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A Model for Membrane Patchiness: Lateral Diffusion in the Presence of
Barriers and Vesicle Traffic

Levi A. Gheber and Michael Edidin
Department of Biology, Johns Hopkins University, Baltimore, Maryland 21218 USA

ABSTRACT Patches (lateral heterogeneities) of cell surface membrane proteins and lipids have been imaged by a number
of different microscopy techniques. This patchiness has been taken as evidence for the organization of membranes into
domains whose composition differs from the average for the entire membrane. However, the mechanism and specificity of
patch formation are not understood. Here we show how vesicle traffic to and from a cell surface membrane can create
patches of molecules of the size observed experimentally. Our computer model takes into account lateral diffusion, barriers
to lateral diffusion, and vesicle traffic to and from the plasma membrane. Neither barriers nor vesicle traffic alone create and
maintain patches. Only the combination of these produces a dynamic but persistent patchiness of membrane proteins and
lipids.

INTRODUCTION

The fluid mosaic model of cell membrane architecturebrane proteins is restricted on a scale of hundreds of nano-
(Singer and Nicolson, 1971) emphasizes the autonomy aneheters. The apparent mobile fraction of labeled protein
diffusional mobility of membrane lipids and proteins and decreased with increasing area bleached (Yechiel and Edi-
the consequent lack of lateral organization of bilayer memdin, 1987). This result is not expected if lateral diffusion is
branes. In contrast, an alternative model suggests that memeunded only by the total surface area of a cell, because
branes are organized into domains, local concentrations @ven the largest areas bleached werE% of this area. A
membrane proteins and lipids, which may be hundreds ofaser optical trap (LOT) experiment showed that membrane
nanometers in diameter (Jain and White, 1977). Experimenproteins labeled by antibody-coated beads and dragged
tal evidence has accumulated that cell membranes, particycross the cell surface with an optical trap met obstacles to
larly cell surface membranes, are indeed laterally heterogeneir mobility on an average of every Am at 22°C and
neous on scales that appear to range from tens Qvery 3—-4um at 34°C (Edidin et al., 1991). Later experi-
nanometers to a few microns. These heterogeneities atgents indicated that the frequency with which the particle
commonly referred to as “microdomains,” to contrast themescaped the trap depended upon the trapping force, but still

with the membrane macrodomains, the functionally differ-g.ajeq the spatial frequency of the obstacles to hundreds of
entiated surfaces of epithelial and other morphologically,,ometers (Sako and Kusumi, 1995). FPR and LOT ex-
polarlzed_ ceI_Is. '_I'he organization ‘_)f membranes intdo Mi-ye iments also showed that the obstacles to lateral mobility,
crpdomams_ is biologically interesting because me_mbrangnplicated in domain creation, were not in the membrane
microdomains could strongly affect membrane functions by roper but in the cell cytoplasm (Edidin et al., 1991; Edidin
concentrating interacting species in domains (Peters, 198 hd Stroynowski, 1991; Edidin et al., 1994) ' '
or by affecti_ng the percolation of interact_ing molecules be- An important c,onnec1tion was ma d,e between spatial fre-
tween domains (Thompson et al., 1995; Piknova et al.,_ 1996 juency of barriers to lateral mobility and membrane do-
_leferent ap_p_roaphes ha"‘? been_u_sed to characten_ze P ains when methods evolved for the analysis of single
tein-rich and lipid-rich domains (Edidin, 1992; Kusumi and article tracking (SPT) data. An SPT experiment follows
Sako, 1996; Edidin, 1997)' However, all characteri_zationsphe Brownian r?wtion of mer.nbrane proteri)ns and lipids in
and definitions of domains depend on the experimenta ms of the change in position of antibodv-coated beads
method used to detect lateral heterogeneities. Despite thig? 9 P y

most of the methods for detecting proteins in patches seem?und to the molecules of interest. Although in light mi-
to report membrane microdomains some hundreds of nan&/0Scopy the beads, usually 50-nm diameter, appear as dots
meters in diameter. Fluorescence photobleaching recovef3f Several hundred nanometers in diameter, the change in

(FPR) measurements showed that lateral diffusion of memPOSition of the centroid of a bead can be tracked with
nanometer precision (Schnapp et al., 1988 and other refer-

ences summarized in Saxton and Jacobson, 1997). The
: — o particle tracks derived from sequential video frames of a
ngge“’ed for publication 9 March 1999 and in final form 1 September|ypalad cell thus yield information about the lateral diffu-
Address reprint requests to Dr. Michael Edidin, Dept. of Biology, Johnsspn' the random Walk’_ ofthe bead_lapeled mOIGleIleS' Itwas
Hopkins University, Charles and 34th Sts., Baltimore, MD 21218-2685.€vident from the very first that analysis of the particle tracks
Tel.: 410-516-7294; Fax: 410-516-5213; E-mail: EDIDIN@JHU.EDU  could also indicate whether lateral motion was driven (by
© 1999 by the Biophysical Society flow) or a hindered or bounded random walk, rather than

