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We applied a time-resolved small-angle neutron scattering technique to the vesicle system of
dimyristoylphosphatidylcholine for the first time to determine lipid kinetics. The observed kinetics could
be explicitly represented by a simple model that includes two independent kinetic parameters, i.e., the
rates of transbilayer and interbilayer exchange. This technique is perfectly suited for the determination of
lipid exchange kinetics in equilibrium and applicable to evaluation of the activity of the factors relevant to
lipid migration, such as translocase and lipid transfer proteins.
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In biological plasma membranes, interbilayer transport
and transbilayer movement of phospholipids are controlled
by lipid transfer proteins and translocase enzymes [1– 4].
For example, phosphatidylinositol (PI)-transfer proteins
bind PI and phosphatidylcholine (PC) and function as PI-
PC exchange proteins, whose function is required for
receptor-mediated signaling of phosphatidylinositol-4,5-
bisphosphate hydrolysis [5] and vesiculating activity
from the trans-Golgi network membrane [6]. The endo-
plasmic reticulum, in which phospholipids are newly syn-
thesized on the cytosolic leaflet, maintains membrane
symmetry, presumably by flippase activity [7], which is
bidirectional and energy independent [8,9]. On the other
hand, the plasma membrane retains asymmetric lipid dis-
tribution by aminophospholipid translocase that mediates
the unidirectional transport of phosphatidylserine and
phosphatidylethanolamine from cytoplasmic to ectoplas-
mic leaflets of the bilayer [10]. Disruption of the asymme-
try in cells is involved in apoptosis and associated with
increased binding and phagocytosis of these cells by mac-
rophage [11].

Evaluation of these lipid dynamics is, however, limited
due to its methodological difficulties. Fluorescence spec-
troscopy [12–15] and electron spin resonance [16,17] are
most widely used for investigating lipid flip-flop. These
experiments require the introduction of fluorescence or
spin labels into the lipids which may change their physical
and chemical properties [18]. The use of isotopes [18–23]
avoids artifacts of the labeling. The rates of transbilayer
and interbilayer exchange of 3H-labeled dimyristoylphos-
phatidylcholine (DMPC) have been examined in small
unilamellar vesicles (SUV’s) [20] and large unilamellar
vesicles (LUV’s) [22,23]. In this method, however, detec-
tion of the transfer of 3H-DMPC from donor to acceptor
vesicles requires differences in charge [20,22] or size [23]
to separate the two vesicle types on columns and a non-
exchangeable marker to correct for donor recovery. A
baseline to estimate the nonexchangeable fraction is an

additional fitting parameter, which may influence the de-
termination of the exchange rates.

Time-resolved small-angle neutron-scattering (TR-
SANS) technique has been used to determine self-diffusion
coefficients in polymer melts [24,25]. Richter and co-
workers [26–28] have reported that the unimer exchange
of polymer micelles in dimethylformamide and in water/
dimethylformamide mixture can be detected by TR-SANS
technique using hydrogenated and deuterated polymers.
This is based on the fact that scattering length densities
(SLD’s) are significantly different between micelles con-
sisting of hydrogenated and deuterated polymers, and that
the unimer exchange between these micelles reduces the
difference in SLD with time. This technique can be applied
to phospholipids since the transfer of lipids is known to be
a slow process with a half-life of hours, i.e., detectable time
scale by SANS.

Here, we describe TR-SANS measurements on mixtures
of LUV’s consisting of hydrogenated and deuterated
DMPC as the first application to the lipid vesicle system,
and demonstrate that TR-SANS is a powerful tool to
investigate membrane lipid dynamics so that both interbi-
layer and transbilayer lipid transfers can be simultaneously
and unambiguously determined.

LUV’s were prepared by the extrusion method [29]
using a polycarbonate membrane with a pore size of
100 nm. The solvent used in this study was Tris-buffered
saline containing an equivalent volume of D2O and H2O
(10 mM Tris, 150 mM NaCl, 1 mM EDTA, and 0.01%
NaN3, pH 7.4). In addition to LUV’s consisting of either
d54-DMPC (D-LUV) or DMPC (H-LUV), LUV’s consist-
ing of a 1:1 mixture of both lipids (D=H-LUV) were
prepared by mixing these lipids before hydration. The
phospholipid concentration of each LUV preparation was
set to 20 mM. SANS measurements were performed by
SANS-U of the Institute for Solid State Physics, the
University of Tokyo, at the research reactor JRR-3,
Tokai, Japan [30]. The wavelength (�) of neutron source
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was 7 Å (��=� � 10%). The sample-to-detector distance
was set to 4 m to cover a q range of 0:007 � q � 0:1 �A�1.
Samples were measured in quartz cells with a pass length
of 2 mm. Scattering data measured by the 2D-detector
were corrected for electronic background and circular
averaged to be 1D-form scattering data. The scattering of
the empty cell was subtracted. The data were transformed
to absolute cross sections using a Lupolen® standard and
subtracted for solvent scattering. TR-SANS experiments
were carried out at four different temperatures. Each mea-
surement was started immediately after mixing an equiva-
lent volume of D-LUV and H-LUV. Data were
accumulated every 3 min.

