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Membrane interleaflet viscosity �e affects tether formation, phase separation into domains, cell shape

changes, and budding. Contrary to the expected contribution to interleaflet coupling from interdigitation,

the slide of lipid patches in opposing monolayers conferred the same value �e � 3� 109 J sm�4 for the

friction experienced by the ends of both short and long chain fluorescent lipid analogues. Consistent with

the weak dependence of the translational diffusion coefficient on lipid length, the in-layer viscosity was,

albeit length dependent, much smaller than �e.
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The ability of the two membrane leaflets to slide against
each other is of utmost importance for manifold cellular
processes like (i) filopodia formation in cell migration [1],
(ii) tether formation for neutrophil attachment to platelets
during inflammation or thrombosis [2], (iii) membrane
fusion [3], or (iv) membrane budding and fission [4].
In order for signaling platforms, so-called rafts to emerge,
sterol and sphingolipid enriched domains must align in the
two membrane monolayers [5]. Experiments on lipid
bilayers suggest that such alignment is stabilized by a yet
unidentified coupling mechanism. For example, lipid mix-
ture in one leaflet of asymmetric lipid bilayers may induce
the formation of registered clusters on the other leaflet,
though it contains lipids which would not phase separate
in a symmetric bilayer [6]. Finally, lipid interactions at
the membrane midplane seem to have an impact on the
mobility of individual lipid molecules [7].

What actually determines how tightly the leaflets are
coupled to each other or how easily they slide against each
other is under debate [6,8–10]. For example, minimization
of energy expenses on local curvature [11] or maximiza-
tion of the free undulation energy [12] have been put
forward to explain registration of ligand-induced lipid
spots of higher chain orientational order in the two leaflets.
Gelation of both leaflets upon binding of negatively
charged particles to only one monolayer of initially homo-
genous fluid lipid bilayers [13] may reflect a decreased
capacity of one leaflet to accommodate disorder due to
binding-induced local stiffening of the other leaflet.

Lipid interdigitation [14] would provide a unifying inter-
leaflet coupling mechanism, which could conveniently be
regulated by adjusting membrane composition. This hy-
pothesis is supported by the notion [15] that the estimated
size of 0:1–10kBT nm�2 of the interaction energy between
leaflets exhibiting fluid-fluid phase coexistence at their mid-
planes [16] is roughly equal to the energy penalty associated
with hypothetically inhibiting chain interdigitation [17].

Unfortunately, the values thus far reported for the viscous
coefficient �e for interleaflet drag have been widely
dispersed—between 2:7�107–2:7�109 Jsm�4 for sup-
ported bilayers [18] and 1:0� 108–2:0� 109 J sm4

[19,20] for tethers formed from giant vesicles. They do
not allow any conclusion about the role of interdigitation.
The goal of the present Letter is to develop a

steady state assay for determining �e in unsupported
bilayers in order (i) to clarify the contribution of interdi-
gidation to �e and (ii) to understand whether �e is
a major determinant of the lipid diffusion coefficient
DL. Therefore, we derived two �e from the DL values
of two different dyes (Fig. 1), one (18C atoms,
1; 10-dioctadecyl-3;3;30;30-tetramethylindodicarbo-cyanine-5;
50-disulfonic acid or 3;30-Dioctadecyl-5;50-Di(4-Sulfophenyl)
oxacarbocyanine, DilC or DioC, Invitrogen, Carlsbad, USA)
longer than the surrounding lipids (16 C atoms), and one
significantly shorter (12 C atoms, (dodecyl-methylamino-
sulfopropyl)-methyl-3-hydroxyflavone, F2N12S, a kind gift
from A. Klymchenko, Strasbourg, France). We measured
DL in the middle of almost solvent-free horizontal lipid
bilayers. They folded spontaneously in an aperture (diame-
ter 100 �m) of a Teflon septum upon submersion beneath
the air-water interface, which was covered with diphyta-
noylphosphatidylglycerol (DPhPG, Avanti Polar Lipids,
Alabama, USA) monolayers [21,22]. The organic solvent
(hexadecane/hexane, volume ratio 1:199) used for septum
pretreatment is restricted to the membrane torus. F2N12S
was excited at 458 nm, DioC at 488 nm, and DilC at
633 nm. Dye diffusion in and out of the confocal plane
of our fluorescence correlation spectrometer (ConfoCor 3)
attached to a laser scanning microscope (LSM510, both
Carl Zeiss Jena, Germany) gave rise to fluorescence
intensity fluctuations over time. Fitting the respective
autocorrelation function to a standard two-dimensional
diffusion equation [23] revealed DL of 7:63� 0:81
or 11:8� 1:79 �m2=s for the longer and shorter dyes.
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We calibrated the device by using rhodamine-6G, which
has a known diffusion coefficient of 426 �m2 s�1 in
solution [24].