0006-3495/99/12/3163/13  $2.00 unhindered lateral diffusion. A bounded random walk is
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evidence for confinement of the labeled molecules in awith a membrane in which proteins and lipids are free to
corral or domain. Several innovative approaches to thaliffuse, and in which barriers to this lateral diffusion open
statistics of random walks give reasonably accurate chara@very few seconds. If patches persist, they must either be
terization of the frequency of hindered lateral diffusion. stabilized by specific molecular interactions or they must
These approaches and the entire field of SPT are reviewe@flect some other aspect of membrane physiology at steady
in an excellent review by Saxton and Jacobson (1997). Thétate. One such aspect is vesicle traffic to and from the cell
data reviewed there not only give good evidence for consurface (Steinman et al., 1983). We have made a quantita-
finement of membrane proteins to domains, they also infive model of the cell surface that includes random walks,
clude data on the dwell time of particles within a domain,dynamic barriers to lateral diffusion, and vesicle traffic.
giving values for the frequency of opening of barriers toA_naIyzmg tr_us model, we find that_ves!cle traffic, together
unhindered lateral mobility. Data taken at video rates yieldVith dynamic barriers to lateral diffusion, can create and
typical domain diameters of 200~500 nm and dwell times of@ntain patches on a scale of hundreds of nanometers,

~7 s, though smaller domains and shorter dwell times hav@pPparent membrane domains. The barrier spacing scales the

been measured in erythrocytes (Tomishige and KusumS1Z& of the patches. Vesicle traffic, fthe delivery a}nd removal
of membrane components, determines the persistence of the

1998). The implication is that membrane proteins may be pulation of patches and their concentration relative to the

confined on a number of time and distance scales. Indeed,fﬁt\?era e for the entire membrane. Under these conditions
has been proposed that diffusing molecules encounter PQF g | '

tential traps, arresting them on a wide range of energy (an owever, individual patches are short-lived; because the

hence time anq (.:iistance.) scales (Feder. etal., 1996). barriers to lateral mobility open transiently, component
One type of lipid domain has also received a good deal Ofgjecyles of the patches diffuse away from the site of

attention: so-called detergent-insoluble rafts, membran@gjivery. If the barriers are removed, or if vesicle traffic is

fractions insoluble in cold Triton X-100, which appear to stopped, the entire population of membrane patches decays

concentrate glycosylphosphatidylinositol- (GPI-) anchoredg one in which mobile proteins and lipids are uniformly
proteins, glycolipids, cholesterol, and signaling kinases (Sigistributed.

mons and lkonen, 1997). Detergent extraction does not

itself define the size of these domains (assuming that the

are not artifacts of extraction). Estimates of their size rang ETHODS

from hundreds of nanometers, based on SPT of GPI-anrhe plasma membrane was simulated as an array of<.228 pixels.

chored proteins (Sheets et al., 1997; Pralle et al., 1999) to Bach array entry (pixel) could be occupied by more than one particle; this

few nanometers (Scheiffele et al., 1997)_ If the rafts doaccounts for the finite “resolution” of the observer. Diffusion of the

occur in native membranes (Stauffer and Meyer 1997) the articles was simulated as a two-dimensional (2D) random walk, and each
f d livid/lioid i . f ! | ! garticle was moved independently according to the algorithm described

may form due to lipid/lipid interactions (or example see below and in Fig. 1. We defined a network of barriers as an array of

Brown and London, 1997) or may be driven to form by squares, 8x 8 pixels in size, superimposed on the pixel array that

proteins in, or adherent to, the membrane bilayer (see reepresents the plasma membrane. The barriers have zero “width”; they are

view in Edidin, 1997: also Denisov et al., 1998:; Sabra andust fences between pixels. Each domain in which free diffusion is allowed
Mouritsen 1998) is 8 X 8 pixels in size and is enclosed by barriers on all four sides. For

Hiah lution i . fth I f has b (Sxample, the pixel at = 7,y = 5 is the rightmost one in the lower left
igh-resolution imaging of the cell surface has been use orner compartmeni(= 0 is the leftmost) and the pixel at= 8,y = 5

in an attempt to visualize the membrane domains implied bys the leftmost one in the second compartment, to the right of the previous
other techniques. Fluorescence microscopy can resolvene. Inorder to jump from = 7,y = 5 tox = 8,y = 5, a particle has to

large-scale heterogeneities in both protein and lipid, particcross a parrigr. A chgracteristic time for hopping across a barrier is defined
uIarIy after aggregation of membrane receptor proteins (fOF—h' If a diffusing particle chooses to make a step in a direction that takes

. . It across a barrier, it has a probabilityT}/of crossing the barrier and a
example Holowka and Baird, 1996; Monks et al., 1998)'probability 1- 1/T, of being confined by the barrier. The barriers can be

Both electron microscopy and scanning probe microscop¥nabled or disabled. Characteristic times for delivering particles to or
have imaged cell surface heterogeneities of membrane preemoving them from the simulated plasma membrane were defindg as

teins on a scale of hundreds of nanometers. DamjanoviCWde, respectively. The number of particles delivered or removed by a

and co-workers have used atomic force microscopy anaesicle was also defined &g andN,. In order to conserve the total number
.of particles in the membrang&, = T, andN, = N,. For vesicle traffic one

electron microscopy to CharaCt?r'ze -patches of proteins 18 the 256 compartments was randomly chosen. To simulate delivery of
cell surface membranes (Damjanovich et al., 1997). Wearticles to the surface by a vesicle, exocytoNisparticles were added to

have used near-field scanning optical microscopy (NSOM;the chosen compartment at random positions. To simulate removal of
Betzig et al., 1991; Betzig and Trautman, 1992) to imagerarticles from the surface by endocytosi,particles were removeq from
patches of proteins and Iipids, Segregated from one-anothéPe c_h_osen compartment. If therelwere less tNaparticles p_resent in the
A specific compartment, all the particles were removed. Delivery and intake
in fibroblast cell surface membranes (Hwang et al., 1998did not occur simultaneously, but at different time points.
Gheber et al., 1998).

