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Abstract. Movements of transferrin and cz2-macro- 
globulin receptor molecules in the plasma membrane 
of cultured normal rat kidney (NRK) fibroblastic cells 
were investigated by video-enhanced contrast optical 
microscopy with 1.8 nm spatial precision and 33 ms 
temporal resolution by labeling the receptors with the 
ligand-coated nanometer-sized colloidal gold particles. 
For both receptor species, most of the movement tra- 
jectories are of the confined diffusion type, within do- 
mains of =0.25/zm 2 (500-700 nm in diagonal length). 
Movement within the domains is random with a 
diffusion coefficient .~10 -9 cm2/s, which is consistent 
with that expected for free Brownian diffusion of pro- 
teins in the plasma membrane. The receptor molecules 
move from one domain to one of the adjacent domains 
at an average frequency of 0.034 s -1 (the residence 

time within a domain =29 s), indicating that the 
plasma membrane is compartmentalized for diffusion 
of membrane receptors and that long-range diffusion is 
the result of successive intercompartmental jumps. 
The macroscopic diffusion coefficients for these two 
receptor molecules calculated on the basis of the com- 
partment size and the intercompartmental jump rate 
are =2.4 x 10 -H cm2/s, which is consistent with those 
determined by averaging the long-term movements of 
many particles. Partial destruction of the cytoskeleton 
decreased the confined diffusion mode, increased the 
simple diffusion mode, and induced the directed 
diffusion (transport) mode. These results suggest that 
the boundaries between compartments are made of dy- 
namically fluctuating membrane skeletons (membrane- 
skeleton fence model). 

uR understanding of the mechanisms that control lo- 
calization, multimerization, and assembly of mem- 
brane proteins in the plasma membrane and their 

relationships with the membrane function is currently under- 
going rapid evolution. Assembly of integral membrane pro- 
teins are key steps in the formation of special membrane 
domains such as coated pits, synapses, and cell-adhesion 
structures (Dubinsky et al., 1987; Pearse and Robinson, 
1990). Oligomerization of integral membrane proteins and 
receptors are common occurrences in the plasma membrane 
(Kusumi and Hyde, 1982 and references therein; Ullrich and 
Schlessinger, 1990; Metzger, 1992), and in many cases are 
known to be involved in signal transduction in the plasma 
membrane, such as ligand-induced oligomerization of Fc% 
Fee, and epidermal growth factor receptors. It has become 
clear that the non-homogeneous distribution and assembly of 
membrane proteins in the plasma membrane are, in part, 
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regulated through the membrane-associated cytoskeleton, 
i.e., membrane skeleton. As a consequence, increasing at- 
tention has been directed toward understanding membrane- 
cytoskeleton interactions and their role in regulating the ar- 
chitecture of the plasma membrane (Bennett, 1990; Luna 
and Hitt, 1992). Of particular interest is the involvement of 
cytoskeletal elements in mediating or inhibiting assembly 
and aggregation of cell surface receptors, and their participa- 
tion in the formation of specialized domains and in signal 
transduction in the plasma membrane. 

One of the most useful ways to study interactions between 
the membrane and the cytoskeleton (and between membrane 
proteins) and to understand the mechanisms by which the lo- 
calization and distribution of membrane proteins are regula- 
tively varied is to monitor the movements of membrane pro- 
teins (Cherry, 1979; Kusumi et al,, 1980; Kusumi and Hyde, 
1982; Vaz et al., 1984; Jacobson et al., 1987; Edidin, 1987, 
1990; Saxton, 1987, 1989a, b, 1990a, b; Abney et al., 1989; 
Edidin et al., 1991; Edidin and Stroynowski, 1991; Kusumi 
et al., 1993). In the case of the human erythrocyte mem- 
brane, observation of both lateral and rotational diffusion of 
band 3 in the spectrin network led Tsuji and coworkers to 
propose a spectrin dimer/tetramer equilibrium gate model 
(SPEQ gate model; Sheetz et al., 1980; Tsuji and Ohnishi, 
1986; Tsuji et al., 1988). The mobile fraction of band 3 con- 
stitutes =80% of band 3 at 37°C (the immobile fraction of 
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band 3 [=20%] is due to the binding of band 3 to the spectrin 
network via ankyrin). The rate of macroscopic diffusion of 
the mobile fraction of band 3 is determined by the "fence 
effect" of the spectrin tetramer network. Due to the steric 
hindrance produced by the spectrin meshwork to the passage 
of band 3 (the space between the membrane and the spectrin 
tetramer meshwork is too small for the cytoplasmic portion 
of band 3 to pass), the diffusion rate is limited by the fre- 
quency of band 3 to pass the spectrin fences, which in turn 
depends on the equilibrium between spectrin dimers (open 
gate, or broken fence) and tetramers (closed gate, or intact 
fence) (hence the term SPEQ gate model, also see Sheetz et 
al., 1980; Bennett, 1990; Saxton, 1989b, 1990a, b). 

Recently, De Brabander and his colleagues and Sheetz and 
his colleagues have developed a technique for visualizing the 
movements of membrane receptors by labeling proteins with 
colloidal gold particles (20-40 nm in diameter) and observ- 
ing the particles' movements on the living cell surface using 
video-enhanced contrast microscopy with nanometer spatial 
precision (single particle tracking, SPT or nanovid micros- 
copy, De Brabander et al., 1985, 1986; Geerts et al., 1987, 
1991; Gelles et al., 1988; Schnapp et al., 1988; Sheetz et al., 
1989; Kucik et al., 1989; Qian et al., 1991; Cherry, 1992). 
The SPT method is unique in that it can reveal the mecha- 
nisms working on a single or a few protein molecules for reg- 
ulating its (their) motion in the plasma membrane. The nano- 
meter-level precision of SPT is particularly useful for 
studying regulation mechanisms that act at the submicron 
scale, such as the membrane skeleton (Kusumi et al., 1993). 
Methods for analyzing SPT data have been developed (Qian 
et al., 1991; Saxton, 1993; Kusumi et al., 1993). 