Dissecting the contributions of the in-layer viscosity,
�s, and intermonolayer viscosity, �e, to DL requires that
the monolayers, at least in part, slide past each other. We
forced such conditions by adding poly-L-lysine (Sigma-
Aldrich, St. Louis, USA, average molecular weight of
58 900, 25 500, 10 500, 4200 with 282, 122, 50, 20 lysine
residues, respectively) into the lower compartment. PLL
was labeled with Atto488 (Atto-Tec, Siegen, Germany)
[PLL(Atto488)] as previously described [25]. The frac-
tion of unlabeled PLL (initially 1:3) was increased
with the total PLL concentration to ensure a constant
number of labeled molecules in the focal plane. Upon
binding to charged lipids, PLL(Atto488) reduces their
mobility [12], because the ordering of lipids in direct
contact with the polymer increases [26,27]. PLL
(Atto488) may exchange its binding partners quite rap-
idly, so it maintains a mobility different from that of the
lipids underneath [12,28].

First, autocorrelation analysis confirmed membrane
binding of labeled PLL containing 122 residues
[PLL122ðAtto488Þ], by showing an increase of residence
time �R;PLL in the focus from � 60 �s (free Atto488) to

6.6 ms. It corresponds to a two-dimensional diffusion con-
stant DPLL of 1:48� 0:96 �m2 s�1 (Fig. 2, black curve).
DPLL depended on the total concentration of both labeled
and unlabeled PLL122 in solution. Thus, below saturating

concentrations of 5 �g=ml, DPLL was larger than at higher
PLL concentrations (Fig. 3, black dots).
Second, we observed that saturating PLL122=PLL122

ðAtto488Þ concentrations decreased DL of DilC or DioC
(Fig. 2, red or gray curve) to the diffusion coefficient
DSM ¼ 1:68� 0:22 �m2=s (Fig. 3, red or gray dots),
which characterizes the observed average lipid mobility

PLL

DiOC

DilCDPLL

Dp1

DLDp2

F2N12S

bulk water

bulk water

glas slide

FIG. 1 (color online). Schematic representation of the mem-
brane with adsorbed PLL. Bulk water is above and below the
membrane suspended in an aperture of a Teflon septum. DL,
Dp1, Dp2, and DPLL denote the dye diffusion coefficients in

the absence of PLL (light orange), in contact with PLL (black
lipids), in the distant monolayer of a PLL-covered patch (dark
gray lipids), and the PLL diffusion coefficient in the membrane-
bound state, respectively. Viscosities � are acting at the side
surface (blue) of the cylindrical dye molecule (�s), at its bottom
surface (�e) (red) and below the adsorbed PLL (�e

0) (green).
Molecules with longer acyl chains (red dye: DilC, blue dye:
DioC) may experience a larger interfacial drag than molecules
with shorter acyl chains (blue: F2N12S).

(a) (b)

FIG. 2 (color online). Representative autocorrelation curves.
Labeled PLL molecules containing 122 lysine residues
[PLL122ðAtto488Þ] and unlabeled PLL122 (� 90%) were added
in saturating concentrations into the bulk (> 5 �g=ml) to ensure
maximal coverage of the lipid bilayer. (a) In separate experi-
ments, the long-labeled lipid analogues DilC or DioC were
incorporated either into the upper leaflet (green or light gray
curve) or into the lower leaflet (red or gray curve). Those in the
monolayer distant to PLL122 (black curve) were much faster than
those directly underneath it (red or gray curve). (b) The short-
labeled lipid analogue (F2N12S) showed similar diffusion
behavior, but at a faster rate. In this case PLL122 mobility was
significantly slower than F2N12S in the adjacent leaflet.

