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Fractional occurrence of defects in membranes and mechanically driven interleaflet
phospholipid transport
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The picture of biological membranes as uniform, homogeneous bileaflet structures has been revised in recent
times due to the growing recognition that these structures can undergo significant fluctuations both in local
curvature and in thickness. In particular, evidence has been obtained that a temporary, localized disordering of
the lipid bilayer structure~defects! may serve as a principal pathway for movement of lipid molecules from one
leaflet of the membrane to the other. How frequently these defects occur and how long they remain open are
important unresolved questions. In this report, we calculate the rate of molecular transport through a transient
defect in the membrane and compare this result to measurements of the net transbilayer flux of lipid molecules
measured in an experiment in which the lipid flux is driven by differences between the mechanical stress in the
two leaflets of the membrane bilayer. Based on this comparison, we estimate the frequency of defect occur-
rence in the membrane. The occurrence of defects is rare: the probability of finding a defect in 1.0mm2 of a
lecithin membrane is estimated to be;6.031026. Based on this fractional occurrence of defects, the free
energy of defect formation is estimated to be;1.0310219 J. The calculations provide support for a model in
which interleaflet transport in membranes is accelerated by mechanically driven lipid flow.

DOI: 10.1103/PhysRevE.64.051913 PACS number~s!: 87.14.Cc, 87.15.He, 87.16.Dg
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I. INTRODUCTION

The phospholipid bilayer is the fundamental structu
unit of all cellular membranes. Cell membranes cont
many different types of lipids, and these lipids are found
different concentrations in the two leaflets of the bilay
This asymmetrical distribution of lipids is important for th
health of the cell. The asymmetry is generated and m
tained by proteins that consume metabolic energy and se
tively transport lipid molecules from one leaflet to the oth
@1#. Loss of membrane asymmetry has been implicated
number of pathologies, including various forms of hemoly
anemia@2#, and it is thought to be important in various pr
cesses including cell-cell and cell-substrate interactions
cell signaling. For example, imbalances in lipid compositi
enhance the formation of small vesicles budding from
plasma membrane~endocytosis! @3#. Indeed, it can be argue
that membrane asymmetry is intricately linked to cell viab
ity, as the translocation of phosphatidylserine from the in
to outer leaflet is a signal associated with programed
death, or apoptosis@4,5#.

A complete understanding of membrane asymmetry m
include not only a description of the specific proteins
volved, but also a description of the passive, nonspec
movement of lipid molecules. The hydrophobic interior
cell membranes provides a natural barrier to the movem
of lipid molecules from one leaflet to the other because

*Corresponding author. Fax:~716! 273-4746. Email address
waugh@seas.rochester.edu
1063-651X/2001/64~5!/051913~10!/$20.00 64 0519
l
n
t
.

n-
c-

r
a

d

e

r
ll

st
-
c

nt
e

reorientation of the polar lipid headgroup away from water
the membrane interface and into the hydrocarbon regio
energetically unfavorable. Nevertheless, a small but fin
rate of lipid transport is observed to occur between me
brane leaflets, as lipid molecules diffuse passively across
membrane and tend to reestablish equivalent concentra
on both sides of the membrane. This diffusional transpor
lipid molecules between opposing leaflets of bilayer me
branes~lipid ‘‘flip-flop’’ ! has been measured by insertin
probe molecules~fluorescent or spin-label! into one leaflet of
the membrane and measuring their appearance on the
side of the membrane. Such measurements indicate that
diffusional transport is extremely slow, with characteris
times for phosphatidylcholine of many hours or even da
@6,7#, leading to the prevailing view that passive ‘‘flip-flop’
in pure bilayer membranes is a rare and improbable eve

The nonspecific movement of lipids between leaflets
expected to depend on the physical state and forces ap
to the membrane. Recent measurements have indicated
in membranes to which mechanical forces are applied,
transport of lipid molecules between leaflets in a pure bila
occurs;100 times faster than expected based on previ
measurements employing diffusion of lipid probes@8–10#. In
the present report, a model is developed that reconciles
measurements obtained in mechanically strained vesi
with the earlier measurements of passive flip-flop. The mo
gives new insights into mechanisms and rates of transbila
lipid flux in membranes subjected to mechanical deform
tion. Recent theoretical simulations of membrane asymm
indicate that mechanical effects on lipid translocation ra
must be included to correctly predict the asymmetric lip
distribution @11,12#.
©2001 The American Physical Society13-1
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RAPHAEL, WAUGH, SVETINA, AND ŽEKŠ PHYSICAL REVIEW E 64 051913
A number of investigators have argued that the pass
movement of lipid molecules between leaflets~‘‘flip-flop’’ !
occurs at membrane defects@13,14#. Membrane defects, of
ten identified as pores, are areas of the membrane wher
hydrophobic barrier properties of the membrane tempora
relax. Wimley and Thompson@14# have presented thermody
namic arguments suggesting that flip-flop occurs via defe
even in pure fluid bilayers at temperatures far above the
liquid crystal phase transition temperature. Here we deve
a model for transport via defects based on the assump
that once a defect forms, there is negligible resistance a
defect site for molecules to move from one leaflet of t
bilayer to the other. The transbilayer flux of molecule
therefore, depends on the probability that a defect will for
and the rate at which molecules move laterally along
surface to the defect site. In this work, we present an anal
of the transport of lipids to defect sites on both planar a
spherical surfaces. This analysis reveals that differences
tween the rate of diffusion-driven vs mechanically driv
transmembrane lipid transport can be reconciled if the tra
bilayer movement of lipid molecules occurs at localized si
of facile transport~defects! in the membrane. The prediction
of the analysis are compared to mechanical measurem
reflecting interleaflet lipid transport. From this, we estima
the frequency of occurrence of defects in the membrane
the free energy required for defect formation.

