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ABSTRACT A dynamic-elastic model for weakly adhered intermembrane junctions is presented. Helfrich membrane energetics
coupled to hydrodynamic modes of the surrounding solvent reproduce the average shape, fluctuations, and dynamics of these
junctions as measured experimentally. Comparison between numerical results and experimental data provides the first direct
measure of surface tension in these systems (0.01–0.06 dyn/cm). Themeasurements suggest bilayer-bilayer adhesion energetics
as the dominant source of surface tension in the experimental systems.

INTRODUCTION

Biology at the molecular, cellular, and organismal levels is

critically dependent upon the structure, dynamics, and ver-

satility of lipid bilayer membranes (1,2). In processes ranging

from immunological response to cognitive function, inter-

membrane complexes between cells are crucial to normal

biological function (3,4). Biologically, formation and stabil-

ity of intercellular junctions are mediated by protein com-

plexes at the cell surface, as well as the internal machinery of

the cells involved. In vitro, lipid bilayers supported by solid

substrates have become popular model systems for studying a

wide range of related biological/biophysical structures and

processes (5–7).

Recently, a class of model membrane systems with the

potential to illuminate the properties of intermembrane

junctions and related biological structures has been intro-

duced (8,9). Giant unilamellar vesicles are ruptured over

preexisting substrate-supported planar bilayers to create two

closely adhered membranes. Two distinct adhesion states or

intermembrane junctions can result from this process. So-

called Type-1 junctions are characterized by an approxi-

mately uniform intermembrane spacing of a few nanometers.

Adhesion spacing in the Type-1 geometry can be explained by

the competition between attractive van der Waals forces and

repulsive electrostatic and hydration potentials. In contrast,

Type-2 junctions (see Fig. 1) are characterized by a much

larger average intermembrane spacing of ;30–60 nm with

adhesion provided by sparsely distributed, localized adhesion

sites that affix the upper bilayer to the planar membrane

underneath. The precise molecular nature of these random

defects is not well understood; however, it is suspected that

the defects (and hence the observed geometry of Type-2

systems) originate from imperfections in the solid-state

support underlying the entire junction complex.

Type-2 junctions are especially promising for future

biophysical studies—away from adhesion sites, the bilayers

should not be strongly perturbed by the underlying support

and may behave similarly to a free bilayer. Lateral diffusion

within the upper bilayer, for example, is not adversely af-

fected by the supporting matrix (8). Shape and transverse

fluctuations of the upper bilayer in Type-2 junctions have

also been measured to high resolution with fluorescence

interference contrast (FLIC) microscopy (8,9), but a full anal-

ysis of this data has not previously been possible. Hence, it

remains unverified that the bilayers in these systems are

behaving completely as expected for a fluid bilayer sheet.

The difficulty in analyzing FLIC images of Type-2

junctions can be attributed to the irregular random geome-

tries found in these systems. Any single point on the upper

membrane surface is different from any other simply due to

the geometry imposed by the localized adhesion sites. Sim-

ilarly, any specific junction will be different from all others

since adhesion geometry differs from junction to junction. It

is necessary to properly model the geometry of each specific

junction in question to quantitatively compare theory with

experiment. Modeling the structure and dynamics of a mem-

brane sheet in quasi-flat random geometries is not trivial and

represents the main focus of this study.

In preliminary work (9) the above-mentioned problems

were partially circumvented by analyzing only those portions

of the junction far removed from all adhesion sites and

assuming an artificial boundary condition around these re-

gions for analysis purposes. Additionally, an ad hoc potential

was introduced to enforce the intermembrane spacing and

mean fluctuation amplitude. While this analysis did lead to

interesting qualitative conclusions regarding the timescales

for membrane fluctuation and relaxation, it was not possible

to explain the overall junction shape or fluctuation ampli-

tudes from a physical perspective. Furthermore, the many

assumptions implicit in this analysis call into some question

even the qualitative conclusions that were drawn.Submitted June 21, 2006, and accepted for publication August 8, 2006.