The SLD’s of DMPC and d54-DMPC were calculated as
0:28� 1010 and 5:40� 1010 cm�1, respectively, using a
reported partial volume of 0:975 cm3=g [31]. As shown in
Fig. 1(a), the average of these SLD’s (2:84� 1010 cm�1)
corresponds to the SLD of water with 50 vol % D2O
(2:92� 1010 cm�1). Thus, we used Tris buffer with
50 vol % D2O as a solvent in this study. SANS profiles of
LUV’s consisting of either d54-DMPC (D-LUV) or DMPC
(H-LUV) are shown in Fig. 2(a). D-LUV and H-LUV
showed identical scattering profiles. The profiles were
nearly proportional to q�2, where q is the scattering vector
[�4��sin��=�]. This is a typical behavior of planar struc-
tures and reflects the shell construction of LUV. It should
be noted that the spherical feature of LUV appears in
profile of much lower q regions. As opposed to the above
two LUV’s, D=H-LUV exhibited little scattering, suggest-
ing that the SLD of D=H-LUV accords with that of the

buffer, i.e., D=H-LUV is ‘‘invisible’’ for neutrons in this
contrast-matching condition [Fig. 1(b)].

When equimolar amounts of D-LUV and H-LUV are
mixed, scattering intensity should be equal to the average
of each LUV preparation if there is no intervesicular lipid
exchange. On the other hand, the lipid exchange between
D- and H-LUV reduces the difference in the SLD of LUV’s
from solvent (i.e., contrast) with time as schematically
shown in Fig. 1(c). This leads to a decrease in the scattering
intensity. As shown in Fig. 2(b), the scattering from a
mixture of D- and H-LUV faded over time, suggesting
lipid exchange in the observational time scale. In addition,
at all times, the SANS profile maintained almost an iden-
tical shape. This indicates that the shell construction of
LUV is maintained during the lipid exchange process. In
this case, the intensity change depends only on the contrast.
The normalized contrast, ���t�=���0�, is given by
�
��������
I�t�

p
�

����������
I�1�

p
�=�

��������
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�
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, where I�t� is the scat-

tering intensity at time t after LUV mixing. Here, we took
integral intensity in the q region as between 0.007 and
0:03 �A�1. The residual intensity at infinite time, I�1�,
and initial intensity, I�0�, correspond to the intensity of
D=H-LUV and the average intensity of D- and H-LUV,
respectively, which can be determined from Fig. 2(a). Time
courses of the normalized contrast at four different tem-
peratures are shown in Fig. 3. The contrast decayed more
steeply with an increase in temperature. In addition, the
normalized contrasts reached well below 0.5, suggesting
the involvement of flip-flop. The kinetics of the lipid
exchange mechanism illustrated in Fig. 1 is described by
the following differential equations with rate constants of
the exchange (kex) and flip-flop (kf):

 �
dj��outj

dt
�kex�j��outj�0��kf�j��outj�j��inj�;

(1)

FIG. 1. Principle of the detection of lipid dynamics by TR-
SANS. (a) Calculated SLD’s of LUV’s and solvents are graded,
where high and low SLD are represented by black and white,
respectively. SLD of D=H-LUV corresponds to that of water
with 50 vol % D2O (contrast matching). (b) In 50 vol % D2O, D-
LUV (top), and H-LUV (bottom) are ‘‘visible,’’ while D=H-LUV
(middle) is invisible by neutrons under contrast-matching con-
ditions. (c) Lipid exchange between D- and H-LUV and flip-flop
in the membranes reduces the contrast of LUV’s with solvent
and LUV’s become less visible, which can be detected as a
decrease in the scattering intensity by TR-SANS experiment.

