPE only in the outer monolayer were obtained

by adding a small volume of the probe in methanol (final methanol

concentration #0.05%, v/v) to previously prepared LUV of the desired

lipid composition. The mixture was left at 23�C for 10 min, with

occasional vigorous vortex, and stored at 4�C. The ratio of NBD per

lipid in the outer monolayer was 1:25,000, 1:30,000 or 1:40,000 for

LUV prepared from pure POPC, POPC/Chol (1:1) or SpM/Chol (6:4),

respectively.

To study the kinetics of translocation, 300 mL aliquots of asymmetrically

labeled LUV (0.43 10�3 M for NBD-DMPE or 33 10�3, 43 10�3 or 53
10�3 M for NBD-lysoMPE in LUV prepared from POPC, POPC/Chol or

SpM/Chol, respectively) were transferred to Eppendorf tubes and incubated

at the desired temperature. At given times, one or two tubes were stored at

4�C. At the end of the experiment all samples were analyzed, by stopped

flow, for their concentration of NBD in the outer and inner monolayer using

the reduction of NBD by dithionite (3). For experiments that lasted for more

than one day, the samples were usually analyzed at the end of each day.

The permeation of dithionite through the lipid bilayers was studied by

adding 1% (v/v) of a solution of sodium dithionite 1 M, in 1 M Trizma base

pH 10, to symmetric LUV and following the slow component of the decrease

in fluorescence due to reduction of NBD initially present in the inner

monolayer. The observed reduction in this case is due to two simultaneously

occurring processes: permeation of dithionite into the inner aqueous volume

of the LUV and translocation of NBD from the inner to the outer monolayer.

The kinetic model taking into account both processes was developed and,

knowing independently the translocation rate and the rate of reaction of

dithionite with NBD, the permeation of dithionite was obtained. The

solutions of dithionite in Trizma base were stored in an ice bath and used

within 3 h after preparation.

RESULTS

Reduction of NBD by dithionite

The addition of dithionite, at a final concentration of 0.01 M,

pH¼ 7.4, to symmetrically labeled LUVwithNBD-DMPEor

NBD-lysoMPE results in a fast decrease in NBD fluorescence

to 50 6 5% of the initial value. This decrease is exponential

due to the much larger concentration of dithionite (0.01M) as

compared to NBD concentration (#23 10�7 M), with a

characteristic time of;2 min at 35�C (Table 1). It should be

noted that the rate constant for reaction with NBD-LysoMPE

is always higher than for reaction with NBD-DMPE in LUV

with the same lipid composition and that the rate constant is

higher for bilayers prepared from SpM/Chol (6:4). For the

interpretation of those rate constants, the reaction of dithionite

with NBD-ethanolamine in aqueous solution was also studied

and found to be more than two orders of magnitude faster
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(Table 1). The differencemay be interpreted as a consequence

of the limited access of dithionite to the crowded headgroup

region in the lipid bilayers. In this view, the different rate

constants observed for NBD-DMPE and NBD-LysoMPE,

and between different lipid compositions, may be indicative

of small differences in the position of the NBD group relative

to the bilayer surface or different frequencies and/or ampli-

tudes in the respective hopping movement.

The experiment was performed as a function of tempera-

ture, and the enthalpies of activation recovered are also

presented in Table 1. Significant differences may be observed

when NBD-DMPE andNBD-LysoMPE are compared. Reac-

tion of dithionite with NBD-LysoMPE shows a higher

enthalpy of activation than reaction with NBD-DMPE for

LUV in the liquid-ordered state and the opposite behavior is

observed in bilayers that are in the liquid-disordered state. The

dependence on the lipid composition of the bilayers is also

significant with SpM/Chol (6:4) bilayers showing lower

enthalpies of activation than POPC containing bilayers. The

enthalpies of activation found for the reduction of NBD-

ethanolamine in HEPES buffer is smaller than for the

reduction of NBD phospholipids inserted in the lipid bilayers

with the exception of NBD-DMPE in SpM/Chol (6:4) which

has about the same value.

Translocation of NBD-DMPE and NBD-lysoMPE

The asymmetrically labeled LUV, with the required lipid

composition and NBD phospholipid, were incubated at a

given temperature and aliquots were taken at different incu-

bation times (translocation time, tf ). The amount of NBD in

the outer monolayer was then calculated by the reaction with

dithionite followed in a stopped flow apparatus at 25�C.
Typical results obtained for the translocation of NBD-DMPE

in LUV prepared from POPC at 35�C are presented in Fig. 1.