In a previous report, we developed a method for classify- 
ing the trajectories observed by SPT into four types of mo- 
tion; (1) stationary mode, (2) simple diffusion mode, (3) 
directed diffusion mode, and (4) restricted diffusion mode 
(or confined diffusion mode, in which a particle undergoing 
free diffusion is confined within a limited area) (Kusumi et 
al., 1993). Using this classification method and fluorescence 
photobleaching recovery (FPR), we investigated the mecha- 
nisms that regulate the movements of E-cadherin, epidermal 
growth factor receptor, and transferrin receptor (Tf-R) in 
both undifferentiated and differentiated mouse keratinocytes 
in culture. The results suggested that the plasma membrane 
is compartmentalized into small domains of 0.04-0.24 t~m 2 
(300-600 nm in diameter), as "felt" by the receptor mole- 
cules in the keratinocytes' plasma membrane. 

These results were consistent with the "membrane- 
skeleton fence model" we proposed previously (Tsuji et al., 
1988; Kusumi et al., 1993). This model proposes that the 
membrane-associated cytoskeleton (membrane skeleton) 
provides a barrier to free diffusion of membrane proteins due 
to the steric hindrance, thus compartmentalizing the mem- 
brane into many small domains for diffusion of integral 
membrane proteins. (The SPEQ gate model is a specific case 
of the membrane skeleton fence model in the human erythro- 
cyte membrane.) The membrane proteins can escape from 
the compartments because of the dynamic properties of the 
membrane skeleton: the distance between the membrane and 
the skeleton may fluctuate over time, thus giving the mem- 
brane proteins some probability to pass the barrier, or the 
membrane-skeleton network may form and break continu- 

ously due to the dissociation-association equilibrium of the 
cytoskeleton. 

In the present study, we have examined the movements of 
a2-macroglobulin receptor (oe2M-R) and transferrin recep- 
tor (Tf-R) in the plasma membrane of normal rat kidney 
(NRK) cells in culture with a spatial precision of 1.8 nm and 
a time resolution of 33 ms by using the SPT technique. The 
purpose of this work was threefold; (1) to investigate the mo- 
lecular mechanism that controls the movements of these 
receptors on the cell surface, (2) to further characterize the 
compartmentalized structure of the plasma membrane by 
using these receptors as membrane probes, and (3) to con- 
tribute to clarify the mechanism by which these receptors are 
assembled to form coated structures (coated lattices and 
coated pits). De Brabander et al. (1988) previously studied 
the movements of Tf-R in A431 ceils using the colloidal-gold 
probe technique, and examined the endocytotic pathways of 
Tf-R on the cell surface as well as in the cytoplasm. How- 
ever, nanometer-level analysis of these movements was not 
performed. 

Approximately 80% of both receptor molecules showed 
confined-diffusion-type movements. Quantitative analysis of 
the trajectories indicated that (a) the plasma membrane is 
compartmentalized into many small domains of =0.25/~m 2 
with regard to diffusion of these receptors in the membrane, 
(b) the receptor molecules move from one domain to an adja- 
cent domain an average of once every 29 s, (c) within a do- 
main, the receptor molecules undergo rapid lateral diffusion 
that is indicative of free diffusion within a compartment 
(=10 -9 cmVs), (d) the rate of long-range diffusion of these 
receptors is determined by the size of the compartment and 
the frequency of jumps between compartments, and (e) par- 
tial destruction of the microfilaments or microtubules dra- 
matically changes the motional modes of these receptors, 
with the destruction of microfilaments having the greater 
effect. 

Materials and Methods 

Conjugation of Tf and ~zM to Gold Particles 
Gold particles of 20 and 40 nm in diameter were prepared a s  described pre- 
viously (De Mey, 1983; Leunissen and De Mey, 1986; Kusumi et al., 
1993). A suspension of gold particles (5 ml) was centrifuged at 8,000 g for 
30 rain and the loose pellet was resuspended in 2 ml of 2 mM citrate- 
phosphate buffer (pH 7.0), and then mixed with either 50 ~1 of 25 mg/mi 
bovine holo Tf (Wako, Tokyo) or 0.5 mi of 5 mg/mi bovine c¢2-macro- 
globulin (a2M, Boehringer, Indianapolis, Indiana) in citrate-phosphate 
buffer. After incubation on ice for 1 h, 200/zl of 10% BSA was added to 
the suspension and the mixture was further incubated for 1 h. The suspen- 
sion was centrifuged at 8,000 g for 30 rain and the pellet was resuspended 
by sonication for 10 s in 2 ml of HBSS buffered with 10 mM Hepes (pH 
7.4) containing 1% BSA (HBSS-BSA). The excess ligands were removed by 
repeating centrifugation and resuspension in HBSS-BSA five times. The 
centrifugation period was prolonged to 70 min for 20-nm gold particles. 
¢2M on the gold particles was activated by incubation with 0.5 mi of 1 M 
methylamine for 1 h (Ashcom et al., 1990). The conjugates were sterilized 
by filtration with 0.22 #m filters and stored at 4°C. 