II. MOLECULAR FLUX IN MECHANICALLY STRAINED
MEMBRANES

We treat the problem of the transport of lipid molecul
laterally along a bilayer membrane surface to a localized
of facile transport between the leaflets. In the following,
consider the driving force for lipid transport to be a diffe
ence in mechanical stress supported by the two leaflets o
bilayer. The origin of the stress differences does not b
directly on the analysis, but such differences might res
from membrane deformation or asymmetric changes
membrane composition. We express the stress differenc
terms of the difference in the area strains on the two leafl
The stress is directly proportional to the strain because
area dilation of phospholipid membranes is small. The a
straina is defined separately for each leaflet as the chang
the local leaflet area relative to its stress-free areaa
5DA/A0). For a bilayer membrane, the difference betwe
the strain on the outer leafleta1 and the strain on the inne
leaflet a2 is a65a12a2 . In terms of area per molecul
over the surface of the membrane,a6 may be considered a
differential dilation field.

We characterize a defect as a connection between the
leaflets in a localized circular region of radiusr d allowing
the movement of molecules from the compressed to the
panded leaflet. As molecules move from one leaflet to
other, the stress difference, and consequentlya6 , is reduced
in the vicinity of the defect~Fig. 1!. If the resistance to
transport through the defect itself is negligible, the transp
of molecules to and from the defect site is limited by t
lateral transport of molecules along the surface in the vicin
of the defect, toward the defect site on the compressed le
05191
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and away from the defect site on the expanded leaflet. T
movement alters the gradient ina6 in the vicinity of the
defect, which further drives differential flow to the defect. T
analyze this problem, we employ a model developed
Evans and Yeung@15,16# for the dynamics of lipid surface
flow driven by gradients in interleaflet stress differences.
this model, dissipation of differential density gradients o
curs by flow of the expanded leaflet relative to the co
pressed leaflet: differential stress gives rise to differen
velocity between the membrane leaflets. Designating the
locity of the outer leaflet asn1 and that of the inner leaflet a
n2 , the relative velocity between the leaflets isn65n1

2n2 . The differential velocityn6 is related to the differen-
tial dilation a6 by an equation derived from force balanc
@17#:

nW 65Dm grada6 . ~1!

Hence the magnitude of the relative motion between
membrane leaflets will be proportional to the magnitude
the local spatial gradient ofa6 , scaled byDm , the coeffi-
cient of mechanical diffusivity. Physically,Dm characterizes
the ratio of the elastic driving force to the viscous resistan
to relative motion. In keeping with the development pu
lished by Evans and Yeung@15#, Dm is proportional to the
ratio of the elastic area compressibility modulus of the me
brane K to the coefficient of interleaflet dragb: Dm
5K/4b. The physical origin ofb is that relative leaflet mo-
tion will be opposed by drag at the interface between
hydrocarbon chains. This shear stress exerted at the cent
the bilayer by one leaflet on the other,sc , is assumed to be
proportional to the differential velocity of the two leafle
relative to each other:sc5bn6 . The interlayer drag coeffi-
cient ~b! has been measured in tether pulling experime
@8,15# and has a value of (1 – 4)3108 ~N•s!/m3. For a typical
phosphatidylcholine bilayer withK5200 mN/m,Dm is pre-
dicted to be;531026 cm2/s.

It is convenient to describe the transport of molecu
along the surface in terms of a lateral fluxj 6 defined as

jW65
1

Ã
nW 6 , ~2!

FIG. 1. Schematic of mechanically driven transport through
defect region. The defect is graphically represented by the diam
in the figure. When a defect forms, material from the compres
inner leaflet moves to the defect site and is transported to the
panded outer leaflet. Due to rapid transport at the defect site,
differential density is rapidly equilibrated in the vicinity of the de
fect ~see Fig. 3!.
3-2
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FRACTIONAL OCCURRENCE OF DEFECTS IN . . . PHYSICAL REVIEW E64 051913
whereÃ is the stress-free area per molecule. The lateral
occurs as a result of gradients in the differential densitya6 ,
and, in general, is a function of position and time. A gove
ing equation for the distribution of the differential densi
field can be derived by taking the divergence of both side
Eq. ~1!, employing Eq.~2! and invoking surface continuity
Neglecting small terms leads to a governing equation for
time evolution of the differential density@15#:

]a6

]t
5Dm¹2a6 . ~3!