The fluorescence signal was converted into concentration

through the subtraction of the background signal and use of

an independently determined conversion factor for the mea-

sured fluorescence intensity. In Fig. 1, the best fit of a single

exponential to the time-dependent decrease in the concentra-

tion of NBD due to reaction with dithionite gives the total

concentration of NBD, NBDT½ �, and the concentration of

NBD in the inner and outer monolayer, NBDi½ � and NBDo½ �
respectively, and the rate of reaction with dithionite, kR. The
translocation may be described by the set of differential

equations (Eq. 1), where kf is the rate of translocation:

d½NBDo�
dt

¼ �kff½NBDo� � ½NBDi�g
d½NBDi�

dt
¼ �d½NBDo�

dt
: (1)

If there is no change in the total concentration of NBD and

if the amount of NBD in the aqueous phase is negligible,

Eq. 1 may be easily integrated and has the form of a mono-

exponential. The translocation rate constant was obtained

from the time dependence of either NBDo½ �, NBDi½ � or from
the fractional values of either of these relative to the total NBD

TABLE 1 Kinetic and thermodynamic parameters for the

reaction of the phospholipid derivatives with dithionite in all

lipid bilayers tested

Probe

Lipid bilayer

composition

DHoz

(kJ mol�1)

kR (M�1 s�1)

at 35�C

NBD-DMPE
POPC

85 6 2 23 6 3

NBD-lysoMPE 80 6 4 48 6 6

NBD-DMPE
POPC/Chol (1:1)

79 6 1 25 6 2

NBD-lysoMPE 88 6 1 36 6 1

NBD-DMPE
SpM/Chol (6:4)

66 6 1 25 6 1

NBD-lysoMPE 81 6 1 51 6 1

NBD-ethanolamine – 69 4.93103

The parameters for the reaction with NBD-ethanolamine in aqueous media

are also shown.

FIGURE 1 Translocation of NBD-DMPE in POPC bilayers at 35�C. At given times of incubation (tf ) at 35�C, the amount of NBD-DMPE in the outer

monolayer was measured by its reaction with dithionite (A). The experimental curve was fitted with a mono-exponential and the recovered total concentration

of NBD-DMPE (h), the concentration in the outer (n) and in the inner (s) monolayer are presented in B. The best fit of a mono-exponential to the time-

dependence of the concentration of NBD-DMPE in the outer and inner monolayers is also shown (kf ¼ 2.03 10�4 s�1). The data can also be analyzed as the

fraction of NBD-DMPE in the outer monolayer (C).
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concentration, [NBDT], in the asymmetrically labeled LUV,

½NBDx�=½NBDT�, panels B and C in Fig. 1, respectively. For

experiments done with NBD-DMPE, and within the same

day, all methods resulted in the same value of kf . Small

differences were, however, observed for translocation exper-

iments that were measured during several days due to small

changes in the response of the equipment. We have opted to

routinely analyze the time-dependence of the fraction of NBD

in the outer monolayer that is described by Eq. 2:

½NBDo�ðtf Þ
½NBDT� ¼ ½NBDo�ðNÞ

½NBDT� � ½NBDo�ðNÞ
½NBDT� � ½NBDo�ð0Þ

½NBDT�
� �

3 expð�2kf tfÞ: (2)