FIG. 3 (color online). Dependence of PLL122 ’s diffusion
coefficients (black dots) and labeled lipids on PLL122 bulk con-
centration. The subscripts ‘‘SM’’ (red or gray dots) or ‘‘OM’’
(green or light gray dots) denote that diffusion was monitored in
the leaflet just beneath PLL or in the distant leaflet, respectively.
DilC and DioC were used as lipid labels. For each data point,
5� 30 sec FCS recordings were taken. The buffer contained
25 mM KCl, 10 mM HEPES, and 0.1 mM EDTA (pH 7).
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in the adjacent monolayer. By changing the dye location
to the distant leaflet (with respect to PLL) (Fig. 2,
green or light gray curve), we observed a weaker
PLL122=PLL122ðAtto488Þ effect. That is, DL of DilC or
DioC dropped to DOM ¼ 4:87� 1:17 �m2=s, which
stands for the observed average diffusion coefficient in
the distant monolayer. The difference between DSM and
DOM confirmed that lipids from both monolayers slide past
each other. Thus we have demonstrated the necessary
condition for using the putative chain-length dependence
of �e to draw conclusions about the relevance of interdi-
gitation to interleaflet coupling.

However, in addition to allowing �e determination,
PLL122ðAtto488Þ may also alter �e via its partial lipid
ordering effect. This ordering effect should depend on
(i) the covered area fraction � and (ii) the size of the
polymer. Unfortunately, it was impossible to determine �
by FCS because unlabeled PLL displaced PLL(Atto488)
bound to the membrane at higher concentrations resulting
in an underestimation of PLL surface concentration. Since
FCS does not adequately resolve more than �90 particles
per confocal volume, we were restricted to mobility mea-
surements. However, the limiting surface coverage of PLL
is known to be �55% [29,30].

Substituting PLL122 for PLLs with chain lengths of
20, 50, and 282 residues did not change DL at PLL bulk
concentrations <1 �g=ml, whereas DPLL showed a linear
length dependence. At this concentration, PLL20 was faster
thanDSM [Fig. 4(a)]. At saturating concentrations of PLL50

and PLL122 (> 5 �g=ml),DPLL was roughly equal toDSM,

whereas our data showed DPLL <DSM for PLL282 (Fig. 4).
The diffusion coefficients are summarized in Table I.
We developed a model (see Supplemental Material [31])

to numerically calculate �e and �s as well as the viscosity
coefficient �e

0 between lipids just under the adsorbed PLL
and PLL from the mobility data in Table I. Membrane-
bound PLL induces a patch of ordered lipids in the adjacent
monolayer. When this patch moves, it drags lipids of the
opposite monolayer. The total friction of the dye within
such a patch below the adsorbed PLL (Fig. 1, black lipids)
can be divided into friction (i) with lipids, which are in the
monolayer adjacent to PLL, (ii) with lipids, which are in
the opposite monolayer, and (iii) with PLL. PLL friction
with the aqueous solution is much smaller than with lipids
and thus can be neglected.
To account for the inhomogeneous dye distribution �

between the PLL-covered area and the PLL-free part of the
monolayer, we calculate the exact diffusion coefficients of
molecules within the cluster Dp1 and Dp2 (Fig. 1) from

DSM and DOM:

ffiffiffiffiffiffiffiffiffiffi

DSM

p ¼ ��
ffiffiffiffiffiffiffiffiffi

Dp1

q

þ ð1� ��Þ ffiffiffiffiffiffiffi

DL

p

; (1)

ffiffiffiffiffiffiffiffiffiffi

DOM

p ¼ ��
ffiffiffiffiffiffiffiffiffi

Dp2

q

þ ð1� ��Þ ffiffiffiffiffiffiffi

DL

p

: (2)