The sizes of patches in high-resolution images of the cell )
surface are consistent with the sizes of membrane domairkhe algorithm
implied by FPR, SPT, and LOT experiments. However, therne aigorithm is described schematically in Fig. 1. The pixels in the array
persistence of these patches at steady state is not consisteintulating the membrane are assigned values by a random generator

e average number and size of patches is maintained.



Gheber and Edidin A Model for Membrane Patchiness 3165

]Starting distribution: C(x,y) |

| T=0(Time counter)J

Make a copy of the membrane | Aux(xy) C(xy) J¢

[ 1,j = 0 (Pixel counterﬂ
1

P p=C(i,) (particles in pixel i,j)

v
p| D=random (0,1,2,3)
Direction of step
no
Yes
L 4 down v i Y \ 4 right
Aux(i,j+1)=Aux(i,j+1)+1 Aux(i,j-1) = Aux(ij-1+1 | |Aux(i-1,j) = Aux(i-1,j)+1 Aux(it+1,j) = Aux(i+1,j)+1
Aux(i,j) = Aux(i,j)-1 Aux(i,j) = Aux(i,j)-1 Aux(i,j) = Aux(i,j)-1 Aux(i,j) = Aux(i,j)-1
| | I |
. v
Leave the particle there, go to next one .
p=p-1 one particle processed
Next particle in the current pixel no p=07
o processed all particles z
v Y in this pixel ?—j
Next i, 8
(next pixel) g
Next pixel no All pixe
Time for delivery / intake?

processed?

LPl C(x,y)=Aux(x,y)

Update the membrane

[ncrement time

yes

Add / Subtract
particles

FIGURE 1 Schematic presentation of the algorithm used for the simulations. A detailed description of each step is given in the text.
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according to a chosen distribution. The value of each pixel represents theperation is repeated for other valueg pfiltimately yielding all the values
number of particles in that position. A copy of the array is made that will of the functiong({). In the discrete case, the autocorrelation takes the form
contain the new values of the pixels at the end of one iteration. Each pixel

is checked for the number of particles it contains and then each particle is N-L-1

assigned one of four jumping directions (up, down, left, right). The algo- g =0, = E XiXi L

rithm checks whether the chosen direction will require the particle to cross
a barrier (when barriers are enabled). If the chosen direction does not

require crossing a barrier, the algorithm actually performs the jump, asyherelL is the lag,x are the discrete values of the function for which the
explained below. If, in the chosen direction, the particle will meet a barrier,aytocorrelation is calculated, andis the total number ok values. Note
a decision is taken whether the particle is allowed to cross or not, based ofat g, is proportional toS)_, x2. In our two-dimensional discrete case:
the probability 1T, If the particle is permitted to cross the barrier, then the
actual jump is performed_ as gxplaineq be!ow. If not, the particlt_e is I.eft in OkL =~ 2 Xij XitKj+L
place and the next particle in the pixel is processed. A particle is not
processed more than once in one iteration, or an error in its timekeeping
will be introduced. whereK, L are the lag in the andy direction, respectively, ang ; are the
Processing multiple particles in a pixel is relatively straightforward. values of the two-dimensional function.
There is no need to “label” the particles, just to add “1” to the adjacent Heregy o is proportional to the sum of?; over all entries oiX. In other
pixel to which the particle jumps, and subtract “1” from the pixel from words, its square root is proportional to the RMS of the image. Therefore,
which it jumped. The counting of particles in the pixel is done on the gy, reports on the departure from a flat, uniform distribution and a larger
original “membrane,” while the addition and subtraction as above is donevalue ofg, , means a more corrugated, more clustered array. We used the
on the copy of the membrane. This process is repeated as many times astocorrelation value at the origin to compare patchiness of the simulated
there are particles in the original pixel (the original array). This way, everymembrane as it evolved in time.
particle jumps only once in one iteration. Spherical boundary conditions The autocorrelation function can be fit to a Gaussian function of the
are imposed such that the opposite edges of the array are continuous witbrm g = g(0, 0) exp-r?w?), wherer is the distance from the origin and
each other. A particle jumping off the boundary of the array is returned tow is the characteristic width of the Gaussian function &tdf/its maxi-
the appropriate pixel at the opposite boundary. mum. The decay rate of the autocorrelation function at the origin is
Once all the particles in one pixel have been processed, the next pixgiroportional to the average size of patches in the images. By extraction of
is addressed in the same manner. After all the pixels have been processetione gets a measure of the characteristic size of the patches. Thus, using
the original array is updated with the new numbers of particles in eactthe autocorrelation approach, we extract two important values: the degree
pixel, and the time is incremented. If the time is up for particles to be addedf patchiness (variance of particle concentration) and the characteristic size
or subtracted to/from the plasma membrane (if trafficking is enabled), theof patches. The actual calculation of the 2D autocorrelation function was
appropriate event is initiated, as explained above. done using an FFT algorithm (IDL, Research Systems, Inc., Boulder, CO)
A simulation with the parameter values as explained in the sectiorto calculate the 2D Fourier power spectrum of the images and then using
“Scaling the Model to Biological Dimensions” takes approximgatek for the inverse transform of the power spectrum to obtain the 2D autocorre-
every 0.01 s of the cell life when run on an IBM compatible PC with a 333 lation function. This procedure follows from Fourier’s convolution theorem.
MHz Pentium Il computer. Therefore, simulating 200 s of the cell life takes
over 5 h, and longer simulations, of thousands of seconds, take 24—48 h.
Modeling free diffusion