The derivation of Eq. 2 assumes negligible fraction of NBD

in the aqueous phase and conservation of the total concen-

tration of NBD. These conditions are valid for the case of

NBD-DMPE that partitions predominantly into the lipid

phase at all lipid compositions used and is chemically stable

(1). For the lipid composition routinely used, 4 3 10�4 M,

,1% of NBD-DMPE is in the aqueous phase for all lipid

compositions and temperatures tested. However, the partition

coefficient of NBD-lysoMPE is such that, for 10�3 M lipid

concentration and 35�C,;3%, 9%, and 23% is present in the

aqueous phase for LUV prepared from pure POPC, POPC/

Chol (1:1), and SpM/Chol (6:4), respectively. Additionally,

NBD-lysoMPE in the aqueous phase is chemically unstable

with a significant degradation being detected after 8 h at

35�C(2). Toovercome this problem,wehaveusedhigher con-

centrations of lipid, (3, 4, and 5)3 10�3 M for LUV prepared

from pure POPC, POPC/Chol (1:1) and SpM/Chol (6:4), re-

spectively. For those lipid concentrations, the fraction of

NBD-lysoMPE in the aqueous phase is reduced to#5%, in all

lipid compositions and temperatures tested. The degradation

of this small fraction of NBD-lysoMPE in the aqueous phase

does not significantly affect (,5%) the total concentration of

NBD-lysoMPE during the time required to follow the

translocation in LUV prepared from POPC or POPC/Chol

at all temperatures tested. However, for LUV prepared from

SpM/Chol, the translocation is much slower and the degra-

dation was significant at low temperatures. For this system,

only the results for temperatures $45�C are reported.

In the derivation of Eqs. 1 and 2, it was assumed that the

rates of translocation from the inner to the outer monolayer

(commonly called ‘‘flop’’) and from the outer to the inner

monolayer (commonly called ‘‘flip’’) are the same. This

assumption is justified by the finding that the fraction of

amphiphile in each monolayer when equilibrium is attained

is always 50 6 5%. Additionally, for NBD-lysoMPE, the

two rates were independently measured and the results could

not be distinguished. They were both included in the average

parameters shown in Fig. 2 and Table 2.

The first observation from Fig. 2 is that the translocation

of NBD-DMPE is faster than the translocation of NBD-

lysoMPE for all temperatures and lipid compositions tested.

At 35�C, the translocation rate of the single chain phospho-

lipid is about half of that for the double chain phospholipid

in pure POPC bilayers. This difference is accentuated in

bilayers in the liquid-ordered state where the rate constant for

the single chain is ;5 times smaller. The thermodynamic

parameters of the translocation process may be obtained

from the temperature-dependence of the rate constant using

transition state theory (20) and are presented in Table 2.

When the translocation of NBD-DMPE and NBD-lysoMPE

are compared, one finds that the change in enthalpy, DHoz,
when going from the initial state (probe inserted in the

bilayer) to the transition state is higher for NBD-lysoMPE in

LUV in the liquid-disordered state (prepared from pure

POPC) and lower for bilayers in the liquid-ordered state

(POPC/Chol and SpM/Chol). The same behavior is found for

the change in entropy, TDSoz.
Another important, although expected, finding is the

dependence of the translocation rate constant on the lipid

composition of the bilayers. The translocation in bilayers in the

liquid-disordered state (pure POPC) is faster than in bilayers

FIGURE 2 Translocation rate for NBD-DMPE (h) and NBD-lysoMPE (s) in lipid bilayers prepared from pure POPC (A), POPC/Chol (1:1) (B), and

SpM/Chol (6:4) (C). The error bars are the standard deviations of at least four independent experiments. The lines are the best fit of the absolute rate theory

with the parameters presented in Table 2.
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prepared fromPOPC/Chol (1:1), this, in turn, beingmuch faster

then observed for bilayers prepared from SpM/Chol (6:4).

In Fig. 2, the large error associated with the results obtained

for NBD-DMPE in POPC/Chol (1:1) bilayers is also evident.

We have studied six independent samples but did not observe

any decrease in the standard deviation toward values com-

parable to the ones observed for the other systems tested.

Permeability of bilayers to dithionite

We have also studied the permeability of the bilayers tested to

dithionite by following the reduction ofNBD.Whendithionite

is added to symmetrically labeled LUV, the temporal evo-

lution of the system may be described by the following dif-

ferential equations:

d½NBDo�VT
dt

¼�k
o

R½NBDo�VT ½To�Vo� kff½NBDo�VT� ½NBDi�VTg
d½NBDi�VT

dt
¼�k

i

R½NBDi�VT ½Ti�Vi� kff½NBDo�VT� ½NBDi�VTg
d½To�VT

dt
¼ �k

o

R½NBDo�VT ½To�Vo � P
ST

Vo

f½To�Vo � ½Ti�Vig
d½Ti�Vi
dt

¼ �k
i

R½NBDi�Vi ½Ti�Vi � P
ST

Vi

f½Ti�Vi � ½To�Vog:
(3)

Where To and Ti represent dithionite concentrations outside

and inside LUV, respectively, and P is the permeability

coefficient for dithionite. The subscripts VT, Vo, and Vi are

the volumes to which the respective concentrations are refer-

red, namely, the total volume of the reaction mixture, the

volume outside, and the volume inside the LUV, respec-

tively. The total surface area of the membrane, ST, and the

total aqueous volume inside the LUV, Vi, were calculated

assuming that all LUV have a radius of 50 nm and using the

literature values for the area per lipid (21). Thus, the number

of lipid molecules in a LUV is 9.2 3 104 for POPC, 1.3 3
105 for POPC/Chol (1:1), and 1.53 105 for SpM/Chol (6:4).