Cell Cultures and Gold Labeling 
A NICK flbroblast cell line was routinely cultured in a minimum essential 
medium supplemented with nonessential amino acids and 10% FBS. Cells 
used for microscopic observation were cultured on 18 mm × 18 mm cover- 
slips (No. 1) for 2 d after plating. The cells on a coverslip were washed with 
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ice-cold HBSS twice, cooled on ice for 10 min, and then incubated with 
a 60-#1 suspension of ~-l.5-nM gold particles conjugated with the receptor 
iigands on ice for 45 min. Preparations for microscopy were made by invert- 
ing the coverslip with the cells and the gold suspension on a microscope 
slide glass using strips of adhesive tape (=0.15-mm thick) as spacers. Mi- 
croscopic observation was made in the presence of excess amounts of gold 
particles in the medium (no washing was performed). The medium was per- 
fused by hand every 10 min. For observation of receptor movements for ~6 
rain, the cells on the cover glass were completely sealed to prevent water 
evaporation. 

Specificity of the binding of the colloidal gold particles to the receptor 
molecules was examined by incubating the cells at 4°C with =l.5-nM gold 
particles in the presence of a 100-fold excess amount of the free ligands 
(both were added simultaneously). The cells were then fixed and examined 
by video-enhanced microscopy. As another control, binding of gold parti- 
cles that were coated only with BSA to the cells was examined. 

Drug Treatments 
Cells were preincubated with the culture medium containing 1 #M of 
cytochalasin D (Sigma Chem. Co., St. Louis, MO) or 2 #M of vinhlastin 
(Sigma) for 2 h before incubation with the gold particle suspension. The 
observation was carried out in the presence of the same concentration of 
the drugs. 

Video Microscopy 

Video-enhanced differential interference contrast microscopy was used to 
observe cells and the movements of gold particles attached to the receptor 
molecules in the plasma membrane of living cells (Kusumi et al., 1993). 
A Zeiss Axioplan microscope was equipped with an oil-immersion con- 
denser lens (NA = 1.4) and an oil-immersion Plan-Neoflnar objective (63x, 
NA = 1.4 or 100×, NA = 1.3). The temperature of the sample was main- 
tained at 37 + I°C by covering the microscope with a specially designed 
plastic chamber and controlling the temperature with a Nikon temperature 
controller (model NP-2). Illumination was provided through an optical fiber 
(Technical Video, Woodshole, MA) using the green line (wavelength = 546 
nm) of a 100-W mercury arc lamp (HBOI00). The image was projected 
through two intermediate lenses (total magnification of 3.2-4x) on a 
Hamamatsu CCD camera (C24(RL77, Ha~amatsu, Iapan). Real-time mot- 
tle subtraction and contrast enhancement were achieved by a Hamamatsu 
DVS-3000 image processor and the processed image was recorded on a 
Panasonic TQ-3100F laser disk recorder. FOr short-term observations, 500 
video frames ( = 16.7 s) were recorded in a sequence. FOr long-term obser- 
vations, time-lapse recording of every 333 ms was carded out for ~6 rain. 

Quantitative Measurements of the Movements 
of Colloidal Gold Particles 
Positions (x and y coordinates) of the selected gold particles were deter- 
mined automatically by a computer program that employs the method devel- 
oped by Gelles et al. (1988). The video images were digitized with a DVS- 
3000 and the selected area of the image was sent to a computer (via IEEE 
488, an IBM-PC compatible Inte1486 machine). The accuracy of the posi- 
tion measurement was estimated by recording a sequence of 150 video 
frames of the images of a 40-rim gold particle fixed on a polylysine-coated 
coverslip and impregnated in 10% polyacrylamide gel. The standard devia- 
tion of the coordinates of the fixed particles was 1.8 nm horizontally and 
1.4 nm vertically, which is comparable to the published values (Gelles et 
al., 1988; Schnapp et al., 1988). The nominal diffusion coefficient of the 
fixed particle was 3.2 x 10 -t3 cm2/s, which, therefore, is the lower limit 
for determination of the diffusion coefficiem with the present setting. 

Calculation of the Mean-Square Displacement from 
the Trajectories of Gold Particles 
For each trajectory of a particle, the mean-square displacement (MSD), 
<(AKAt))2>, for every time interval (Eq. 1) was calculated according to 
the formula (Gross and Webb, 1988; Lee et al., 1991; Qian et al., 1991; 
Kusumi et al., 1993): 

MSD(ntt) 
N-l -a  

= l / (N- l -n) I : / [x ( j t t+n /~ t ) -x( j /~ t ) ]  2 + [y(jtt+n~t)-y(j/~t)]2)}, (1) 
j s l  

where 6t is the video frame time (33 ms) and (x(j/it + n t t ) ,  y(j/~t + n~t)) 
describes the particle position following a time interval Atn = n t t  after 
starting at position (x(jtt), y(jtt)), N is the total number of frames in the 
video recording sequence, n and j are positive integers, and n determines 
the time increment. 