Spatial autocorrelation analysis of patch size To check the validity of the algorithm we simulated free diffusion starting
with a Gaussian concentration profile. Four snapshots of the particle
concentration, at different times, are shown in Fig. 2. From the diffusion
g(g) =g(— 0) = [ f(x)f(x + O)dx equation it follows that the mean square displacement (MSD) of a freely
diffusing particle is linear with time. The MSD of the ensemble of particles
Heref(x) is the function whose autocorrelation is calculatéid;a value by ~ was calculated using the autocorrelation of images such as those of Fig. 2.
which the functionf(x) is shifted, termed “the lag”; andg)(¢) is the Because the autocorrelation of a Gaussian function is also a Gaussian
autocorrelation function. It is a symmetrical function of the lag and hasfunction, it is fitted to a Gaussian (Fig.&. From the fitted function, the
several interesting properties, as described below and in Hwang et al., 1998idth of the Gaussian is extracted and its squared value is plotted versus
and references therein. Briefly, the function is multiplied by a shifted (by time (Fig. 3b).
{) copy of itself, resulting in a new function, which is then integrated over ~ The 2D diffusion coefficient iD = ¥ 1%/7, wherel is the step length
the whole space of definition, resulting in a value for the partictldarhe andr is the characteristic time to make this step. In our chsel (pixel)

t=0 t=20

t=40 =60

i=0

L

The one dimensional autocorrelation function is defined as

FIGURE 2 Free diffusion, starting with a Gaussian distribution. Four snapshots are taken at four time points (internal time units), as deseribed in th
figure. The intensity of each image has been rescaled to cover the entire color scale to allow displaying the spatial distribution (late imagéarre ver

if displayed with the same color scale as early ones). Also see the movie at http://www.bio.jhu.edu/faculty/edidin/pubs/, showing simulteneoagé/

and its 2D autocorrelation in real time.
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andr = 1 (internal unit time), therefore one expects the slope of the graphalso measured and compared with the MSD for free diffusion (Fip). &

for free diffusion in Fig. 3b to be 0.25. We find~0.27, which is a  can be seen that the first few points coincide in both cases, because the
satisfactory result for the relatively small ensemble and short period of timeparticles diffuse freely, but once the barriers are reached the diffusion rate
for which it was followed. of the particles is slowed.

Modeling diffusion with barriers RESULTS AND DISCUSSION

To check the validity of this model, we started with a Gaussian distributionM deli b ith lat | diffusi
of particles, in the presence of barriers, wiih= 20. Six snapshots of this odeling a membrane wi ateral dritusion,

model are shown in Fig. 4. Note thattat 50 diffusion is obstructed; the Parriers to lateral diffusion, and vesicle traffic

particles occupy a square. This area is actually composed of fourd8  arbitrary parameters

compartments. As time goes on, the particles slowly diffuse across the . . . o .
barriers, as can be seen in the remaining snapshots. Using the samld1€ Simulation was started with a random distribution of

approach as for free diffusion, the MSD of the particles in this case wa$64,000 particles (on average 3.9 particles per pixel), without
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FIGURE 4 Obstructed diffusion, starting with a Gaussian distribution. The center of the initial Gaussian concentration of particles is pogh®ned a
intersection of two perpendicular barriers. Therefore, the particles start diffusing freely into four domains and only later hit the far Harinershése
domains. Att = 50 it is obvious from the image that the particles are retained in a square region, which actually consists okf@a@acent
compartments. At later times, the particles escape the barriers and continue diffusing into the next compartments. The snapshots are ta@oiatsix tim
(internal time units), as described. The intensity of each image has been rescaled to cover the entire gray scale to allow displaying thelsgiial distr
(late images are very dark if displayed with the same color scale as early ones). Also see the movie at http://www.bio.jhu.edu/faculty/edtimipngs/
simultaneously the image and its 2D autocorrelation in real time.

barriers or delivery/intake. Particles were allowed to diffuseof the autocorrelation function, reporting on a decrease in
freely for 100 iterations, td = 100. At this point, dynamic the number of patches (Fig. &). Barriers alone cannot
barriers were added and lateral diffusion of the systemmaintain a patchy distribution. When the barriers were
continued for 100 more iterations. At= 200, vesicle removed at = 600 the system continued to relax toward a
traffic, delivery, and intake of particles was started, with random distribution.