We have simplified Eqs. 3 by assuming that Vo ¼ VT (under

the conditions used Vi # 0:01VT) and also that the rate

constant for the reaction with dithionite in the outer mono-

layer is equal to the rate constant in the inner monolayer

(koR ¼ kiR ¼ kR). In Eqs. 3, we are also assuming that the

permeability coefficient is equal for both directions and that

the permeation of the membranes by dithionite does not alter

the transmembrane electrical potential. The resulting set of

differential equations was integrated numerically.

Typical results obtained for the complete curve of the

decrease in NBD fluorescence due to reaction with dithionite

are presented in Fig. 3 for the case of NBD-DMPE. The

results obtained for NBD-lysoMPE, when analyzed with

Eqs. 3, using the respective values of the rate constant for

reaction with dithionite, led to the same values of the

permeability constant. The data presented in Fig. 4 and Table

3 are averages of the results obtained for permeation of the

membranes by dithionite using both NBD phospholipids as

objects of the reduction process. In Figs. 3 and 4, it is evident

that the permeability of bilayers composed of SpM/Chol

(6:4) to dithionite is much smaller than the permeability of

the other two lipid compositions, whereas POPC/Chol (1:1)

bilayers are only slightly more impermeable to dithionite

then POPC bilayers. This different behavior reflects the

much higher enthalpy associated with the transition state in

TABLE 2 Kinetic and thermodynamic parameters for the translocation of the phospholipid derivatives in all lipid bilayers tested

Probe Lipid bilayer composition DHoz (kJ/mol) TDSoz (kJ/mol)* DGoz (kJ/mol)*y kf* (s�1)

NBD-DMPE
POPC

119 6 5 21 6 1 99 6 1 (1.1 6 0.4) 3 10�4

NBD-lysoMPE 131 6 2 30 6 1 101 6 1 (4.9 6 0.8) 3 10�5

NBD-DMPE
POPC/Chol (1:1)

143 6 14 38 6 4 106 6 4 (1 6 1) 3 10�5

NBD-lysoMPE 133 6 5 23 6 1 110 6 1 (1.7 6 0.5) 3 10�6

NBD-DMPE
SpM/Chol (6:4)

153 6 11 39 6 3 113 6 1§ (4 6 2) 3 10�7§

NBD-lysoMPE 141 6 12 23 6 4 118 6 1§ (7 6 3) 3 10�8§

*At 35�C.
yThe standard deviations were calculated from the standard deviations of the rate constant at 35�C.
§Those parameters are extrapolations from the best fit to the temperature range accessed experimentally (45–65�C). The standard deviations shown are the

average of the standard deviations of the rate constants at the temperatures studied.

FIGURE 3 Typical results for the reduction of NBD-DMPE by dithionite

added to the aqueous medium outside the liposomes at 35�C. For liposomes

prepared from pure POPC (h, solid line), POPC/Chol (1:1) (s, dashed

line), or SpM/Chol (6:4) (n, dotted line). The thicker lines are the best fit of

Eq. 3 to the experimental results and the thinner lines are the predicted

results if the rate of reduction of NBD-DMPE initially in the inner

monolayer is controlled by its translocation into the outer monolayer.
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the process of permeation through SpM/Chol (6:4) bilayers,

whereas for POPC/Chol(1:1) the enthalpy is only marginally

higher than for POPC bilayers. The entropy change associ-

ated with the formation of the transition state goes in the

same direction but is not enough to compensate for the

higher enthalpy change in the more ordered bilayers.

In Fig. 3, we also show the theoretically expected result if

the reduction of NBD, initially present in the inner mono-

layer, is determined by its translocation into the outer mono-

layer as we had previously (1,2) assumed. The rate constants

reported previously by us for the translocation of those NBD

phospholipids were clearly overestimated.