Results 

Labeling of ct2M-R and Tf-R with Colloidal Gold 
Particles on the Cell Surface 
NRK cells were incubated with a suspension of 1.5 nM gold 
particles conjugated with transferrin (Tf, 40-rim gold parti- 
cles) or a2-macroglobulin (a2M, 20-nm gold particles) at 
4°C for labeling of Tf-R or ct2M-R, respectively, on the cell 
surface. The cells were observed at 37 + 1°C in the presence 
of 1.5-nM gold particles by video-enhanced differential in- 
terference contrast microscopy. Gold particles were continu- 
ally attached to the membrane surface, and then internalized 
by endocytosis. The steady-state number of gold particles lo- 
cated on the cell surface under these conditions was approxi- 
mately 100/cell (Fig. 1 a). These particles were scattered 
over the entire cell surface. This binding was inhibited (to 

Figure 1. Video-enhanced  differential in terference contras t  images 
of  colloidal-gold labeled N R K  cells. The  cells were incubated wi th  
1.5 n M  I f -coa ted  colloidal  gold part icles in the absence  (a) and 
presence (b) of 5 mg/ml Tf on ice for 3 h. The cells were then 
washed with HBSS and fixed with 2 % paraformaldehyde on ice for 
10 min.  The  ba r  indicates 10 #m.  
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only several particles/cell) by incubation with the gold parti- 
cles in the presence of a 100-fold excess amount of the free 
ligands (which was premixed with the gold particles before 
addition to cells) at 4°C at which internalization of receptors 
does not take place (Fig. 1 b). This result suggests that these 
gold particles behave as individual ligand molecules 
(Mecham et al., 1991). Gold particles that had been coated 
only with BSA did not bind to the cells (a few particles/cell). 

Clathrin-coated structures (coated lattices + coated pits, 
Miller et al., 1991) occupy =2% of the membrane area in 
NRK cells, as determined by electron microscopy and by in- 
direct immunofluorescence staining using anti-clathrin anti- 
bodies (data not shown). Electron microscopy according to 
the method of Aggeler et al. (1983) and Miller et al. (1991) 
showed that =5 % of the gold particles that are attached to 
Tf-R are located in coated structures in the steady state (data 
not shown, Takeuchi et al., 1992). However, during observa- 
tion by video-enhanced microscopy, we were unable to tell 
which particles were actually in the coated structures. Since 
many endosomes containing Tf-gold and a2M-gold particles 
were observed inside the cells, which agrees with the obser- 
vation by De Brabander et al. (1986), we do not think the 
gold particles that are attached to the receptors inhibit the 
receptors' entry into the coated pits. 

The movements of the attached gold particles on the sur- 
faces of living cells were investigated. The position of each 

particle was determined frame by frame using the method 
developed by Schnapp et al. (1988). The spatial precision for 
determining the horizontal and vertical coordinates was 1.8 
and 1.4 rim, respectively, for 40-nm gold particles fixed on 
a coverslip. 

Long-Range Diffusion of Receptor Molecules in the 
Plasma Membrane: Compartmentalized Structure of 
the Plasma Membrane 

Long-term movements of receptor molecules were observed 
by time-lapse recording for =6 rain at a rate of 3 video 
frames/s (Fig. 2). Particles that stayed on the cell surface 
throughout the observation period were used for analysis. 
Typical trajectories of the movements of gold particles at- 
tached to Tf-R and o~2M-R are shown in Fig. 2 (A and B). 
The trajectories suggest that diffusion of these receptors are 
not simple Brownian. Qualitatively, the receptors diffuse 
rapidly within a confined domain, which we call a "mem- 
brane compartment" or a "membrane domain; of =0.5 #m 
(diameter). The receptors occasionally move out of the do- 
main into one of the adjacent domains and undergo rapid 
diffusion within the new domain. Long-range diffusion of 
receptor molecules appears to occur by successive jumps 
from one domain to adjacent domains. 

In Fig. 2, the membrane compartments were qualitatively 

Figure 2. Typical long-term trajectories (=6 
rain) of Tf-R in the plasma membrane of the 
NRK cells. Observation was made using time- 
lapse video recordings (A, B; 3 video frames/s, 
1,000 frames). The x and y coordinates of the 
particle were determined in each video image, 
and the successive coordinates are connected 
by straight lines. By following the trajectories 
closely by eye, plausible compartments (do- 
mains) were found, and are shown in different 
colors. The particles move in the following 
colored domains: blue - green - orange - ma- 
genta - red - brown - and back to blue to start 
the next round. Tf-R molecule is (B) often 
returned to compartments that it had passed 
through previously, i.e., blue and brown, green 
and red, orange and a second blue. Although 
examination of this nature is qualitative, it sug- 
gests approaches to quantitative analysis. Since 
these time-lapse recordings have sparse points, 
short-term trajectories were recorded at the 
normal video rate, which indicate similar do- 
mains (C and D, =20 s). The bar indicates 500 
r a n .  

Many trajectories of particles undergoing 
simple Brownian diffusion, at first sight, may 
look similar to these trajectories. For example, 
see Fig. 1.4 in "Random Walks in Biology" by 
Berg (1983), which shows a trajectory gener- 
ated by computer simulation. Rigorous distinc- 
tion has to wait for statistical examination, as 
is shown later (Kusumi et al., 1993). However, 
distinction between the tendency of Brownian 
particles to stay in the same place (and to move 

to the next dwell position) and the trajectories shown here is quite clear even by eye examination. The characteristics of these trajectories 
which distinguish themselves from simple Brownian cases are (1) the adjacent domains are always closely apposed to each other, and (2) 
the ratio of the domain size versus the step size is considerably smaller than that in simple Brownian trajectories. 
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determined by following each trajectory very closely by eye, 
and each plausible compartment is shown in a different color. 
The particles occasionally returned to a compartment that 
they had passed through previously via several other com- 
partments. For example, see the trajectory B in Fig. 2. These 
results suggest that each compartment may be stable for 
more than a few minutes. Since these are time-lapse record- 
ings, the points may look too sparse. In Fig. 2, trajectories 
for shorter periods but recorded at the normal video rate are 
also shown (trajectories C and D). These trajectories also 
suggest confined diffusion and intercompartmental hop 
diffusion. 