The dependence of Dp1 and Dp2 from the relevant

viscosity coefficients �e, �e
0, and �s according to the

Einstein-Smoluchowski relation leads to six unknown
values (�e, �s, �e

0, Dp1, Dp2, �) and six equations which

we numerically solved. This calculation assumes that the
lipids in the area that is not covered by PLL may be
characterized by DL, i.e., that they retain the mobility
measured in the absence of PLL. Dp1 and Dp2 are linked

via �e and �s:

Dp2 ¼ kBT

�sSs þ kBT
Dp1þkBT=�eSe

; (3)

where Ss and Se denote the side and bottom surfaces of the
presumably cylindrical-shaped labeled lipids (Ss¼2�RH,
Se ¼ �R2, where H and R are the height and the radius of
the cylinder, respectively).
The encouraging result of the calculation was that �e ¼

ð3:0� 0:8Þ � 109 J sm�4 did not depend on PLL size,
indicating that PLL had a negligible effect on the inter-
monolayer drag. Since � was an estimate from literature
values, we tested the effect of its underestimation on �e.
Our calculations revealed that higher values for � did not
alter �e at all (see Supplemental Material [31]).
Equation (3) assumes that the contributions of �s and �e

can be considered independently. However, �s serves to
accelerate the lipids in contact with the dragged label.
In turn, these lipids must contribute to �e. If the six nearest
neighbors move with the same velocity as the label, �e is
equal to 1:5� 109 J sm�4. This result represents the upper

(a)

(b)

FIG. 4 (color online). The effect of PLL size on lipid mobility.
PLL-induced slowdown of lipid motion is shown in the adjacent
lipid monolayer (red or gray dots) and the opposite lipid mono-
layer (green or light gray dots). PLL’s diffusion coefficients are
shown in black. (a) PLL bulk concentration between 0 and
1 �g=ml. (b) Saturating PLL bulk concentration (> 5 �g=ml).
Each dot drawn in the graph is an average of <16 independent
measurements (compare Fig. 2). The error bars are calculated as
standard deviations. Data points with missing error bars are
taken from single experiments.
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limit of these ‘‘edge effects.’’ For the more realistic esti-
mate of �1:2 nm2 for the incremental area, �e amounts to
2:2� 109 J sm�4. That is, the �e values calculated
with and without edge effects do not significantly differ
from each other indicating that the edge effects may be
neglected.

Finally, we measured �e and �s with the short dye
F2N12S. Since the size of the polymers appeared to be
irrelevant, we only used PLL122 and PLL122ðAtto488Þ to
induce the slide of monolayer patches past each other.
�s amounted to only 2=3 of the value measured with
DilC/DioC which nicely corresponds to the ratio of the
dye’s hydrophobic lengths. The smaller �s may have also
reflected the different ratio of head-to-tail cross-sectional
areas. Contrary to the intuitive reasoning, �e¼3:0�0:8�
109 Jsm�4 was similar to the �e for long dyes (Table I).

The similarity in�e for both dyes suggests that frictional
forces on the end of a chain, regardless of length, will
primarily reflect interactions with chain segments in the
same leaflet. This agrees well with high acyl chain dynam-
ics found in NMR studies of bilayers with significant
chainlength mismatch: Although the methylene groups of
the longer acyl chains penetrate, on average, across the
bilayer midplane, they are highly disordered and their
mobility is not significantly constrained by interaction
with the opposite leaflet [32]. Our result is also in line
with a number of experimental and modeling studies that
have shown a high propensity for acyl chain backfolding,
i.e., a significant probability of finding the methyl group of
a given chain close to the headgroup region of the same
leaflet [33].