This equation can be solved for different geometries
choosing the appropriate Laplace operator. Note that Eq~3!
is identical in form to the diffusion equation. The differenti
density is analogous to a local surface concentration andDm
is analogous toDl , the lateral diffusion coefficient. As such
the problem is formally the same as a transport prob
driven by gradients in surface concentration, and so comp
sons between mechanically driven and diffusion-driv
transport can readily be made.

When a defect forms, the differential dilation field drive
the lateral flux of molecules along the surface to the s
where they are transported across the membrane. The n
ber of molecules moving from one leaflet to the other p
unit time through the defect is simply the product of the fl
and the perimeter length of the defect. Noting that one m
ecule moving from one leaflet to the other counts twice
reducing the difference in the number of molecules betw
leaflets, the flux through a defect can be written as

dn

dt
5

1

2 E ~ jW6•nW !dl, ~4!

wherenW is the normal vector to the edge of the defect with
the plane of the membrane anddl is the perimeter length
~which integrates to 2pr d for the case of a circular defect!.
The instantaneous fluxdn/dt is considered positive for mol
ecules moving from the inner~2! leaflet to the outer~1!
leaflet. The total number of molecules that move across
membrane during the lifetime of the defect is the integral
the instantaneous flux in Eq.~4! over the defect lifetime:

Dn5E
0

t lif dn

dt
dt. ~5!

Equations~1!–~5! constitute the theoretical framework fo
our analysis of mechanically-driven interleaflet transport.

III. SPATIAL DISTRIBUTION OF DIFFERENTIAL
DENSITY AND NET MOLECULAR FLUX

To calculate the flux to a defect, the differential dens
field must be known over the surface of the vesicle and t
evaluated at the location of the defect. We approach
problem in two different ways. First, we formulate the pro
lem realistically as a hole that forms on a spherical surfa
The resulting solution for the flux is an infinite series
Legendre polynomials that must be evaluated numerically
05191
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a complementary approach, we consider the defect as a
in a planar region. The solution in the planar region has
advantage that a closed form analytic solution is obtained
the molecular flux and expressed as an integral of Be
functions. A comparison of the two solutions reveals the
fect lifetimes for which precise geometric considerations
fect the solution to the problem.

A. Formulation and solution on the spherical vesicle

Consider a spherical phospholipid vesicle of radiusR with
a uniform difference in the area strain between the adjac
leaflets. At timet50 a circular defect of radiusr d forms on
the surface of the membrane at an angleud'p from the
origin of the coordinate system~Fig. 2!. At this location,
material moves through the defect from the compressed
of the membrane to the expanded side in order to equilib
a6 . In the curvilinear coordinate system shown in Fig.
the governing equation for the evolution ofa6 takes the
form

]a6

]t
5

Dm

R2 S ]2a6

]u2 1cotu
]a6

]u D . ~6!

The initial and boundary conditions for the problem are
follows:

a6~u,0!5a0 for any u,ud , ~7a!

a6~ud ,t !50, ~7b!

wherea0 is the initial, uniform value of the differential den
sity on the vesicle prior to the formation of the defect. T
solution to this problem is obtained by the standard te
nique of separation of variables@18,19#:

a6~u,t !5a0(
s50

`

AsPns
~cosu!e2kst

where

ks5
ns~ns11!Dm

R2 ~8!

FIG. 2. Geometry of the defect problem. The angleu is taken
from the side of the vesicle opposite the defect. The coordin
distance along a surface meridian iss. The vesicle is assumed to b
spherical with radiusR. The defect is located at an angleud>p,
and sinud'rd /R ~see inset!. This relation is used in calculating th
indices of the nonintegral Legendre polynomials.
3-3



re
e
e
ro

-

th
dl
ve

n

nd
o-

-
th
d

e
be

d-
hat
e

po-
hat
tion

-

ial
f

ns:

At
ca

rv

rt

RAPHAEL, WAUGH, SVETINA, AND ŽEKŠ PHYSICAL REVIEW E 64 051913
and wherens are the nonintegral values of the Legend
function, which satisfy the boundary condition. The valu
ns depend on the cosine of the angle at the location wh
the Legendre function must vanish and can be obtained f
previously derived formulas@20#:

ns5s1
1

lnS 2

11m0
D22(

s

1

s

where m05cos~ud!.

~9!

The expansion coefficientsAs are calculated from the or
thogonality property and can be expressed as@20#

As5
I s

Hs
, ~10a!

I s5
sin~nsp!

p F 2

ns~ns11!
1~11m0!G , ~10b!