DISCUSSION

The translocation rate constant for NBD-DMPE in POPC

bilayers that we report here is almost identical to the pub-

lished data for the translocation of other PE phospholipids

modified with NBD in the polar headgroup (NBD-EggPE,

NBD-DPPE and NBD-DOPE) in liquid-disordered bilayers

(10). There is no data in the literature for NBD-lysoMPE

or for the liquid-ordered phases. An important question that

should be posed is whether the translocation rates obtained

for a phospholipid modified with NBD in the polar headgroup

are representative of the translocation rates of natural phos-

pholipids. The rates obtained for NBD-DMPE in POPC are

comparable to the ones found for the translocation of PC

phospholipids (22,23) and for PC derivatized with TEMPO

in the polar headgroup (24) for bilayers in the liquid-disordered

state. In previous work by this laboratory, it was concluded

that the kinetics and/or thermodynamics of interaction of

NBD-DMPE (or NBD-lysoMPE) was comparable to that of

DMPC (or LysoMPC) (1,2). Altogether, this is an indication

that the polar NBD group covalently bound to the ethanol-

amine behaves similarly to a phosphocholine headgroup and

gives support to the biological relevance of the data obtained

in this work. A recent report (25), however, questions this

conclusion.

We shall first discuss the differences in translocation rates

for NBD-DMPE and NBD-LysoMPE in bilayers of the same

chemical composition and at the same temperature (i.e., the

same physical state). Translocation of the single-chain analog

(NBD-LysoMPE) is always significantly slower than trans-

location of the two-chain species (NBD-DMPE). The inter-

pretation of this unexpected result may be attempted on the

basis of a decomposition of the Gibbs’ free energy change, for

the translocation transition state, into its enthalpic and entro-

pic components (Table 2). The transition state for transloca-

tion of polar solutes may be assumed to be a state in which the

solute lies in the central, apolar, region of the bilayer. This

region has a low density and a high degree of disorder, and it is

reasonable to assume that the transition state for both probe

molecules used in this work has similar energies. When

inserted in the bilayers, the single-chain derivative may be

expected to create a local defect with larger entropy than the

double-chain derivative. In this defect, the single-chain probe

will also have less van der Waals’ contact with the neighbor-

ing lipids in the bilayer than its double-chain homolog and,

therefore, a larger enthalpy. In this view, the change to the

transition state should present a smaller TDSoz andDHoz than
the double chain analog. This is what we observe for the bi-

layers in the liquid-ordered state (POPC/Chol, andSpM/Chol)

but the opposite behavior is found for the bilayer in the liquid-

disordered state (pure POPC).

The different translocation rates and thermodynamic

parameters found for both phospholipid derivatives show

that translocation is not only determined by the work done in

placing the polar region of the amphiphile in the nonpolar

bilayer center, contrary to the commonly accepted view. The

structural and dynamic characteristics of the amphiphile

microenvironment are also important. The slower transloca-

tion rate of the single-chain amphiphile is also of relevance in

the field of pharmacokinetics. Although this amphiphile

FIGURE 4 Permeability coefficient of dithionite through lipid bilayers

prepared from pure POPC (h), POPC/Chol (1:1) (s), or SpM/Chol (6:4)

(n). The error bars are the standard deviations of at least three independent

experiments. The lines are the best fit of the absolute rate theory with the

parameters presented in Table 3.

TABLE 3 Kinetic and thermodynamic parameters for the permeability of dithionite, at 35�C, through the lipid bilayers tested

Lipid bilayer composition P (m s�1) 3 1014 k (s�1) 3 105 DGoz (kJ/mol)* DHoz (kJ/mol) TDSoz (kJ/mol)

POPC 3.2 6 0.9 8 6 2 99.6 6 0.7 95 6 5 �4.5 6 0.3

POPC/Chol (1:1) 1.7 6 0.4 4.3 6 0.9 101.3 6 0.5 105 6 3 3.9 6 0.1

SpM/Chol (6:4) 0.17 6 0.12 0.4 6 0.3 107 6 2 148 6 10 41 6 5

*Standard deviations calculated from the standard deviations found experimentally for the permeability rate constant, k, at 35�C.
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equilibrates much faster with the outer monolayer of cell

plasma membrane, its internalization by passive diffusion

may be less efficient than for a double-chain amphiphile. The

amount of amphiphile in the inside of a cell (inner plasma

membrane monolayer plus internal aqueous environment) is

only determined by the slower step, which is the translocation

for both amphiphiles.