Address reprint request to Frank L. H. Brown, Tel.: 805-893-5494; E-mail:

flbrown@chem.ucsb.edu.

� 2006 by the Biophysical Society

0006-3495/06/11/3600/07 $2.00 doi: 10.1529/biophysj.106.091843

3600 Biophysical Journal Volume 91 November 2006 3600–3606



This article reports calculations of bilayer structure and

dynamic fluctuations within specific Type-2 junction geom-

etries. We begin from a map of adhesion sites as inferred

from the gross features of experimental data on particular

Type-2 junctions. The average junction shape and fluctuation

amplitudes are predicted on the basis of Helfrich energetics

alone (without ad hoc potentials). Brownian dynamics in-

corporating the flow of water trapped between both bilayers

leads to good agreement with experiment, both in terms of

thermodynamic properties (junction shape and fluctuations)

and dynamics. Quantitative agreement with experiment re-

quires explicit consideration of the lateral resolution inherent

to the FLIC microscopy technique and the nonvanishing

surface tension present in adhered bilayers. By tuning the

simulated surface tension to match experimental results, we

deduce the magnitude of tension present experimentally.

This study demonstrates the validity of a traditional elastic/

hydrodynamic picture in modeling intermembrane junctions

and demonstrates the extraction of elastic properties via

direct comparison between detailed calculations and exper-

imental data. In addition, this study serves as a starting point

for understanding future experiments that take advantage of

these promising model systems.

MODEL

Our model for Type-2 junctions assumes the lower bilayer to be a flat,

impermeable wall at z ¼ 0. The upper membrane lies above this plane and is

parameterized by a height field h(r) in the Monge gauge (r [ (x, y)). The

energetics are described by the Hamiltonian for a thin fluid sheet with

bending elastic energy, surface tension, and an additional potential

responsible for pinning the upper bilayer at the localized adhesion sites (10)

H ¼
Z
A

dr
k

2
ð=2

hðrÞÞ2 1s

2
ð=hðrÞÞ2 1Had½ hðrÞ �

n o
: (1)

Here,k is the bending rigidity,s is the surface tension, andA¼ L2 is the area of

our membrane patch projected onto the x,y plane. For computational purposes,
we impose periodic boundary conditions in the x and y directionswith periodL.

The above integral will always be evaluated with a short wavelength cutoff

imposed by the lateral resolution of experiment (‘ ; 85 nm)—i.e., we

explicitly neglect structure not amenable to experimental determination, which

allows for numerical calculations despite the large physical size (microns in

linear dimension) of the available FLIC microscopy images.

We assume the upper membrane is directly attached to the flat lower

bilayer over adhesion regions,‘ in diameter (below, we find this assumption

completely consistent with the available experimental data). We model

specific Type-2 junctions starting from an experimental FLIC image and

identifying the clearly apparent adhesion sites (see Fig. 1). Denoting the (x, y)
position of adhesion site i by Ri, we treat each site identically as a conical

defect in the upper bilayer, with h(Ri) ¼ 0 and a coarse-grained slope, s,

describing the contact angle of the pin. Mathematically, we enforce these

defects through a series of strong harmonic constraints at the pointsRi and the

nearest neighbors to Ri in our discrete representation of the x, y plane.

Explicitly, for a junction with N adhesion sites

H ad½hðrÞ� ¼ +
N

i¼1

H pinð½hðrÞ�;RiÞ

H pinð½hðrÞ�;RiÞ ¼ g

2
hðrÞ2dðr� RiÞ

1
g

2
+
n:n:

½hðrÞ � s‘�2dðr� Rin:n:Þ; (2)

FIGURE 1 (Top row) Average bilayer shape for a representative configuration of pinning sites in a Type-2 intermembrane junction. The left panel displays

the predicted average membrane shape Æh(r)æ assuming physical constants detailed in Table 1. The middle panel displays the predicted average FLIC image