Thus, the unordered chain’s ends are exposed to a much
‘‘rougher’’ environment than the lipid side surfaces, espe-
cially if compared to the ‘‘smooth’’ side surfaces in the
ordered regions close to the lipid headgroups. This might
explain why�s is about an order of magnitude smaller than
�e (Table I). From (i) �s � �e and (ii) the independence
of �e on the acyl chain length L follows that the continuum
fluid hydrodynamic model for diffusion in membranes [34]
must fail to correctly predict the dependence of DL on L.
That is, we are able to confirm a prediction from a 30 years

old systematic study of lipid diffusion [7] that the strong
friction at membrane midplane accounts for the deviations
from the inverse proportionality DL � 1=L.
The similarity in �e for both the short dye F2N12S and

the long dyes DilC/DioC rules out interdigitation as a
coupling mechanism. This result is in line with the obser-
vation that cholesterol reduces the extent of chain interdi-
gitation [35] albeit promoting raft formation. It also agrees
with the conclusion made from the observed similarity
of the diffusion coefficients of (i) a lipid probe containing
both a short (10 C atoms) and a long acyl chain (18 C
atoms) and (ii) a lipid probe with two identical acyl chains
of average length (14 C atoms) [36].
In contrast to previous �e measurements by the micro-

aspiration technique, our fluorescence measurements were
performed in the steady state. We thus avoided possible
effects that the speed of the tether pulling from giant
vesicles may have on �e. The broad scattering of the
microaspiration �e values had thus far made it impossible
to rule out that possibility [37]. Our approach originated
from attempts to derive �e from the diffusion of lipid dyes
on solid supported membranes [18]. We now substituted
the solid support for comparatively small PLL molecules,
which locally reduced the diffusional mobility. The result-
ing value for �e is in good agreement with the value of
2� 109 J sm�4 derived from the pH-triggered ejection of
a tubule out of giant vesicles [20]. Since these experiments
were carried out with unsaturated unbranched lipids and
ours with saturated branched lipids, the lipid composition
is unlikely to be responsible for the difference to the
previously derived values which are one or 2 orders of
magnitude smaller [19,37].
We conclude (i) that �e is the major determinant of

lipid mobility and that (ii) interleaflet coupling is not due
to interdigitation. The impact of local differences in inter-
leaflet drag for domain registration should depend on the
absolute interaction energy. Experiments are underway for
its determination.
This work was supported by the Upper Austrian

government. We thank Andrey S. Klymchenko
(Université de Strasbourg, Laboratoire de Biophotonique

TABLE I. Diffusion coefficients (D), interlayer (�e), and in-layer viscosities (�s) of long (DilC, DioC, denoted as l) and short lipid
dyes (F2N12S, denoted as s) in free-standing lipid membranes formed of DPhPG. PLL was added in saturating concentrations into the
bulk (> 5 �g=ml) to ensure maximal coverage of the lipid bilayer (� 55%). n indicates the number of lysine residues per
macromolecule. DL, DSM, DOM, and DPLL denote the dye diffusion coefficients in the absence of PLL, with PLL bound to the
labeled leaflet, with PLL bound to the unlabeled leaflet, and the PLL diffusion coefficient in the membrane bound state, respectively.
The label distribution between the membrane areas covered by PLL and free of PLL are indicated by � ¼ xdomain=xsurround. The errors
are calculated as standard deviations.

Dye n DL (�m2=s) DSM (�m2=s) DOM (�m2=s) DPLL (�m2=s) �e (109 J sm4) �s (10
9 J sm4) �

l 20 7:6� 1:1 4:3� 0:9 6:1� 0:4 5:6� 1:3 3� 2:1 0:15� 0:09 1:4� 0:6

l 50 7:8� 1 2:8� 0:5 5:3� 0:6 2:5� 0:3 3:1� 1:3 0:14� 0:06 1:5� 0:2

l 122 7:6� 0:8 1:7� 0:2 4:9� 1:2 1:5� 1 2:7� 1:7 0:16� 0:07 1:7� 0:4

s 122 11:8� 1:8 4� 0:3 7:1� 0:6 1:5� 1 3:1� 1 0:11� 0:05 1:2� 0:2

l 282 7:7� 1:8 1:5� 0:2 4:6� 0:6 0:6� 0:2 3:1� 1:1 0:14� 0:08 1:4� 0:1
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