Hs5
2

2ns11 F12
2 sin2~nsp!

p2 c8~ns11!

2~2ns11!
sin2~nsp!

p2 ~11m0!G , ~10c!

wherec8(ns11) is the polygamma function.
The spatial and temporal aspects of the solution in Eq.~8!

are illustrated graphically in Fig. 3. The value ofa6 , scaled
by a0 , is plotted versus the location on the surface from
defect. As shown, the differential density equilibrates rapi
in the region of the defect and then begins to equilibrate o
the entire surface.

FIG. 3. Plot ofa6 at successive times after defect formation.
time t50, a defect forms on the surface of the vesicle at the lo
tion u5p. The normalized value ofa6(a6 /a0) is plotted versus
the location on the surface of the vesicle. The successive cu
~from top to bottom! are the distribution ofa6 on the surface att
50.001,t50.01,t50.1, andt50.5 s after a defect forms. For sho
defect lifetimes, significant changes ina6 only occur in the region
near the defect. Propagation of the changes ina6 far from the
defect site requires times on the order of 0.1 s or greater.~r d

52.7 nm.!
05191
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To calculate the flux, the solution fora6 @Eq. ~8!# is
inserted into Eqs.~1!, ~2!, and~4! and expanded by the chai
rule to obtain

dn

dt
5

pr d

Ã

Dma0

R
sinud(

s50

`

As

]Pns
~cosud!

]~cosud!
e2kst. ~11!

The net movement of molecules through a defect is fou
by applying Eq.~5! and integrating the instantaneous m
lecular movement over the defect lifetime (t lif ) :

Dn5
pr d

2a0

Ã
(
s50

` AsPns
8

ns~ns11!
~12e2kst lif !, ~12!

where we have taken sinud 5rd /R and have written the par
tial derivative of the nonintegral Legendre functions wi
respect to cosu as Pns

8 . These derivatives can be calculate

via the formulas previously presented@20#:

Pns
8 5

ns~ns11!

12m0
2

sin~nsp!

p F 2

ns~ns11!
1~11m0!G . ~13!

The termDn will have units of number of molecules, and th
average rate of molecular transport through a defect will
Dn divided by the lifetime of the defect.

B. Formulation and solution in the planar region

The solution in the spherical region, while having the a
vantage of being an exact solution, is an infinite series t
converges very slowly. In order to validate this solution, w
therefore formulated the problem in a planar region in a
lar coordinate system. This gives us an analytic solution t
can be integrated to estimate the molecular flux as a func
of the lifetime of the defects (t lif ) . This problem has been
treated previously@21#. The governing equation for the prob
lem is

]a6

]t
5

1

r

]

]r
~rD m!

]a6

]r
. ~14!

The boundary conditions of this problem are that the init
value of a6 ~designateda0! is constant in the region o
interest but the value ofa6 at the defect itself is zero:

a6~r ,0!5a0 , r .r d ,

a6~r d ,t !50. ~15!

The solution is expressed as an integral of Bessel functio

a6~r ,t !5a02
2a0

p E
0

`

exp~2Dmu2t lif /r d
2!

3
J1~ru/r d!Y0~u!2Y1~ru/r d!J0~u!

J0
2~u!1Y0

2~u!

du

u
,

~16!

-

es
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FRACTIONAL OCCURRENCE OF DEFECTS IN . . . PHYSICAL REVIEW E64 051913
whereJ0 andY0 are Bessel functions of the first and seco
kind, respectively, andJ1 and Y1 are the negative of thei
derivatives. The solution for the concentration as a funct
of time can be converted to a flux of molecules by apply
Eqs.~1!, ~2!, and~4!,

dn

dt
5

4a0Dm

pÃ
E

0

`

exp~2Dmu2t lif /r d
2!

1

J0
2~u!1Y0

2~u!

du

u
.

~17!

The number of molecules that pass through the defect is
obtained by Eq.~5! and expressed as

Dn5a0Dmt lif I ~ t* !/Ã ~18!

where

I ~ t* !5
4

pt* E0

` 12e2t* u2

J0
2~u!1Y0

2~u!

du

u3 and t* 5
Dmt lif

r d
2 .

~19!

FIG. 4. Solution for a planar geometry. The solution is e
pressed in terms of the dimensionless parametert* . The solution
I (t* ) has a steep dependence on the pore lifetime for characte
times less thanr d

2/Dm because on this time scale the spatial dis
bution of a6 changes rapidly. The pore lifetimes we consider~1.0
ms to 0.1 s! correspond to the region where 0.63, ln t*,5.6.
05191
n
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Note that for a ‘‘typical’’ defect with a radius of 2.7 nm an
a lifetime of 1.0ms, t* '70. Figure 4 shows the results o
numerical integration of the characteristic functionI (t* ) as a
function of the defect lifetime.