Æhm(r)æ corresponding to the same simulation. The right panel contains the experimental FLIC data (8). The triangle in the left image marks the location

considered for dynamics as displayed in Fig. 2. (Bottom row) Analogous cases to the top row, but displaying fluctuations around the average

s2
hðrÞ[Æh2ðrÞæ� ÆhðrÞæ2 and s2

mðrÞ[Æh2mðrÞæ� ÆhmðrÞæ2. In all panels, the z-axis is expanded relative to x, y to emphasize detail. In this and subsequent

figures, the value k ¼ 7 3 10�12 ergs is assumed.
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where g determines the strength of the pinning and n.n. refers to the four

nearest neighbors to position Ri corresponding to translation of 6‘ in both

the x and y directions. In what follows, s is chosen to best fit the experimental

data. The quantity g is simply chosen large enough to ensure the membrane

is well localized (i.e., further increasing g does not alter the reported results).

Membrane dynamics are specified by a nonlocal Langevin equation,

including the effects of Stokes flow in the surrounding solvent (11,12)

@hðr; tÞ
@t

¼
Z N

�N

dr9Lðr� r9Þ½Fðr9; tÞ1 zðr9; tÞ �; (3)

where F(r, t)¼ – dH/dh(r, t) is the force per area on the membrane,L(r – r9)
is the hydrodynamic interaction kernel, and z(r, t) represents the (Gaussian,
white) thermal noise in the system with average magnitude dictated by the

fluctuation-dissipation theorem at temperature T. The form of the hydrody-

namic kernel depends upon the fluid environment surrounding the mem-

brane and will be discussed further below. Although Eq. 3 is expected to

break down at wavelengths comparable to bilayer thickness (13), it should

be entirely adequate for the wavelengths considered herein.

Our simulations were carried out using the harmonic Fourier Space

Brownian Dynamics (FSBD) algorithm. Neglecting technical details that are

described elsewhere (14,15), we simply note that Eqs. 1 and 3 reflect a har-

monic system, albeit a somewhat complex one. The equations of motion can

be rewritten in terms of a set of completely decoupled eigenmodes. Once the

eigenmodes are known, it is a simple matter to compute the average

membrane shape, local variance around this average, and associated time-

correlation functions for direct comparison to experimental data. The bulk of

numerical calculations come down to the identification of the normal modes

via matrix diagonalization. (In our numerical analysis we consider regions

with L/‘ ¼ 64. A region of this size implies 64 3 64 ¼ 4096 modes in the

system, requiring the diagonalization of a full 4096 3 4096 matrix.)

Expressions for the hydrodynamic kernelL(r) are derived using the Stokes

equations for an incompressible fluid and boundary conditions specific to the

geometry of interest. We present here Lk, the Fourier-transformed kernels

applied in the FSBD calculations. Commonly, the membrane is assumed to

reside in an infinite, unbounded fluid, which results in the solution (11)

L
inf

k ¼ 1

4hk
; (4)

where h is the viscosity of the surrounding fluid. In the case of inter-

membrane junctions, however, the lower bilayer and supporting matrix act

as a confining wall, impermeable to solvent flow. The additional requirement

of incompressibility in the plane of the membrane yields a solution (15,16)

L
conf

k ¼ L
inf

k

e
2kd 1 e

�2kd � 2½ 11 2ðkdÞ2 �
e
2kd � ½ 11 2ðkdÞ2 �1 2kd

; (5)

where d is the average distance from the membrane to the wall. A slightly

different form can result if boundary conditions at the membrane surface are

handled differently (17). All results reported here assume Eq. 5.

We point out that Eq. 5 (unlike Eq. 4) is equal to zero when k ¼ 0,

implying that the zero wavevector mode does not evolve in time. The

volume of fluid trapped between upper and lower bilayers in our system is

directly proportional to the k¼ 0 system mode and is therefore also constant.