FIG. 2. (a) SANS profiles of D-LUV, H-LUV, and D=H-LUV
in buffer with 50% D2O at 27:1 �C. (b) SANS profiles of 1:1
mixture of D- and H-LUV 2, 400, 1580, and 5035 min after
mixing at 27:1 �C.
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 �
dj��inj

dt
� �kf�j��outj � j��inj�; (2)

where, ��in and ��out are the contrasts of inner and outer
leaflets of LUV with solvent, respectively. D- and H-LUV
can be assumed to have identical absolute values of con-
trast where one is positive and the other is negative. The
term of �0 in Eq. (1) denotes that back exchange from D-
LUV and H-LUV equally takes place. With an initial
condition of ��in�0� � ��out�0� � 1, simultaneous differ-
ential equations [Eqs. (1) and (2)] can be solved:

 j��outj �
kex � k2

k1 � k2
exp��k1t� �

k1 � kex

k1 � k2
exp��k2t�;

(3)
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kex � k2

k1 � k2

kf � kex � k1

kf
exp��k1t�

�
k1 � kex

k1 � k2

kf � kex � k2

kf
exp��k2t�; (4)

where, k1 � �kex � 2kf �
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2
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q
�=2. The normalized contrast,

���t�=���0�, is an average of j��inj and j��outj, and is
finally represented by a double-exponential decay func-
tion,
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where, X �
��������������������
4k2

f � k
2
ex

q
. The obtained contrast decays

could not be fitted by a single-exponential function, and
were well reproduced by Eq. (5), as represented by solid
curves in Fig. 3. Arrhenius plots of the obtained parameters
exhibited a good linear relationship (Fig. 4). The half-lives
(t1=2 � �ln2�=k) of the lipid exchange at 50 and 30 �C were
estimated at 0.67 and 5.4 h, respectively, which are close to
or slightly smaller than those obtained using a radioisotope
(0.74 and 9.6 h, respectively) [22]. Thermodynamic pa-
rameters at 37:0 �C were calculated from the plot using the
method described in Homan and Pownall [32], and are
listed in Table I. Both lipid exchange and flip-flop are
associated with an increase in enthalpy and a decrease in
entropy of the transition-state complex formation. It is
interesting that while the values of the free energy of
activation are similar, the flip-flop has reduced values of
activation enthalpy and entropy compared with the inter-
bilayer exchange. This result suggests that an entropically
more unfavorable process is involved in the transition state
of flip-flop, which needs to be elucidated.

In summary, we succeeded in the determination of the
kinetics of transfer for lipids that migrate between leaflets
of the bilayer and traverse the aqueous phase separating
vesicles. This method involves the simple process of mix-
ing deuterated and hydrogenated compounds for TR-
SANS measurement, and no complicated operation is re-
quired. Although a number of complex kinetic models
have been proposed [33,34], the kinetics can be described
by a very simple equation [Eq. (5)] in the system we used.
Evaluation of the TR-SANS data using only two indepen-
dent kinetic parameters enables us to determine these
parameters unambiguously. In addition, the flip-flop of
lipids before sample mixing has no influence, which is
strictly distinct from methods using asymmetrically
labeled bilayers, where immediate measurement is re-
quired after sample preparation [13,18]. Also, since the
influence of additives such as proteins and peptides on
neutron scattering can be ignored at a considerably lower
concentration than lipids, TR-SANS can be applied to the
systems of proteoliposomes or liposomes in the presence of

TABLE I. Thermodynamic parameters of DMPC exchange and flip-flop at 37:0 �C.

Ea
a (kJ=mol) kb (min�1) t1=2

b (min) �Gzc (kJ=mol) �Hzc (kJ=mol) T�Szc (kJ=mol)

Exchange 84.6 4:60� 10�3 151 101 82.1 �18:4
Flip-flop 64.0 1:35� 10�3 513 104 61.5 �42:2

aActivation energies (Ea) of exchange and flip-flop have experimental errors of 2.8% and 8.1%, respectively.
bThe rate constants (k) and half-lives (t1=2) of exchange and flip-flop are extrapolated to 37:0 �C from the Arrhenius data.
cThermodynamic parameters of the activated states were calculated with the method described in Homan and Pownall [32].

FIG. 3. Contrast decays of LUV’s after mixing D- and H-LUV
at four different temperatures. Solid curves are fitting curves
according to Eq. (5). Inset shows the contrast decay over a longer
period at 27:1 �C.
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soluble proteins. Although the determination of the flip-
flop rate by TR-SANS is, similar to the method using
radioisotopes [22,23] and fluorophores [35], limited to
systems that involve faster exchange than the flip-flop, it
can be concluded that TR-SANS is a powerful tool to
evaluate the activity of translocase and lipid transfer
proteins.
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