Toa = Tg = 5 and T, = 10. Traffic continued for 200 A summary of this simulation is shown in Fig. 6. The
iterations, and then, at= 400, vesicle traffic was stopped, |ines plotg(0, 0) and the size of the patches as a function of
but the barriers were not removed. At= 600, after 200 {ime. The arrows indicate the times when barriers were
more iterations, the barriers were removed and the systemyged or removed, and the times when vesicle traffic, par-
was followed for 60 more iterations. Fig. 5 shows a series Oiicle delivery/intake, was started and stopped. Besides the

snap;hots at diﬁerent times c_iuring the simulation..One "OWeatures noted in the previous paragraph, we can also see
consists of three images which are (from left to right) thethat, once vesicle traffic began, the size of the patches

image of the simulated membrane, the 2D autocorrelation . . . .
function of the image, and a 1D section of the 2D autocor?l.uICklyJumpe‘j tothe predefined size of compartmens,

relation function. pixels (diagonal= 11.3).
The simulation started with a random distribution and
free diffusion for 100 iterations. After the addition of bar-

riers (att = 100) and 100 more iterations, the random Scaling the model to biological dimensions

distribution was maintained, and the autocorrelation func- ) L ) )
tion showed no feature (Fig. &). Barriers alone are not The simulation just described above was performed with

sufficient to create patchiness of membrane component&rbitrary parameters in order to show that nonspecific
Once vesicle traffic, the delivery/intake of particles wasPatches of membrane proteins and lipids, with sizes scaled
started, patchiness appeared quickly (Figo)51t can be by barrier spacing, can arise from a combination of diffu-
seen directly in the images and detected from the autocoion obstructed by the barriers and vesicle traffic. However,
relation function. The amplitude of the autocorrelation ateven this is not true for some choices of parameters. For
the origin, g(0, 0), constantly increased, reporting on aneéxample, the relationship between the typical time of dif-
increasing number of patches (Figch Once the delivery/ fusion across barriersT) and the rate at which the con-
intake was stopped at= 400, the patchy distribution of centration is modulated by vesicle traffi€,( T,) is a very
particles decayed, with a constant decrease in the magnitudi@portant factor in determining whether patches will ap-



Gheber and Edidin A Model for Membrane Patchiness 3169

a omao-,
oms L
-
omn | -
. s " % -t
E anis = .q o .
! [] . . "y
Eumu. L Ll ._'-_,' s
; ] N.* [ L] L]
m‘ - - - » '
oo . ~ =
L 1 T T T A T T 1}
o O @ T 4 @ a m
bz Bnce
DII:
-
o L
o= ®
4 -
- 034 L]
g 1 ]
g D5 .
8 ]
£ 0oO4 .I
< 5
1] oy
.\# —— I|‘,|-""'i"..II."'J'-|v.
om- S
1 T L T T T T 1
o W1 =™ =™ @ = e 70
=
2
L]
o034 .
-
5 -
5 02 "
& L]
8 -
8 o1 '..
-
.
ool e "M
T T T L T L L
o {01 ZZ@ ™| 4 = e 7o
PisEna
0.1+ 4
L]
ned =%
L]
0.0 "
- ~.
2 A
ﬁ oE o
& 05 .
E 0D - ™
o .
* oed '-""‘, .
-— f" .-ﬂ
om ] -l )
am T T T T
o 0 = =™ @ S @@ M
Dis Bnce

FIGURE 5 Diffusion with barriers, in the presence of vesicle traffic. Each rawd) consists of (from left to right) the direct image of the simulated
membrane, the 2D autocorrelation of the image, and the 1D profile of the 2D autocorrelation. The simulation started with a uniform distribut@esof par
diffusing freely for 100 iterations. At = 100 barriers were added and the particles continued to diffuse, now undergoing obstructed diffysiovo (
hundred iterations after starting the simulation. The distribution is still random and the autocorrelation shows no feature: the barriersclomiice n
clustering. Att = 200, the vesicle traffic is startedh)(Three hundred iterations after starting the simulation (100 iterations after vesicle traffic started).
Bright clusters in the image are due to delivered particles, dark spots are due to intake. The 2D autocorrelation shows a bright spot in theesentergrepr
detection of clusterscf Three hundred fifty iterations after starting the simulation (150 iterations after starting vesicle traffic, 50 iteratiob$, dlfter
patchiness continues to increase. The vesicle traffic was stopped 400 iterations after starting the simulation (200 iterations after staitifregtthéiv).

(d) Five hundred iterations after starting the simulation (100 iterations after stopping the vesicle traffic), the clusters dispersed duenadiffssithe
barriers and the lack of a mechanism to maintain the concentration inhomogeneity. Also see the movie at http://www.bio.jhu.edu/facultp&didin/pu
showing simultaneously the image and its 2D autocorrelation in real time.
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FIGURE 6 Summary of the simulation. The autocorrelation amplitude at the ongen(squaresis plotted with values on the left axis; it shows no
change as a result of adding barriers, but grows rapidly as vesicle traffic is started after 200 iterations, indicating the evolution of anyrdrestsied
membrane. It then falls rapidly when the vesicle traffic is stopped, in the presence of barriers, and continues to fall when the barriers arg completel
removed. The size of clusters as extracted from the autocorrelation function is pfileeldc{rcles) with values on the right axis. The error bars represent

the errors in the width parametaw,(in the expressio® = g(0, 0) exp-r2w?)). A larger error means a less defined cluster size. The expected cluster size

is a square of 8< 8 pixels, as defined by the initial conditions of the simulation. We note that, due to its averaging properties, the autocorrelation may
detect a size that lies between 8 an@x8? ~ 11.3 (the diagonal of the square domain). The cluster size indeed jumps to 8 as the vesicle traffic is started,
and its value raises slowly, with an increasingly good size definisame(l error barg, up to the point where vesicle traffic is stopped (after 350 iterations).
From this point and on, the cluster size grows rapidly while the autocorrelation amplitude decreases, which reports on a homogenization fuotess, a re
to random distribution.