(Higher k modes do not affect the volume because their sinusoidal behavior

integrates to zero over the box.) The condition of solvent incompressibility

coupled with the geometry of our system naturally insures that trapped

solvent volume is strictly conserved in our calculations.

COMPARISON TO EXPERIMENT

The preceding considerations outline the machinery neces-

sary to predict junction thermal and dynamic properties as a

function of the physical constants (k, s, s, h, T) and specific

geometry of pinning sites present in individual junction

complexes. The parameters used in our simulations are col-

lected in Table 1 and the results of our simulations for a

specific Type-2 junction are presented in Fig. 1. While k, h,
and T are known from experiment, the pinning slope and

surface tension of the system have not previously been

reported. The values of these two constants were inferred by

simultaneously fitting our calculations to both the average

bilayer shape and shape fluctuations. The range of s and s
presented in Table 1 reflect the determined best-fit values for

a series of nine different regions extracted from the exper-

imental data.

Table 1 presents two possible values for the membrane-

bending modulus. The expression k ¼ 7 3 10�12 ergs

reflects the value obtained by a crude (unpublished) analysis

of the experimental data (Y. Kaizuka, University of Cal-

ifornia, Berkeley, 2004, personal communication). Since this

value is somewhat larger than typically expected for fluid

lipid bilayers and cannot be quantitatively accurate, we have

also considered a value of k¼ 13 10�12 ergs in the analysis

described below. We stress from the outset that the precise

value of k used in our numerics does not significantly alter

our results. We comment further on this point below.

In fitting experimental datawe account for the fact that FLIC

microscopy images necessarily reflect local averaging of true

bilayer shape over the point spread function, G(r), of the

instrument. The essential physics of this effect is captured by

hmðr; tÞ ¼
Z N

�N

dr9Gðr� r9Þhðr9; tÞ (6)

where hm(r, t) is the experimentally measured height at

position r, reflecting a local average of the true membrane

TABLE 1 Model parameters used in and inferred

from numerics

Parameter Description Value Reference

k Bending modulus 7 3 10�12 ergs *

(1 3 10�12 ergs) y

s Surface tension 0.011–0.052 dyn/cm z

(0.021–0.058 dyn/cm) §

s Pinning slope 0.11–0.26 z

(0.21–0.39) §

h Solvent viscosity 0.01 poise Water

T Temperature 20�C {

L System size 5.432 mm {

‘ Lattice spacing 84.88 nm {

g Pinning constant 108 ergs cm�2 k

The values of s and s are extracted as best-fit values to reproduce ex-

perimental data in each of the nine independent ;5 mm 3 5 mm regions

studied. The reported range of values reflects differences in the individual

regions. The specific region displayed in Fig. 1 yields s ¼ 0.038 dyn/cm

and s ¼ 0.26 assuming k ¼ 7 3 10�12 ergs.

*Personal communication with Y. Kaizuka.
yAlternate value for k for comparison purposes.
zBest fit to data of Kaizuka and Groves (8) assuming k ¼ 7 3 10�12 ergs.
§Best fit to data of Kaizuka and Groves (8) assuming k ¼ 1 3 10�12 ergs.
{Kaizuka and Groves (8).
kSufficiently large so that increasing the value does not change the results.
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geometry in this vicinity. For numerical convenience, we use

a Gaussian approximation to the point spread function with

variance (190 nm)2 appropriate for the wavelength of light

used in experiment (18). Since the FSBD algorithm is for-

mulated in Fourier space, the convolution of Eq. 6 is readily

handled as a simple multiplication; expressions for hm(r, t)
averages, variance, and correlation functions are derived

with little additional complication beyond the analogous

quantities for h(r, t). Fitting to experiment was accomplished

using the following procedure. Trial values of s and s were

used to calculate average bilayer shape Æhm(r)æ and fluc-

tuations smðrÞ[
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Æh2mðrÞæ� ÆhmðrÞæ2

q
for direct comparison

to the experimental data in each of the considered nine

regions. The procedure was iterated over a range of s- and
s-values to identify the closest fit for each region. Across the
different regions, the obtained values of the surface tension

and slope spanned s ¼ 0.11–0.26 (0.21–0.39) and s ¼
0.011–0.052 dyn/cm (0.021–0.058 dyn/cm) for k ¼ 7 3
10�12 ergs (13 10�12 ergs). For the specific example shown

in Fig. 1, the procedure yielded s ¼ 0.26 and s ¼ 0.038

dyn/cm with the reported significant figures indicating the

allowed interval of variation for trial parameter values.