Since these trajectories cannot by themselves speak to 
confined diffusion, rigorous statistical examination is re- 
quired, which is given later in this report. (Such movement 
is statistically possible for particles undergoing Brownian 
motion. However, qualitatively, since these trajectories are 
typical for almost all long-term trajectories of Tf-R and 
o~2M-R, it is unlikely that they are all explained by the simple 
Brownian diffusion.) The major reason that we are showing 
these trajectories in the early part of this paper is to give the 
readers a good idea on the subject matter. In addition, al- 
though these trajectories by themselves do not prove hop 
diffusion of receptors between membrane compartments, the 
other side of the logic is that if the model for hop diffusion 
in the compartmentalized membrane is correct (Fig. 7), the 
trajectories must look like the ones shown in Fig. 2. 

Based on such eye examination of the trajectories, approx- 
imate center-to-center distances between adjacent compart- 
ments (l.~c) and the residence time in each compartment 
(rLr where LT indicates long-term observation) were esti- 
mated. The distributions of Lc¢(LT) and rLr are shown in 
the histograms in Fig. 3, respectively. Short-term trajecto- 
ries such as those shown in Fig. 2 (C and D) can also be used 
in the estimation of I_~ (I_~(ST), where ST indicates short- 
term observation, (Table I). The mean values of L~ ob- 
tained from both long-term and short-term trajectories are 
550 nm and 400 nm for Tf-R and c~2M-R, respectively (Ta- 
ble I). The average values of rLr are 36 s and 27 s for Tf-R 
and ot2M-R, respectively. (The frequency of jump from one 
compartment to an adjacent compartment is the inverse of 
the residence time in each compartment.) These results sug- 
gest that the long-range diffusion of membrane receptors in 
the plasma membrane, such as that observed by FPR, takes 
place via intercompartmental receptor movements. In fact, 
if the receptors are strictly confined to the compartments, 

Figure 3. Histograms showing the distribution of I.~ (a: center-to- 
center distances between adjacent compartments, a measure of the 
compartment size) and rLT (b: residence time within a compart- 
ment) as estimated from the long-term trajectories. The arrows in- 
dicate the median values. 

then receptor molecules cannot assemble into coated pits. 
We would like to caution the readers again that these dwell 
times (rLr and rsr) and domain sizes (Lc) are determined 
subjectively. However, in the discussion related to Fig. 6 and 
Table IV (L~c and L)  and Fig. 8 (r's; in addition, re.,, in Ta- 
ble I is thoroughly explained), we will come back to this 
point and show that these estimates match well with the data 
obtained by quantitative and statistical analyses of receptor 
trajectories. 

None of the trajectories for =6 min indicated any sign of 
directed diffusion (toward the coated pits). This result sug- 
gests that the assembly of receptors occurs by random 
diffusion and entrapment at the coated pit or cooperative for- 
mation of the pit via interaction with adaptor complexes and 
clathrin, and not by lipid flow or by transport by the cyto- 
skeleton. 

The long-term trajectories shown here may be interpreted 
as the movement of diffusing receptors within connected 

Table L Center-to-Center Distances (L~) between Two Adjacent Compartments and the Residence Time (r) of the 
Receptors in a Single Compartment Estimated in Various Ways 

Receptors L~c (LT) L~ (ST) L,, (mean) rLr rST r (mean) r~, 

nm nm nm s s s s 

Tf-R 660 + 310 (58) 350 + 170 (31) 550 + 310 (89) 36 + 29 (77) 27 (29) 34 (106) 15 
a 2 M - R  340 + 250 (46) 460 + 280 (37) 400 + 270 (83) 27 + 22 (62) 16 (37) 23 (99) 23 

L~(LT), I-~(ST), and I.~(mean) indicate the center-to-center distances of the domains estimated from long-term and short-term trajectories, and their weighted 
average, respectively. The data are shown as the mean + SD, and SD includes both experimental error and the true distribution, rLr is estima~l from the long- 
term trajectories by simple eye examination, rsr is the total observation time for short-term trajectories divided by the total number of jumps observed during 
this time + 1. r (mean) is the weighted average of rLT and rsr. r ~  is estimated from the macroscopic diffusion coefficient (Table I11 and Fig. 8) and the confined 
area size (Table IV). See the text that comments on Fig. 8 for details. Numbers in parentheses for l.~'s indicate the total number of observed intercompartmental 
jumps during this study, those for rLr's indicate the total number of observed compartments, and those for rsr'S indicate the total number of observed inter- 
compartmental jumps during the total observation time of short-term trajectories. 
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lipid-rich domains in the plasma membrane, which is 
crowded with membrane proteins. However, we do not think 
this likely because the adjacent compartments are often 
found to be closely apposed to each other (i.e., lying side 
by side with a fairly clear boundary line in-between them, 
Fig. 2, C and D). 

Quantitative Analysis of Receptor Movement 
Quantitative characterization of the receptor movements was 
carried out by analyzing the trajectories for 500 video 
frames (16.7 s) with a time resolution of 33 ms (video frame 
time). Since the residence time of each receptor molecule 
within a domain is --30 s (Table I), the trajectories during 
a 16.7-s period are likely to reflect movement within 1-3 
compartments (mostly 1 compartment). The trajectories of 
most particles in this time range are characterized by rapid, 
random movement within small regions (Fig. 2, C and D). 
Even during this short period of time, some particles move 
out of the original region and into adjacent regions. Directed 
transport-like motion was rarely observed (1 out of 72 and 
70 particles for Tf-R and ot2M-R, respectively). 