pear. If, for instance, diffusion across barriers is very fast Diffusion coefficients for proteins were taken &s ~
compared with the rate of vesicle trafficT( << T,o9, 10 °cnf/s (10" um?/s) for free diffusion, and ~ 10~*°
(lipids are expected to fall into this category) the localcn¥/s (1072 um?s) for hindered diffusion (Edidin, 1987).
concentration change will disperse rapidly, and most of thaVe take the domain size as 025 0.5 um?, the order of
time the molecules of the membrane will appear to bemagnitude for domains observed experimentally (summa-
homogeneously distributed. To see whether the factors thdtzed in the Introduction).

we identified in our model hold for biological membranes,

we scaled the parameters of the model to typical biological

dimensions. The model parameters, diffusion, barrier spacg ALCULATION

ing, rate of barrier crossing, and rate of vesicle were as- . ] _ )
signed experimentally measured values. We started by determining the units for time and length in

The data for cell and vesicle dimensions and the Vesidgurzsmulanon. The d_omam Size th_at we chose as>0(5_35
trafficking rates were taken from Steinman et al. (1983), M basec_l on experimental data_l,_ is larger than the d|am_eter
quantitative measurement of endocytosis in L-cells. Thesgf one vesicle, so that the conditions of our unscaled sim-

data are: cell surface area2100um? cell diameter= 15 ulation hold here; a vesicle delivers its contents to one
L vesi.cle surface area 0 162£m2', vesicle diameter domain, and not to several domains. Once this size is set, all

0.202 wm- int lizati te-0 8%/min of surf other parameters are determined. The dimension of one
' pm, intermnaliza .|0n rate-o. 2 min of surface area. ;. o/ follows from that: 0.5um/8 pixels= 0.0625um/pixel
Note that the rate is measured in terms of total surface_ ¢, ¢ nmipixel). Because the array in the simulation has

area internalized per unit time. Thus, the size of the vesicles_sLZSX' 128 pixels. it follows that the portion of cell we are

is not expected to introduce any change in the results of thﬁ/atching is 8X 8 um? (64 um?).
simulation. If the size of a vesicle is smaller, for instance, The diffusion coefficient in 2D i© = 1/41%. andl. the
one will need more vesicles per unit time in order to achievestep |ength from pixel to pixel, now is 0.0626n. Requir-

the same turnover time. Therefore, while the number ofng this diffusion coefficient to be equal to the free diffusion
particles added or subtracted by a vesicle will be smallercoefficientD = 10! un/s leads to:

the time between successive such events will have to be
shorter in order to preserve the total turnover time. D = (0.0625/4)um?/T = 0.1 um?/s
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0.045 : , . . . . . .

——————— Predefined domain size

FIGURE 7 Summary of simulation with pa- 0.040 4

rameters scaled to real world. The simulation in
this case is started with a random distribution
with barriers to lateral diffusion and with vesicle
traffic. The autocorrelation amplitude at the or-
igin, reporting on the degree of clusterimgpén
square}, is plotted with values on the left axis
and increases constantly with time; the mem-
brane becomes increasingly clustered. The size
of the clusters filled circles) is plotted with
values on the right axis. It starts with a largely
undefined cluster size 60 s after starting the
simulation, but converges within 60 more sec-
onds (at = 120 s) to the predefined size of the
domains (0.5um).
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From this, the time unit is determined: whole surface area of the cell. Therefore, the number of
vesicles fusing with the membrane in the observed area is
7=0.01s. 0.03x 1.73=0.05s . A vesicle fuses with the membrane
This is the “real life” duration of one iteration of the every ~20 s in the area observed, or once every 2000
simulation. From the data about the dimensions of cells andterations, because one iteration simulates 0.01 s. This sets
vesicles, we calculate the following: the value forT, and T, to 2000.
The measured diffusion coefficient for obstructed diffu-
AJA, = 2100/0.162~ 13,000 sion is 0.01um?s. We performed a calculation similar to
whereA, is the surface area of cell ar is the surface area the one that led to determining the time represented by one
of vesicle. Thus, it takes 13,000 vesicles to replace théteration to determine the characteristic time to cross a
whole surface area of the cell, or 13,0800.008= 104  barrier: 1 now is 0.5um and the equation i® = 1/4
vesicles to replace 0.8% of the cell membrane. This occurf.5%)/T = 0.01 um?s. T is the characteristic time to cross
over 1 min, som 1 s wehave 104/60~ 1.73 s *. Thatis, from one domain to an adjacent one. From the equation one
1.73 vesicles fuse with the plasma membrane every secondetsT = 6.25 s. This value is in excellent agreement with
However, we are watching only 64/2108 0.03 of the measured data (SPT) (Saxton and Jacobson, 1997). Because