In principle, the above convolution procedure is approx-

imate. The exact procedure used to infer the FLIC image,

hm(r), from h(r) is quite involved (18,19) with potential

quantitative deviations fromEq. 6. In practice,we verified that

Eq. 6 worked well for a variety of test cases with varying

membrane geometries (deviations between approximate and

exact treatments for hm differ by ;0.5 nm away from the

pinning sites and,2 nm near the pinning sites). Using Eq. 6

has the advantage of numerical efficiency and given its near

perfect agreement with the full procedure provides a con-

venient means to generate in silico FLIC images. Thermal

averaging can be carried out analytically, thus avoiding the

computationally prohibitive task of averaging over thermal

configurations and repeating this process for all parameter

values.

The images in Fig. 1 demonstrate a close correspondence

between simulation and experiment. Both in this particular

data set and the other eight analyzed, the parameters most

relevant to overall membrane shape are the bending rigidity,

k, and the pinning slope, s. Although we take k as a known

quantity and only vary s in our fitting procedure, it should be
emphasized that k for this system is not precisely determined

by experiment (8,9). It happens that we find equally good fits

to membrane shape using different k-values, (0.5–7.0) 3
10�12ergs, while allowing s to adjust to a new local mini-

mum, so our analysis cannot shed any light on the value of

the bending rigidity for these systems. Although the value of

the minimized s is altered somewhat by the chosen value for

k (see Table 1), these differences do not manifest themselves

in the convolved images in a significant way. Any reasonable

k-value yields a unique predicted slope at contact, but all

pairs of k and correspondingly minimized s fit the experi-

mental FLIC data equally well. For this reason, it is not

sensible to simultaneously fit the experimental data to an

expanded set of physical constants (k,s,s); there are an es-

sentially infinite number of equally good solutions. Fortu-

nately, various choices for k have only slight impact on the

extracted surface tension values. Hence, we can obtain an

estimate for s despite our ignorance of the precise value for

the bending rigidity. The physical basis for the insensitivity

of our results on k is twofold. First, the convolution inherent

to FLIC measurements obscures details around the pinning

site, which are sensitive to k and s individually (as opposed

to the larger-scale features, which are only sensitive to the k,
s pair). Secondly, the fluctuations are dominated by surface

tension in these systems. In principle, our analysis could be

used to extract k if it were the case that s were orders-of-

magnitude smaller than observed.

It is interesting to note that the true membrane shape is

quite a bit more flat (away from pins) than suggested by the

FLIC images, a consequence of the pinning sites influencing

hm(r) over the range of the point spread function. The FLIC

convolution also explains the relatively shallow experimen-

tally observed pinning depth. The experimental data is

completely consistent with an upper membrane pinned on

the flat substrate below. The observed depth of ;5–10 nm

can be explained purely as a result of the point spread func-

tion. Within our simulations, the average membrane height is

dictated by the local geometry around pinning sites, the

density of pins in a particular image, and the bending rigidity

of the bilayer. We reiterate that our simulations were carried

out in a periodic geometry, while experimental images reflect

a portion of junction embedded in a larger surface. Conse-

quently, there are some unavoidable deviations between

simulation and experiment due to our artificial handling of

boundary conditions. (These deviations are most pronounced

near the boundary of the regions under consideration. The

differences between theory and experiment in Fig. 1 are ac-

tually somewhat overemphasized, since region boundaries

are clearly apparent and tend to attract the eye.)