Another important finding, although expected, is the

decrease in the translocation rate for bilayers in the liquid-

ordered state as compared to bilayers in the liquid-disordered

state. Thus, compared to the translocation rate in liquid-

disordered POPC bilayers, the translocation rate is between

11-fold (NBD-DMPE) and 29-fold (NBD-LysoMPE) slower

in liquid-ordered POPC/Chol bilayers. This result is compa-

rable to the literature data for the effect of cholesterol on the

passive translocation of phospholipids (26). It may be inter-

preted as a consequence of the physical state of the bilayer

(liquid-ordered or liquid-disordered state). There is no data in

the literature for bilayers prepared from sphingomyelin and

cholesterol but, with the above reasoning, one could expect a

reduction of the translocation rate due to increased order in the

bilayer. In fact, we observe a reduction between 275-fold

(NBD-DMPE) and 700-fold (NBD-LysoMPE) in liquid-

ordered SpM/Chol (6:4) bilayers compared with liquid-

disordered POPC bilayers. When the two liquid-ordered state

bilayers, POPC/Chol (1:1) and SpM/Chol (1:1), are com-

pared, translocation is seen to be;25-fold slower in the latter

than it is in the former. Thus, although POPC/Chol (1:1)

membranes and SpM/Chol (6:4) membranes are both con-

sidered to be liquid-ordered bilayer phases, their properties

are clearly very distinct with regard to translocation. Our pre-

vious studies (1,2) of the insertion and desorption rates in

the association of these phospholipid derivatives with the

same lipid bilayers had arrived at a similar conclusion. In face

of those results, one might well ask the question whether all

cholesterol-rich binary mixtures with phospholipids are nec-

essarily liquid-ordered phases, whether all liquid-ordered

phases are necessarily comparable, and indeed whether our

definition of a liquid-ordered phase in terms of only the trans-

lational and conformational orders of the bilayers is adequate.

The permeability coefficient found for dithionite in POPC

bilayers is 1–2 orders of magnitude smaller than the reported

values for the permeability of the chloride ion (27–29). The

results were well described by the model proposed support-

ing the assumption that the unidirectional flow of dithionite

does not alter the transmembrane electric potential. The en-

thalpy change associated with the transition state on the per-

meation of dithionite through POPC bilayers is somewhat

larger than found for the chloride anion, 80 kJ mol�1 (29)

and smaller than the one found for NBD phospholipids. The

value obtained in this study is close to the work predicted for

moving a monovalent ion with its hydration shell, and a

global radius of 4 Å, from water into a hydrocarbon liquid

(30). For bilayers prepared from POPC/Chol (1:1), the en-

thalpy change associated with the permeability of dithionite

is significantly higher than for POPC bilayers, being also

smaller than the one found for the translocation of the NBD

phospholipids. The enthalpies of both processes are compa-

rable when the lipid bilayer composition is SpM/Chol (6:4).

It would be of interest to compare the rate constants for the

translocation of the phospholipids and the permeation of

dithionite. For this comparison, one shouldfirst convert the per-

meability coefficient into the first order rate constant of perme-

ation.According to theusualmicroscopicmodel ofpermeation,

and assuming only one energetic barrier in the permeation

process and fast equilibrium between solute in bulk and at the

membrane surface, the permeability coefficient is related with

the permeation rate constant (k) by the expression (31–33)

P ¼ Kl k: (4)

K is the equilibrium constant that converts the bulk con-

centration of permeating solute into its concentration at the

surface of the membrane. For dithionite in the outer aqueous

solution, the above concentrations would be ½To�Vo
and ½Tso�Vso

,

respectively. l is a length parameter and is introduced to

convert the concentration of solute from moles per unit

volume into moles per unit surface (32). The major difficulty

in using Eq. 4 is the lack of knowledge of the equilibrium

constant. The data presented in Table 3 was calculated as-

suming that the concentration of dithionite in the bilayer

surface relative to the volume of the surface is equal to the

bulk concentration, which is equivalent to say that there are

no attractive or repulsive interaction between dithionite and

the lipid bilayer surface. Under this assumption, K ¼ 1 and

the length parameter, l, should be the radius of the solute

molecule (4 Å). The rate constants of permeation calculated

from Eq. 4 are presented in Table 3 as are the thermodynamic

parameters associated with this process (from the bilayer sur-

face toward the transition state). The enthalpy change is the

same as that found for the permeability coefficient because

the equilibration between bulk aqueous media and the bilayer

surface is achieved by random diffusion, an equilibrium with

no enthalpy change associated, and we have assumed that

there is no interaction between the dithionite and the bilayer

surface. The rate constant may now be compared with those

found for the translocation of the phospholipids as they re-

flect comparable processes and one finds that they are similar

for bilayers in the liquid-disordered state (prepared from pure

POPC) but significantly higher for bilayers in the liquid

ordered state (prepared from mixtures of POPC and choles-

terol or sphingomyelin and cholesterol).