Quantitative analysis of the x and y particle positions with 
time was carded out to obtain more information about the 
movements of receptors and their control mechanisms. Plot- 
ting the mean-square displacement of the particle as a func- 
tion of the time interval (At), 

MSD(At) = <(x(t) - xo) ~ + (y(t) - y0)2> (2) 

yields simple and informative representation of data (Fig. 4, 
Sheetz et al., 1989; Lee et al., 1991; Zhang et al., 1991; De 
Brabander et al., 1991; Qian et al., 1991; Kusumi et al., 
1993). (x(t), y(t)) and (xo, y0) are the positions of the parti- 
cle at measurements separated by a time interval At and 
< . . .  > indicates an average over one trajectory. In 
general, a sequence of 90 averaged steps (i.e., averaged 
movements for At = 3 s) was produced from a sequence of 
500 video frames. 

Three modes of receptor motion can be distinguished from 
the MSD-At plot: (1) simple Brownian diffusion mode, (2) 
confined diffusion mode, and (3) directed diffusion mode. 

0.5 1 -: '-" ":::"~x 

o ; 
:~ Time (s) 

Figure 4. MSD-At plots for diffusing particles. (a) Theoretical 
curves for simple Brownian diffusion (1), directed diffusion (2), and 
confined diffusion (3) are shown for one-dimensional diffusion (x 
direction). The graphs are drawn assuming that D's are identical for 
all cases (the slope at time 0 is 2D~). (b-c) Typical MSD-At plots 
for simple diffusion (b; D = 0.68 × 10 -~1 cm2/s) and confined 
diffusion (c; D = 6.74 x 10-" cm2/s, Lx = 237 nm, ~ = 267 
nm). X, Y, and R indicate diffusion in x and y directions and in 
a two-dimensional plane, respectively. 

The characteristics of these diffusion modes and the essence 
of theory are summarized below (see Kusumi et al., 1993, 
for details). 

(1) Simple Brownian diffusion mode. The MSD-At plot 
(Fig. 4:a-1 and b) is linear with a slope of 4D (2Dx and 
2Dy for x and y directions, respectively), and can be ex- 
pressed as: 

MSD,(At) = 2D,At, MSDy(At) = 2DyAt (3) 
MSD(At) = 4DAt (4) 
4D = 2D, + 2Dy (5) 

where D is the 2-dimensional diffusion coefficient, and Dx 
and Dy are 1-dimensional diffusion coefficients for x and y 
directions, respectively (see curve I in Fig. 4 a). A typical 
MSD-At plot for simple Brownian case is shown in Fig. 4 b: 

(2) Confined diffusion mode, in which a receptor molecule 
undergoes Brownian diffusion within a limited area and can- 
not move out of the area during the time interval (0 < x 
L,, 0 < y < ~ ) .  Intuitively, this mode can occur when a 
receptor molecule is trapped within a membrane domain that 
is enclosed by the cytoskeleton/membrane skeleton (mem- 
brane skeleton fence model), or when a receptor molecule 
is tethered to a loose cytoskeleton (without any restoring 
potential, i.e., the spring constant is 0) that can be extended 
up to a length of = ( L  2 + I~2) "2. (By "loose cytoskeleton; 
we mean flexible parts of the cytoskeleton, such as an end 
portion of a thin actin fiber which is not involved in actin 
bundles or actin meshwork.) The short-term trajectories 
used for quantitative analysis cannot differentiate between 
these two models. However, the observation of long-term 
diffusion shown in Fig. 2 indicates that the former model is 
correct. 

The mathematical expression of MSD-At plot is given in 
Kusumi et al. (1993). The slope of the curve at time 0 is again 
2D~ and 2Dy and the diffusion coefficient reflects that 
within a compartment (Fig. 4, a3). The curve asymptotically 
approaches L~2/6 and Lr2/6 in the x and y directions, 
respectively 

(3) Directed diffusion mode (transport mode), in which a 
protein molecule moves in a direction at a constant drift ve- 
locity v, (Vy), with superimposed random diffusion with a 
diffusion coefficient Dx (Dy). The MSD-At plot is parabolic 
with a differential coefficient of 4D at time 0 (initial slope, 
see curve 2 in Fig. 4 a). Tf-R and c~2M-R did not show this 
mode in NRK cells in the intact state (i.e., before treatments 
with cytochalasin D or vinblastin). 

The diffusion coefficients, transport velocity, and/or the 
confined area were obtained by curve fitting of the MSD-At 
plots using the equations described in Kusumi et al. (1993). 
Fitting was carried out by least squares analysis using the 
Gauss-Newton procedure. 

The diffusion coefficients D determined by SPT reflect 
those at the nanometer level. Since it is proportional to the 
slope (differential coefficient) at At = 0 in the MSD-At plot, 
it can be determined independently of the motional modes 
(Fig. 4 a). In contrast, the diffusion coefficients determined 
by FPR reflect macroscopic diffusion in the membrane at 
scales larger than a micrometer. Since the latter coefficients 
are influenced by both the viscosity properties of the mem- 
brane at the nanometer level and the membrane structures 
at the micrometer level, they cannot differentiate between 
these two effects. Thus, the diffusion coefficient obtained by 
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Figure 5. Histograms showing 
relationship between the num- 
ber of particles and RD(N, 
90). N values employed were 
500, 300, and 200 and At = 
3 s, i.e., 90 steps. RDmm(N, 
90) and RD~(N, 90), as de- 
termined from the distribution 
of RD(N, n) for simulated 
Brownian particles (Sim: top 
row), are shown by vertical 
broken lines. The total num- 
ber of simulated particles was 
1,000, 1,500, and 2,000 for N 
= 500, 300, and 200, respec- 
tively. The experimental data 
are shown in the middle (Tf-R) 
and bottom (c~2M-R) figures. 
Note that the distributions for 
experimental particles are com- 
pletely different from that for 
simulated particles, for which 
simple Brownian diffusion was 
assumed. 