IV. RESULTS

The numerical values ofDn were calculated by evaluat
ing either Eq.~12! or Eq. ~18! for a chosen defect size an
lifetime. In the spherical solution, this evaluation requir
the calculation of the expansion coefficientsAs , the nonin-
tegral values of the Legendre polynomialsns and the deriva-
tive of the nonintegral Legendre functions. These quanti
were evaluated on an Irix System V.4 by using a mathem
cal computation software~MATHEMATICA , Wolfram Re-
search!. The initial value ofa6 was taken to be 0.007 an
Dm was taken to be 531026 cm2/s. The radius of the vesicle
was taken to be 8mm and the radius of the defect was in
tially taken to be the monolayer separation distance,h ~2.7
nm!. The infinite series in Eq.~12! converges. However, fo
short defect lifetimes, this convergence is slow due to
slow falloff of the exponential term. Therefore, it is impo
tant to know how many terms must be included in the e
pansion in Eq.~10! to reach sufficient accuracy. In practic
the series was evaluated until the next term was smaller
1026 times the current partial sum. Graphical inspection o
plot of the partial sums plotted versus the number of ter
also indicated that convergence was reached at this p
The number of terms that needed to be evaluated depe
on the defect lifetime and radius. For a 2.7 nm defect op
for 100 ms, the series needed to be evaluated to 90 te
The calculations indicate that 2.83105 molecules move
through the defect during the 100 ms that it is open. Fort lif
510 ms, the series was evaluated to 216 terms
3.33104 molecules move across the defect. Fort lif
51.0ms, the series needed to be evaluated to 1927 te
and approximately 11 molecules move across the def
Larger defects required more terms in the series to be ev
ated, especially at shorter lifetimes. The net flux of m
ecules for different defect lifetimes are given in Table I. T
calculated flux depends on the radius of the defect, as
eigenvaluesns depend on the geometry of the region

tic
-

ntries
TABLE I. Number of molecules transported as a function of defect lifetime and defect radius. The e
Dn ~no. of molecules per defect! are calculated from Eq.~12! for the spherical region and from Eq.~18! for
the planar region.

Defect
lifetime
t lif ~s!

Defect radius~nm!

2.7 5.4 10.8
Dn

spherical
Dn

planar
Dn

spherical
Dn

planar
Dn

spherical
Dn

planar

1026 11.0 10.2 14.7 14.1 18.0 20.9
1025 71.6 68.1 91.6 85.6 121.4 113.2
1024 517.6 506.7 621.0 599 722.1 732.6
1023 4.053103 4.013103 4.653103 4.583103 5.463103 5.343103

1022 3.323104 3.323104 3.713104 3.713104 4.213104 4.193104

1021 2.803105 2.843105 3.073105 3.113105 3.403105 3.443105
3-5
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RAPHAEL, WAUGH, SVETINA, AND ŽEKŠ PHYSICAL REVIEW E 64 051913
which the differential density gradient must vanish. Incre
ing the defect radius fromh ~2.7 nm! to 2h or 4h increases
the number of molecules that pass through the defect,
this dependence is relatively weak, as illustrated in Fig.

The two approaches for calculating the number of m
ecules that pass through a defect are in close agreem
providing important validation of the numerical results. F
the shortest defect lifetimes, the calculations based on
planar geometry are likely to be more accurate, becaus
the very slow convergence in this regime of the infinite Le
endre series obtained for the spherical solution. The num
cal accuracy for the planar solution appears to be relativ
insensitive to pore lifetime over the pore lifetimes of intere
This is evident from Fig. 4 in which the value of the chara
teristic functionI (t* ) is shown to be well behaved over th
relevant range of pore lifetimes.

V. COMPARISON WITH EXPERIMENTALLY MEASURED
TRANSBILAYER FLUXES

The rate at which phospholipid molecules move from o
membrane leaflet to the other in response to stress di
ences between the leaflets has been measured in micr
chanical experiments on phospholipid vesicles@8,9#. The ex-
periments involved the formation of thin tubular lipid stran
~tethers! approximately 30 nm in radius from the surfaces
giant unilamellar phospholipid vesicles. The vesic
~;20–30 mm diameter! were aspirated into micropipette
and attached to small glass beads~Fig. 6!. Initially the ten-
sion in the membrane generated by the aspiration pressu
the micropipette was large enough to hold the bead in c
contact with the vesicle, but when the aspiration press
was reduced, the bead fell away from the vesicle under
force of gravity, forming the tether between the bead and

FIG. 5. A contour plot ofDn as a function of defect lifetime and
radius. The curves in the figure are labeled to indicate the num
of molecules transported through the defect as a function of de
radius and lifetime. Curves are shown forDn ranging from 20 to
200 000 molecules. For the range of values considered, there is
a weak dependence ofDn on the radius of the defect.
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body of the vesicle. Mechanical equilibrium could be esta
lished by adjusting the aspiration pressure such that
membrane tension was sufficient to balance the gravitatio
force on the bead@22,23#.