0.05 +
b . —a— No barriers, t=0' s

0.04 —-+— No barriers, t=250 s
FIGURE 8 Comparison between a simulation with j —e— Barriers, 2250 s
vesicle traffic only and a simulation with both vesicle
traffic and barriers. Both simulations were run for 250 s § 0.03 +
(“cell” time), using the parameters calculated from the =
literature, as previously explained. For the simulation % i
with vesicle traffic only, the autocorrelation did not = g2 | . .o
show a difference between the stdifldd square$ and 8 \. _/
the end ¢rosse§ of the simulation. No clusters have & E \.,.\ I -
formed under these conditions. As opposed, the auto- 5 +"H. e . [ /J N, » N /.w\ oin %,
correlation for the barriers and vesicle traffic case <C 0-07+ 7‘\ AT\ /-/ A A +/*'-;;++ . ;\+ o f \i
clearly showed the presence of clusters after 25illed | LA o2 *g{[ "Ry, '-\%f :\\‘/‘A\ /’ *
circles). Vesicle traffic alone is not able of maintaining w | l.rv.ﬁ f,/ % L e \ \/-'\' vl
clusters. 000 \_ \ s Y, 3

T T
0.0 0.6 1.2 1.9 25 3.1 3.7 43

Distance [um]
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FIGURE 9 @) The values ofg(0, 0), the
autocorrelation value at the origin versus time :
for three different ratiod /T, as indicated in 1500
the inset. As the ratiol/T,, decreases, the
value at whichg(0, 0) enters a plateau in-
creases. The patchiness becomes more sub-
stantial as the dispersion of particles is slower 0.09 - b
in relation to the vesicle traffic rateb Two I
plots of g(0, 0) versus time for two different 0.08 | . - )
values ofT, andT,, giving the sam& /T,, ratio 3
(1.6), as indicated in the inset. The curves are 0.07
practically identical. The ratiol /T, is the 3
important value, not the individual values of 0.06
TqandT,. |
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one iteration in the simulation represents 0.01 s in real timesimulate real conditions of a cell. The result is summarized
T, = 625. in Fig. 7, which shows the magnitude of the autocorrelation

Finally, N, the number of particles added by an exocyticfunction and the patch size as a function of time. The
vesicle or removed by an endocytic vesicle, is assumed to beutocorrelation magnitude grew monotonically with time.
proportional to the ratio between the surface area of th@he patch size converged to Qun within 120 s from the
vesicle and the surface area of one domain. Therefbre, start and stayed constant for the rest of the simulation.
0.162/0.25= 0.65, or 65% of the initial particle number in A similar simulation was performed, with identical pa-
a domain. This calculation assumes that the concentration sdmeters, except without barriers to lateral diffusion. The
particles in a vesicle is the same as that in the cell surfacpurpose of this simulation was to check whether the vesicle
membrane. If the concentration of membrane proteins is¢raffic alone can create and maintain patches. In Fig. 8 we
higher in the vesicle than in the plasma membrane, theompare the autocorrelation profiles at the beginning and
fusion of a vesicle will produce an even more concentratedthe end of the simulation with no barriers, with that at the
and hence persistent, patch than we observed. end of the simulation with barriers. The autocorrelation

The simulation is started with random distribution of magnitude in the case with no barriers does not change over
particles, barriers, and delivery/intake. The goal is to checkhe time of the simulation and remains flat, indicating a
whether patches will form under these conditions, whichrandom distribution of particles.
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Influence of the various parameters because vesicles contain higher concentrations of specific
. L - proteins. Such an assumption will lead to larger values for
The mpst |mpqrtant cnte_rlon in determining _whether cIus-Nad and the variation of concentration within one compart-

ters will form is the ratio of the characteristic time for ment would be larger, leading to a higher patchiness. The

\t/)e5|_cle tTraflec,T_T_yddtof_the chtarar?t?rlst;c time fort crtc_)ssmg @ turnover time of the membrane assumed is a relatively low
arrier, Tp. To /Ty, defines at what rate concentration vari- one. Turnover times can be as short as 30 min for some

ations are replt_an!shed, n rel_atlop with tTe rate at Wh'Chspecies of phagocytes. A faster turnover time means a faster
these local variations are being “cleared” across barrier

) - . _ Yate of delivery/intake, soTl, 4 would be considerably
The larger this ratio is, the less likely clusters are I|k_ely tosmaller, whileT,, would not change. This will decrease the
appear, pecause It means th_at the local concentrations af"g/Th ratio and will consequently increase the patchiness.
rapidly dispersed across barriers. We also addressed the assumption that the delivery/intake
To show that this is the case, we present the results o(gccurs with equal probability all over the membrane. If one

long simulations, with differentl,, {Ty, ratios, where all  ,sq, 05 that both exocytosis and endocytosis occur at a

other parameters were held constant and identical to thspecific nonrandom set of points on the plasma membrane
simulation described aboye. The autocor_relation was calcu[-)ut this’ set of points is the same for both processes, thé
lated every second (100 |t¢rat|ons_). In Figa Sve plqt the results are identical to the homogenous distribution case.
value of g(0, 0) as a fun_ct|on of time for three d_|fferent However, a more realistic assumption would be that exocy-
cases, as sh_own in the figurg, = ZOOO’Th B 625_ s the tosis occurs at such a set of constant points, while endocy-
simulation discussed above, representing a typical L-ceIItosis occurs with equal probability at any point. In such a

thﬁ o;cher tvx_/o darg flmulanons twnf:tf_aster(;c_rlafﬂck:)klng ritfscase, the patchiness increases considerably. One result of
(shorter periods between events). It is readily observe Wuch a simulation is plotted in Fig. 10. The delivery was