SPT is referred to as "microscopic diffusion coefficient" in 
this paper to distinguish it from that determined by FPR. 

Classification of  the Motional Modes 

Classification of each trajectory into one of the three modes 
of motion described above was carried out by the method we 
developed previously (see Materials and Methods and 
Kusumi et al., 1993 for details). The parameter that was 
used to describe relative deviations from ideal Brownian 
diffusion, RD, was defined as MSD(At)/4DAt, and the theo- 
retical distribution of RD for free Brownian diffusion was 
obtained by performing a computer simulation of the move- 
ments of Brownian particles. A duration of 3 s (90 video 
steps) was used as the time interval (At) (Kusumi et al., 
1993). Fig. 5 (top row, Sim) shows a histogram of the num- 
ber of simulated Brownian particles versus RD. In the case 
of simple diffusion, the average RD should be =1. For the 
confined and directed diffusion modes, RD should be 
smaller and larger than 1, respectively. 

RD values that give 2.5 percent of the particles from both 
ends of the distribution, referred to as RDmm and RDm~, 
were determined, and are shown by vertical broken lines in 
Fig.5. When the trajectory of an experimental particle 
showed an RD value larger than R D ~  or smaller than 
RDrm, it was classified as having a directed or confined 
diffusion mode, respectively. 

It should be noted here that the present method of 
classification is based on the exclusion of the hypothesis of 
simple diffusion. Therefore, the number of particles exhibit- 
ing the simple diffusion mode is overestimated. The limiting 
area size and transport velocity that are detectable and 
sufficient for classification into the confined or directed 
diffusion modes, respectively, depend on the microscopic 

diffusion coefficient. The pertinent relationships are summa- 
rized in Kusumi et al. (1993). 

Similar histograms for experimental particles attached to 
Tf-R and ot2M-R are shown in Fig. 5 (middle and bottom 
rows, respectively). To examine the dependence of the MSD- 
At plot on the total number of frames in a video recording 
sequence (N) (since the probability of intercompartmental 
jump increases with N), N was varied (500, 300, and 200 
steps; with At = 3 s, i.e., n = 90 steps, see Eq. 1 in 
Materials and Methods section). The data obtained from 72 
and 70 trajectories of Tf-R and ~2M-R, respectively, are 
shown. The shapes of the histograms for experimental parti- 
cles are quite different from those for simulated Brownian 
particles, and the peaks are shifted toward smaller RD 
values, which indicates that most experimental particles are 
undergoing confined diffusion. 

Table II shows the fraction of Tf-R and c~2M-R in each mo- 
tional mode. Approximately 85% of Tf-R and 75% of 
a2M-R show the confined diffusion mode. Almost no direc- 
tional movements were observed, indicating the absence of 
bulk membrane flow or transport of these receptor mole- 

Table IL Motional Modes (%) for Tf-R and c¢2M-R in 
NRK Cells 

Receptors Simple diffusion Confined diffusion Directed diffusion 

% % % 

Tf-R 13 86 1 
tx2M-R 24 75 1 

Classification is based on a statistical test that a given trajectory has less than 
a 2.5% probability of having the simple Brownian diffusion mode. 
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Table IlL Microscopic and Macroscopic Diffusion Coefficients for Tf-R and u2M-R (x lO -1° cmZ/s + SD) 
Determined by SPT 

Receptors Microscopic D* (x 10 -m cm2/s) Macroscopic D* (x 10 -I° cm2/s) 

Simple diffusion Confined diffusion Directed diffusion Jump+ sizet MSD-Atll 
(+  simple diffusion§) 

Tf-R 1.1 + 0.90 (9) 7.0 + 7.9 (62) 0.40 (I) 0.14 (0.27) 0.32 
t~2M-R 2.0 + 2.13 (17) 9.1 + 10.7 (52) 0.59 (1) 0.34 (0.75) 0.34 

The numbers in parentheses for the microscopic D indicate the number of gold particles observed. SD includes both experimental error and the true distribution 
of the diffusion coefficient. 
* "D" indicates diffusion coefficient in this table. 
:~§11 The macroscopic diffusion coefficient determined $from the intercompartmental jump rate and the size of the compartment (and averaged with the simple 
diffusion mode with the weight determined from the mode classification§) and Ilthat from the average MSD-At plot in Fig. 8. See the subsection "Macroscopic 
Diffusion of Receptors in the Plasma Membrane" for details. 

a 
Tf-R 

~4 .9x l  0 1° 

~0 particle L 
13 ~-L ~-  L~, 
....... ,Vrn r~.Oxl0" 

I I == I I 
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Microscopic Diffusion Coefficient 

~2M-R  

rl'~ r'n I ' l l  

I I 
10-1210-11 10-1o i0-++ 

1 ~ 1 0  +° 
- - I  I I 

10 .8 
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Figure 6. Histograms showing 
the number of particles vs the 
microscopic diffusion coeffi- 
cient (a) and the compartment 
size (b and c). (a) Microscopic 
diffusion coefficient is shown 
for each diffusion mode: open, 
confined diffusion; stripes, 
simple diffusion; hatched, di- 
rected diffusion. (b and c) The 
distribution of the compart- 
ment size determined from the 
confined diffusion mode: 
(b: the diagonal distance = 
(L~ 2 + Ly2) v2) and the domain 
size (c: LxLy in #m2). The ar- 
rows indicate the median value 
for each distribution. 
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cules by the cytoskeleton. These results agree with those 
from the long-term observation of particles shown in Fig. 2. 