Formation of a tether from a bilayer membrane results
an expansion of the outer membrane leaflet relative to
inner leaflet because of the difference in the radii of the t
leaflets in the tether~Fig. 7!. The length of the tether pro
vides a direct measure of the total difference in area betw
the leaflets over the vesicle: as the tether length increase
differential area increases proportionally. In the absence
lipid transport between leaflets, a change in the membr
tension from a particular equilibrium state should result in
change to a new equilibrium tether length, at which the el
tic energy stored in the differential dilation between the le
lets exactly compensates for the change@23#. A dynamic
model incorporating dissipation of differential density by i
terlayer drag also predicted that a new equilibrium should
reached@17#. However, this expected approach to equili
rium was not observed experimentally. Rather, the tet
continued to grow beyond the expected equilibrium length
a rate proportional to the stress difference between the l
lets generated by the perturbation@8,9#. The relative
expansion/compression of the area per molecule of the
leaflets is proportional to the stress difference between
leaflets, which must have a particular value to satisfy
mechanical equilibrium. Therefore, the continued growth

er
ct

nly

FIG. 6. A videomicrograph~left! and schematic~right! of the
mechanical experiment used to measure the rate of mechani
driven interleaflet lipid transport. A phospholipid vesicle aspirat
into a micropipette is brought into adhesive contact with a gl
bead. When the holding pressure in the pipette is reduced, a
microtube ~tether! is pulled out under the force of gravity. Th
radius of the tether is on the order of 10–100 nm, too small to
visible with the light microscope. The tether is a source of diffe
ential area due to the geometry of the membrane pulled int
cylindrical tube~see Fig. 7!. The differential area relaxes over th
surface of the vesicle by membrane surface flow limited by int
layer drag and transbilayer movement of molecules occurring
membrane defects.
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the tether cannot be attributed to continued expansion
compression of the adjacent leaflets, but rather refle
changes in the relative number of molecules in each lea
The rate of tether growth revealed the rate at which m
ecules move from the compressed inner leaflet to the
panded outer leaflet. This transport is characterized in te
of a phenomenological coefficientcp , which relates the re-
laxation rate of the strain differences (]a6 /]t) to the mag-
nitude of the strain difference (a6). The phenomenologica
coefficientcp is related to the net molecular flux across t
membrane by@9,19#

Fexpt5
1

A0

dn

dt
5

cpa6

Ã
, ~20!

whereA0 denotes the area of the membrane. The value ocp
obtained in tether formation experiments@8# was;0.01 s21.
For a typical experiment in whicha650.007, the measure
flux was;6.33109 molecules/~cm2

•s!.

VI. PROBABILITY AND FREE ENERGY OF DEFECT
FORMATION

The number of molecules that pass through a defect (Dn)
as a function of its lifetime were calculated above. The
erage rate of molecular transport through a defect will beDn
divided by the lifetime of the defect:

FIG. 7. Illustration of area difference in the tether. Because
material moves into the inner leaflet than into the outer leaflet of
tether, the outer leaflet of the vesicle is slightly expanded and
inner leaflet is slightly compressed. The degree of expans
compression is exaggerated in the drawing for illustrative purpo
Initially the differential area is concentrated in the vicinity of th
tether, but becomes uniform over the surface of the vesicle bec
leaflets can slide relative to each other. This differential dilat
drives the transport of molecules from the compressed inner le
to the expanded outer leaflet. Measurement of the tether le
provides a sensitive measure of the area difference between
leaflets. For example, a tether with a length of 300mm formed from
a vesicle with a surface area of 1000mm2 corresponds to a ne
increase in the outer leaflet~and an equal decrease in the inn
leaflet! of 0.5%.
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Jdef5
Dn

t lif
. ~21!

The surface flux over an entire membrane (F th) will be de-
termined by the number of defects that exist in the me
brane at a given time. Designating the frequency of occ
rence per unit area per unit time for a defect of a particu
size and lifetime to ben, the macroscopically observable flu
per unit area of membrane per unit time would be

F th5Dnn, ~22!

where F th has units of l/~m2
•s!. The quantityDn can be

regarded as a conductance per defect and depends o
defect lifetime (t lif ) . If we consider a typical vesicle that ha
a surface area of 1000mm2, our measured experimental flu
reported above@6.33109 molecules/~cm2

•s!# corresponds to
6.33104 molecules moving across the vesicle surface
second. Comparison of this rate to the theoretical calcu
tions of the net molecular transport through a single def
enables us to estimate how frequently defects form in
membrane. For example, using the values in Table I, fo
defect with a radius of 2.7 nm and a defect lifetime of 1
ms, there would have to be approximately 16 defects fo
ing per second in a vesicle with a surface area of 1000mm2.
A defect lifetime of 100ms would require approximately 12
defects to form per second, a lifetime of 10ms would require
880 defects to form per second, and so on.