A strong positive correlation between the activation en-

thalpy and the activation entropy in the permeation of dithionite

is observed in the different bilayers tested (Table 3). A linear

relation between the enthalpy and entropy change was found

previously for the transition state in the permeability of water

in different lipid bilayers (34), for the solubility of different

solutes in a homologous series between water and lipid bi-

layers (35), and also in a broad range of processes (36). This

relation was first noted by Barclay-Butler and is more
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generally called enthalpy/entropy compensation (36). Due to

the correlation in the errors of the estimates of the enthalpic

and entropic components of the Gibbs’ free energy, the plot

of DHoz versus TDSoz is not recommended for inspection of

enthalpy/entropy compensation (36,37). Instead, the corre-

lation between DHoz and DGoz should be inspected (38) and

it is represented in Fig. 5 for the permeation and translocation

processes studied in this work. A good linear relationship is

evident for the case of dithionite permeability and a poor

correlation is found for the case of the NBD-phospholipid

translocation. The linear relation found between DHoz and

DGoz (and consequently between TDSozand DHoz) in the

permeability of dithionite shows that the energetics of the

transition state in all bilayers tested follows a single source of

additivity (36,39), despite the very different structure and

dynamics of the bilayers (liquid-disordered and liquid-

ordered from cholesterol and an unsaturated or saturated

phospholipid).

This detailed study of dithionite permeability has several

implications for the use of dithionite to assess the asymmetry

of a given amphiphile or to measure its translocation/perme-

ation across bilayers:

1. For the lipid mixtures examined in this work, it is no

longer necessary to experimentally determine whether

dithionite permeability is significant or not during the

asymmetry measurement, it may be calculated.

2. The measurement of translocation/permeation by contin-

uous reduction by dithionite is now possible for systems

where the dithionite permeability is slower or comparable

to the translocation/permeation because the two pro-

cesses may be deconvoluted.

3. Dithionite is an efficient reducing agent that may be used

to bleach fluorophores other then NBD, although with a

different rate constant, the knowledge of its permeability

is therefore of unlimited value.

Understanding the physico-chemical details of transloca-

tion of amphiphilic molecules across lipid bilayers is of fun-

damental relevance in studies that deal with the maintenance

of cell membrane lipid compositional asymmetry, lipid homeo-

stasis, and drug transport across cell membranes. Particularly

in the last case, the modeling of nonmediated amphiphilic

drug transport (many psycho-mimetic drugs are amphiphiles)

across ‘‘tight epithelia’’ such as the vascular endothelium

that constitutes the blood-brain and placental barriers is an

important aspect of pharmaco-kinetics and requires a quan-

titative knowledge of the rate constants involved. In prin-

ciple, some general rules may be established in this regard

based on studies in model membrane systems. These studies

will have to be developed in consideration of various pro-

perties of the amphiphiles, including hydrophile/lipophile

balances, shape factors, magnitude, and orientation of the

amphiphile dipole moment relative to the electrical (surface

electrostatic, transmembrane, and dipolar) potentials at the

membrane surface, and formal charge of the amphiphile. The

differences we report in this work between the translocation

of NBD-DMPE and NBD-lysoMPE, discussed above, can

be understood in terms of shape factors. A long, albeit rather

well-defined, path of model membrane studies will have to

be traversed before the general rules alluded to above can be

clearly established. A further important aspect of this work

and our earlier studies on amphiphile association with lipid

bilayers (1,2,18,40,41) is that the kinetic rate constants of the

association steps (insertion, translocation, and desorption)

provide the largest known differences between liquid-

ordered and liquid-disordered membrane phases (up to 2.5

orders of magnitude in the case of translocation (see Table

2). Since these phases are believed to be important in cell

membrane physiology in what concerns lipid ‘‘rafts’’ (42), it

is possible that the kinetics of amphiphile association with

membranes may serve as an important tool in elucidating the

existence and mass fraction of ‘‘rafts’’ in cell membranes.
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