Surface tension manifests itself most strongly in the

maximum magnitude of fluctuations. However, s, k, and
G(r) also influence the overall shape of the fluctuation

images seen in the lower panels of Fig. 1. The surface

tensions we extract from the experimental data (s ¼ 0.011–

0.058 dyn/cm) are approximately an order-of-magnitude

smaller than seen in Type-1 junctions (20), but considerably

larger than typical tensions in unilamellar vesicles (;10�4

dyn/cm) (21). Interestingly, the range of s-values we extract
from experiment fall exactly within the window of values

expected for bilayer-bilayer adhesion energy densities (22)

(Wad ; 10�2 – 10�1 dyn/cm). This fact suggests that the ten-

sion in Type-2 junctions results from an attraction between

lipids in the upper bilayer and the supported bilayer below.

While the pinning geometry and bending rigidity of the

bilayer make it energetically unfavorable for the bilayer to

satisfy this attraction by flattening out into a global Type-1
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geometry, it is possible for lipids to favorably interact with

the lower bilayer sheet at points where the two bilayers

converge (either in a distant region of Type-1 adhesion or in

local structures around the pinning sites). These regions of

local membrane-membrane interaction can serve as lipid

reservoirs (23), from which excess area in the upper sheet is

created at the expense of removing lipids from their adhered

state. Removing an area of bilayer, a, from such an adhered

reservoir to create fluctuations in the junction carries an

energetic cost of aWad. Inclusion of such an area-dependent

term in the system Hamiltonian naturally leads to Wad as the

measured surface tension for the junction.

In addition to thermal averages, the present simulation

methodology is capable of modeling junction dynamics. In

Fig. 2, we plot a typical time-correlation function for the

height of the upper bilayer at a particular point in space. As is

the case for the thermal properties, averaging over the point

spread function leads to quantitative deviation from the true

behavior of the membrane. The point spread function ef-

fectively quenches short wavelength undulations, which are

the fastest modes of the system. The predicted FLIC data

hence shows a slower initial decay than does the raw height

data. In agreement with prior arguments (9) we find the

inclusion of confined hydrodynamics is essential to predict-

ing reasonable relaxation times. The free hydrodynamic

kernel of Eq. 4 results in timescales that are several orders-

of-magnitude too fast relative to experiment (with or without

FLIC averaging), while the results plotted in Fig. 2 are

consistent with experimental findings.

While the present results potentially represent a consid-

erable improvement over previous modeling efforts (9),

current experiments are not precise enough to fully validate

or refute our findings in the context of system dynamics. As

in all fluorescence-based methodologies, FLIC is limited by

the finite lifetime of the dyes used in the measurement. From

a practical standpoint, this limits the time course of mem-

brane fluctuation measurements to,20 s. Unfortunately, the

relevant timescales involved are on the order of tenths of a

second to seconds, meaning that even the longest experi-

mental measurements provide insufficient data to infer well-

converged correlation functions.

To make this point explicit, in Fig. 3, we show the error

bars associated with the extraction of height fluctuation

correlations from a data set of finite length. Unlike other

results presented in this work, the data in this figure was

collected by explicitly running Brownian dynamics trajec-

tories as described in Lin and Brown (14). (The methodology

is similar to the traditional ‘‘Brownian dynamics with hy-

drodynamic interactions’’ (24), but takes advantage of the

harmonic nature of our potentials to allow for time steps of

arbitrary length.) In each pane of Fig. 3 we ran 100 identical

numerical experiments for the duration specified (t). The
circles represent the correlation function extracted using the

full (1003 t in length) data set, whereas the error bars reflect
the variance in the averages associated with averaging only

over the individual length t blocks. Current experiments are

roughly comparable to the situation displayed in the leftmost

pane of the figure and this degree of uncertainty can be seen

in the actual experimental data. (The results presented in (9)

reflect further averaging over many locations on the mem-

brane surface to calculate a reasonably converged result at

FIGURE 2 Plot of a typical time-correlation functions Ædhðr; tÞdhðr; 0Þæ,
where dhðr; tÞ[hðr; tÞ � ÆhðrÞæ, without the convolution over G(r) (dashed
line) or dhðr; tÞ[hmðr; tÞ � ÆhmðrÞæ, with the convolution over G(r) (solid
line). This particular decay reflects measurement at the point indicated by the

triangle in the upper-left plot in Fig. 1.