Unfortunately, knowledge of the macroscopically me
sured rate of interleaflet transport does not enable us
specify both the defect lifetime and the frequency of occ
rence of defect. However, it does enable us to estimate
probability that a defect will exist at any instant of tim
Experimental observation of tethers growing smoothly wi
out apparent stochastic variability indicates that defect l
times are short on a time scale of seconds. If we divide b
sides of Eq.~22! by Jdef, which corresponds to taking th
ratio of the macroscopic flux obtained from experiment
the calculated mean flux for a single defect, we obtain

Fexpt

Jdef
5nt lif 5Nd , ~23!

whereNd is the defect density, or frequency of occurren
per unit area. The numerical results indicate that, on aver
there will be 573–2250 defects in a centimeter square
membrane at any given time, depending on the defect l
time ~see Fig. 8!. For a defect lifetime of 1ms, the probabil-
ity of finding a defect in a 1.0mm2 patch of membrane at an
given time is about 1 in 175 000.

Knowing the probability of finding a defect in a give
area of membrane, and assuming that defect formation
lows Boltzmann statistics, we can estimate the free ene
cost associated with defect formation. We take the area
defect to be the area of a disk 2.7 mm in radi
(2.331025 mm2). At any given instant, we expect to fin
one such defect in an area of 175 000mm2. Thus, the prob-
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ability of a small membrane region existing in the defe
state rather than the bilayer state is;1.3310210. Boltzmann
statistics requires that

Pdef

Pbl
5exp~2DGdef/kBT!, ~24!

wherePdef is the probability that a given collection of mo
ecules will exist as a defect, andPbl is the probability that it
will exist in the bilayer state. The energy difference betwe
the two states is

DGdef;0.9310219J/defect

and is relatively independent of the defect lifetime.

VII. DISCUSSION

We have presented a model in which mechanical st
increases the rate of transbilayer movement of molecule
increasing the rate at which molecules move laterally t
defect site. We have calculated the molecular flux throug
single defect and used this in combination with the to
molecular flux measured in micromechanical experiment
estimate the probability and free energy of defect formati
Below, we discuss evidence for the occurrence of defe
the relation of our model to equilibrium exchange measu
ments of lipid flip-flop, and the biological significance of th
work.

Defects arise from molecular motions of ensembles
phospholipid molecules. Monte Carlo simulations of the m
lecular dynamics of lipids predict the existence of ‘‘later
density fluctuations’’ in the membrane@24#. These random
alterations in bilayer structure explain a number of pheno
ena that require a temporary relaxation of the barrier func
of the membrane such as permeability changes assoc
with phase transitions@25,26# and the insertion of nonbilaye

FIG. 8. Density of defects as a function of lifetimes of defects
radius 2.7 nm~top curve! and 10.8 nm~bottom curve!. The fre-
quency of defect occurrence per unit area (Nd) calculated from Eq.
~23! is that needed to account for the experimentally measured
assuming all defects have a specific lifetime~corresponding to the
value along the horizontal axis!.
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lipids in the membrane@27–29#. Defect formation also plays
a role in other membrane phenomena such as the pas
permeability of the membrane to small molecules and io
@30,31#, insertion of catalytic enzymes such as phospholip
A2 into the bilayer@27,32,33# and flip-flop of molecules from
one leaflet to the other@13,14#. The lifetime of these defects
is difficult to measure. Dynamic fluorescence measureme
in combination with laser temperature jump experiments
vealed time constants for collective motions of lipid mo
ecules on the order of microseconds to milliseconds@34,35#.

The free energy of defect formation we estimated h
compares reasonably with estimates of the free energy a
ciated with pore formation reported by other investigato
Zhelev and Needham@36# measured the membrane tensi
needed to maintain membrane pores generated by ele
fields and mechanical tension. They calculated the ene
per unit length of a pore edge to be 1.0310211J/m. An
independent theoretical analysis of this experiment@37# esti-
mated the line tension to be 2.6310211J/m. Shillcock and
Boal @38# performed computer simulations of hole formatio
in membranes and estimated the minimum value of the e
tension required for membrane stability to b
0.9310211J/m. If we suppose that the defect is in fact a po
with a radius of 2.7 nm, and use a line tension
1.0310211 J/m, we obtain an energy of 1.7310219 J/defect,
which is slightly larger than our estimate based on Bol
mann statistics. Considering the uncertainties and appr
mations in the various calculations, this agreement se
rather good, although the energy required to form a tem
rary defect capable of allowing passage of molecules
tween leaflets may be slightly less than the energy requ
to form a complete membrane pore. Alternatively, the var
tions may be related to the size of the defect formed in
different situations.