?hecr?ats ing the rﬁ t'ga*]{tg‘smc.r easz:z‘) éhe vlalue dg((i’ O)hat limited to only 25% of the existent sites on the membrane,
thetptr? eat:_ re_acthe a tmltn( ?‘ n o(rj ertoths OWt hile the intake was allowed to occur from any site. All
atthe ratio 1s the important parameter, and not the actugy,, . parameters were identical to the original simulation. It

values ofT, 4 or Ty, In Fig. 9b we plot a pair of similar can be seen that the nonrandom case gives rise to higher

curves for similar ratios, eac_h hav_mg d_lfferent values of patchiness that does not seem to enter a plateau even after
andT,. The curves are basically identical. 0s

. ) 100
It is important to mention that the set of parameters for

which the first simulation was performed constitute the
“worst case” scenario for clusters to appear. This is s
because the assumptions of the algorithm were such tha
they decreased the probability of clusters forming. One suchVe followed the evolution with time of individual compart-
assumption is that the concentration of particles in an arrivments delineated by dynamic barriers. In Fig. 11 we plot the
ing vesicle is the same as the concentration of the particlegopulation (the sum of all values of pixels in the compart-
on the plasma membrane. This is usually not the casement) of two different compartments as a function of time,

ifetime of patches

0.09

0.08
0.07

FIGURE 10 Comparison o§(0, 0) versus time for

two cases: homogenous distribution of delivery and
intake sitesgolid square} and delivery limited to only

25% of the sites and intake from all the available sites —~
(crossed The values of all the parameters are identical <
for both cases and identical to the simulation summa- <=
rized in Fig. 7. The curve for the limited number of
sites increases continuously and does not enter a pla-
teau even after 1,000 s. The patchiness for such a case

is considerably higher than for the case with homoge-
nous distribution of exocytosis sites.
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FIGURE 11 The dynamics of single
compartments. The population (total num-
ber of particles) of two different compart-
ments is plotted as a function of time. Both
compartments undergo an endocytosis
event, the first around = 20 s and the
second around = 70 s. After the sudden
decrease in the population, both compart-
ments show a gradual increase in the num-
ber of particles due to diffusion of particles
from adjacent compartments (across barri-
ers). This trend is fitted with a function of
the formY = A — (B exp(—(t — to)/7)), also
plotted in the figure. The characteristic life-
time, T = 26.4 andr = 19.8, is shown in the
figure for each of the curves.
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as an example. The plot in Fig. 11 describes the history ofesicle traffic. Our results with the model suggest that
two compartments from which endocytosis had occurred aalthough membrane domains may arise due to specific
some point in time. After the instant decrease in the numbemolecular associations, much of the lateral heterogeneity
of particles, representing the intake event, the compartedetected in any membrane, particularly that observed by
ments’ population is rising slowly, due to diffusion of microscopy, may be nonspecific. Though our model makes
particles from neighboring compartments, across barriersjo assumptions about the diffusing species, it is most ap-
into the depleted compartment. This raise was fitted to gropriate to transmembrane proteins. We expect that the
function of the formY = A — (B exp(—(t — ty)/7)), which lateral diffusion of membrane lipids will not be confined by
is also plotted in the figure. The best fit yields a characterthe submembrane barriers that we use in the model. Hence,
istic lifetime (1) of ~20 s, with an asymptoteAj of 124  newly delivered lipid molecules ought to diffuse rapidly
particles for very long times, which is similar to the initial from the point of their insertion into the plasma membrane.
population of the compartment before the endocytosisThe rate of their dispersion would of course be affected by
event. Results for compartments that underwent an exocytheir interactions with membrane proteins. Similarly, we
tosis event were identical. These results were obtained froraxpect that the dispersion of GPI-anchored proteins will be
the simulation with the original choice of parameters, rep-slower than that of lipids, to the extent that these proteins
resenting an L-cell. We note that within these patchesgcan interact, through their exodomains, with transmembrane
whose dimensions and geometry are determined by thproteins. We also note that weak associations of membrane
dynamic barriers, there may appear smaller domains, with enolecules, for example lipid phase separations (Brown and
much shorter lifetime (100-fold shorter), such as those detondon, 1997) will be quickly disrupted by vesicle traffic.
scribed in Abney and Scalettar (1995). Such domains ma¥inally, we predict that disrupting vesicle traffic at the cell
appear as a result of fluctuations in particle density, howsurface, for example by overexpressing dominant negative
ever, being so short-lived and smal-100 nm), on the mutants of proteins required for endocytosis (Damke et al.,
background of the large and long-lived domains formed by1995) will initially increase the size of patches and at the
the mechanism we model, their detection is practicallysame time reduce the concentrations of proteins and lipids
impossible. in patches relative to the average for an entire membrane.

CONCLUSIONS This work was supported by National Institutes of Health grants Al 14584
and GM 58554 (to M.E.).
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