FIGURE 3 Plot of the average correlation function

ÆhðtÞhð0Þæ� Æhæ2 and variance in this average, assuming

results are extracted from a finite data set of duration

t ; 17s, t ; 88 s, and t ; 176 s for the left, middle, and

right panels, respectively. The results here reflect the time

correlations at the point indicated in the upper-left plot in

Fig. 1.
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the expense of losing all detail associated with a particular

position within the junction). The other two panes show how

the situation could be dramatically improved if averaging an

additional 5–10 times longer were possible. At present, it is

not possible to validate the details of Eq. 5, and in particular

not the specific d dependence, due to the limited duration of

the data streams. As already mentioned, however, the slow-

ing of dynamics implied by the presence of the wall some

tens of nanometers below the membrane is certainly qual-

itatively confirmed by experiment.

DISCUSSION

The complex geometries observed in Type-2 intermembrane

junctions are not amenable to direct analytical analysis, yet

the time and length scales involved are well suited to a

traditional elastic/hydrodynamic treatment of the problem.

The FSBD approach applied herein (14,25) seems ideally

suited to the analysis of these systems and has allowed for

extraction of information from experiment that would other-

wise have been difficult. The combined approach of FLIC

measurement and detailed FSBD analysis allows us to

measure and suggest a source for the surface tension in inter-

membrane junctions. Additionally, the approach suggests a

geometry for the pinning sites in these structures and points

out the limitations of currently available data sets with regard

to extracting dynamical information.

We have not attempted to rationalize the extracted values

for the slope, s, surrounding the adhesive pinning sites in our
model. Experimentally, the pins are immobile and persist

over a range of conditions (8). These observations suggest

that pinning defects originate from imperfections in the

underlying solid supporting matrix, but the microscopic

structure of such defects remains poorly understood. Given

the physical ambiguity surrounding pinning in Type-2

junctions, we have modeled the interactions by way of a

simple adjustable geometric constraint. The slopes we infer

may seem large to some readers, but we note that even more

extreme geometries have been attained in other bilayer

systems (26,27).

The computational approach presented in this work ex-

plicitly considers the system geometry to perform a cus-

tomized mode analysis specific to the geometrical nuances of

each specific experiment. While we have discussed thermal

fluctuations in model membrane systems here, our strategy

can just as easily be applied to estimate membrane motions

in more complex cellular environments with nonthermal

energy sources (28). The FSBD scheme we present is po-

tentially well suited to studying a very broad class of bio-

physical systems. The primary limitation at present appears

to be the limited availability of detailed experimental data

(such as the FLIC data considered here) for direct comparison.

This study highlights some general properties ofmembrane

systems that likely influence a wide range of biophysical

properties at the cell surface. As demonstrated by Fig. 1, the

detailed geometry of membrane surfaces strongly influences

bilayer fluctuations. This will be true whether bilayer geom-

etry is imposed by pinning to a solid support or is mediated by

intercellular protein complexes. In the case of intercellular

junctions, the interplay between membrane geometry and

fluctuations has the potential to affect protein binding and

dissociation kinetics. As the initial complex is formed mem-

brane geometry is altered, which will influence subsequent

binding events. Similarly, the hydrodynamics of a volume of

water bound between two bilayers is significantly different

from the case of a single isolated bilayer. The implied slowing

of membrane fluctuations and relaxation as modeled here

should also influence intercellular binding kinetics.
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