It is of interest to compare the frequency of defect form
tion predicted from measurements of mechanically driv
lipid transport with that obtained from measurements of
terleaflet transport obtained by chemical methods. Wim
and Thompson@14# used chemical probes to measure the r
of lipid ‘‘flip’’ in dimyristoylphosphatidylcholine mem-
branes, and argued that this transport occurs through t
sient defects. The transport of lipid therefore depends on
probability that a defect will exist, and the rate at whic
probe molecules diffuse to the defect site. The formuli
describing the lateral diffusion of lipid probes is identical
the formulism describing mechanically driven transport, e
cept that the characteristic coefficient is the lateral diffus
coefficient Dl;5.031028 cm2/s @39# rather than
Dm (5.031026 cm2/s) ~see Fig. 9!. Consequently, significan
differences in net transport are expected for concentrat
driven vs mechanically driven diffusivity becauseDm
;100Dl . We can apply the methodology described above
the lateral diffusion case and calculate the net flux of m
ecules through a defect when the transport is driven by g
dients in surface concentration. If there is an initial unifor
concentration of probe molecules of 1.0% in one leaflet a
zero in the other, then fort lif 51.0ms, the mean flux per
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defect is 2.83105 molecules/s. For comparison, we define
effective diffusive permeability coefficientcd :

]Dc

]t
5cdDc, ~25!

where Dc is the concentration difference between the t
leaflets of the bilayer. Using the rates of interleaflet transp
in dimyristoylphosphatidylcholine ~DMPC! membranes
measured by Wimley and Thompson, we obtain a value
cd of 1.431024 s21 which corresponds to an instantaneo
macroscopic flux of molecules across the membrane of
3108 molecules/~cm2

•s!. Comparing this value with the
mean flux per defect, we estimate the probability of def
occurrence to be 500 cm22, which means that the probabilit
of finding a defect in a 1.0mm2 patch of membrane at an
given time is about one in 200 000. Because DMPC was u
in chemical probe experiments and stearoyloleoylphosph
dylcholine in mechanical deformation experiments, the f
quency of defect formation may not be exactly the sam
DMPC membranes are thinner and might be more sus
tible to defect formation. Nevertheless, the close agreem
between the calculated probability of defect occurrence
these different experimental approaches supports the ge
applicability of the model to the mechanism of interleafl
lipid transport.

The enhancement of transbilayer flux caused by diff
ences in mechanical stress between leaflets is distinct f
enhancement in flux that might result from increases in
mean stress in the membrane. The latter could result if
number and size of defects depend on the lateral tensio
the membrane. Electric fields and osmotic swelling

FIG. 9. Mechanical vs molecular diffusion.~a! In mechanically
driven lipid transport, the elastic compression of the molecules
the inner leaflet drives the transport of molecules through the de
site onto the expanded outer leaflet. The relative motion betw
the leaflets is resisted by a frictional interaction at the midplane
the bilayer.~b! In diffusion-driven transport, molecules diffuse ra
domly on the surface, and the net flux of molecules through
defect is driven by gradients in the concentration of probe m
ecules.
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vesicles produce stresses that facilitate pore forma
@36,40#. Although such stress effects~differential and mean!
may be additive in some circumstances, the magnitude of
tension in the tether experiment was small compared to
tensions needed to affect pore formation. In fact, the rate
interlayer permeation did not depend on the value of
membrane tension~see Fig. 8 in Ref.@8#!. Thus, while
tension-induced changes appear not to affect the probab
of defect formation in tether formation studies, in other si
ations in which membrane force resultants or electric fie
are large, a dependence of pore formation probability on
ternal forces could have a significant influence on membr
behavior.

These calculations are relevant for understanding the
damental mechanisms underlying a wide variety of biolo
cal processes involving membrane asymmetry and m
brane deformation. Incorporation of molecules preferentia
into one leaflet of a bilayer has long been recognized to d
shape transformations in membranes@41,42#. However,
when membrane shape is constrained by external force
by associations with the cytoskeleton, preferential incorpo
tion of molecules produces stress differences between
membrane leaflets@43#. If the membrane does not deform t
relax these stresses, transport of molecules between lea
will result. For example, enzymes involved in synthesis
phosphatidylcholine are confined to the cytoplasmic face
the endoplasmic reticulum. Preferential incorporation
molecules into one leaflet would result in rapid vesiculati
of these structures, except that associations with cytoske
filaments constrain the geometry of the reticulum@44,45#.
The resulting stress differences could drive interleaflet tra
port and account in part for the rapid flip-flop rates measu
in these membranes@46#. Additionally, rapid interleaflet ex-
change has been observed during membrane fusion@47# that
may have been promoted by the high curvature and interl
let stress differences that occur during fusion. Interesting
the time constants for the rapid exchange agreed with th
measured in the tether experiments@8#. A similar mechanism
may operate in red blood cell membrane because of the
straint on membrane shape caused by the membrane
eton. Preferential transport of phosphatidylserine and ph
phatidylethanolamine via the phospholipid translocase w
generate stress differences between the membrane le
and drive a compensatory transport of lipid to the oppos
leaflet. Indeed, such a mechanism appears to be require
the nonspecific transport of lipids needed to explain
maintenance of lipid asymmetry in red cell membra
@11,12,48#.
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