Microscopic Diffusion Coe~cients 

Table HI summarizes the mean values for microscopic 
diffusion coefficients for the three diffusion modes. Fig. 6 a 
shows histograms of the microscopic diffusion coefficient for 
each receptor in each motional mode. The general tendency 
is that D for the confined diffusion mode is larger than D for 
the simple diffusion mode. The histograms of D for confined 
diffusion appear to consist of two components. This distinc- 
tion is clearest in the case of Tf-R: D for the slow component 
is similar to that for the simple diffusion mode, while that 
for the fast component is larger than =10 -l° cm2/s. If we ap- 
ply this classification, then the average D's are 4.8 (5:2.7) x 
10 -11 cmVs for the slow component (28%) and 8.2 (5:8.0) 
x 10 -1° cmVs for the fast component (72%) for the Tf-R 
(averaged over all modes). This distinction is less clear for 
ct2M-R. 

The slow component may be due to the binding to cyto- 
skeleton, coated structures, or to other proteins that are un- 
dergoing slow diffusion. Further discussion on this point will 
be given later. 

Previously, we found that the microscopic diffusion 
coefficient for Tf-R in the plasma membrane of the mouse 
keratinocyte cell line (F7p) is 4-8 x 10 -11 cmVs on aver- 
age, substantially smaller than those found in NRK cells in 
the present study (Kusumi et al., 1993). We examined sev- 
eral other cell lines including CHO cells, chick embryonic 
fibroblastic cells, and mouse fibroblastic L cells. D's ob- 
tained ranged between 10 -9 and 10 -1° cm:/s (unpublished 
observations). The reason for this large cell-dependent varia- 
tion has not been clarified. Factors such as variation in the 
amount of trapped Tf-R in the clathrin-coated structures, lo- 
cal mobilities, and the extent of crowdedness in the mem- 
brane, and binding to loose cytoskeletal filaments that can 
be dragged in long distances are being considered. 

Motional Characteristics of the Confined 
Diffusion Mode 
Most (=80%) of Tf-R and ot2M-R in the plasma membrane 
of NRK cells undergo confined diffusion. The size for the 
confining compartment in each case was obtained by fitting 
the curves in the MSD-At plot using Eqs. 11-13 in Kusumi 
et al. (1993). Histograms for the compartment sizes are 
shown in Fig. 6, b and c. Each compartment averaged over 
both Tf-R and ot2M-R has a mean diagonal length ( L  = 
[Lx 2 + L~2] 1/2) of 620 nm and a mean area (LLy) of 0.25 
/~m 2 (Table IV). The compartments are nearly isotropic in 
shape. These characteristics for the size and shape of the 
compartments are similar for both receptors, suggesting that 
the comparmaent reflects characteristics of the membrane 
rather than of individual receptor species. By definition Lr 
may be slightly larger than Lc, which is the center-to- 
center distance between adjacent domains estimated by eye 
examination (Table I; Lr = 1 - 1.4 X L~). Actually 530 
nm vs 550 nm for Tf-R and 730 nm vs 400 nm for ot2M-R 
were observed for L vs Lc (Tables I and IV), which indi- 
cates quite good agreement. 

The average residence time of receptor molecules within 
a compartment was obtained by dividing the total observa- 

Table IV. The Compartment Size (the Confined 
Area) as Estimated from the Short-Term Trajectories of 
Particles That Were Classified as Exhibiting the Confined 
Diffusion Mode 

Receptors L~ Area Anisotropy (R) n* 

nm p2'n 2 

Tf-R 530 + 330 0.19 + 0.28 1.4 5 :0 .3  52 
ot2M-R 730 5:360 0.31 5 :0 .30 1.4 5 :0 .5  45 
mean 620 0.25 1.4 97 

Lr = diagonal length = (L~ 2 + Ly2) 1/2 (rim). Area = L~Ly (/zm2). Shape 
anisotropy of the compartment (R) = Li / I .q(Li  > Lj). The data are shown as 
the mean + SD, and SD includes both experimental error and the true 
distribution, n is the number of particles. Lx and l.,y were obtained by curve 
fitting (Fig. 4). 
* n's in this table are smaller than those in Table III (62 and 52). While mode 
classification was carded out using a 2-dimensional diffusion model, ~ and 
Ly were obtained on the basis of 1-dimensional analysis, and they do not 
always converge for both x and y directions. This occurs when the shape of 
the compartment is extremely anisotropic, e.g., I.~ = 0.1/~m and Ly = 2 #m. 
In contrast, note that the microscopic D's can be determined for all particles 
from the initial slope in the MSD-At plot. 

tion time (the sum of the short-term observation times) by 
the total number of intercompartmental jumps (+1) that were 
detected in the short-term trajectories by eye examination 
(Zsr). rsr's for Tf-R and ot2M-R are 27 and 16 s, respec- 
tively (Table I). These numbers are comparable to those de- 
termined from the long-term observation of receptor 
diffusion, as shown in Fig. 2 (rLT'S for Tf-R and t~2M-R are 
36 and 27 s, respectively. See Table I and Fig. 3). 

The microscopic diffusion coefficients for Tf-R and 
t~2M-R molecules that exhibit the confined diffusion mode 
are =10 -9 cmVs (Fig. 6 a and Table III). The diffusion 
coefficients reflect those within compartments. These values 
are independent of the presence of the barriers because they 
are calculated from the initial slope near At = 0 in the MSD- 
At plot. 

These microscopic diffusion coefficients for Tf-R and 
ct2M-R molecules that are undergoing confined diffusion are 
thought to be similar to the diffusion coefficient for proteins 
undergoing free diffusion in lipid-protein membranes (per- 
colation diffusion in the presence of mobile obstacles, Sax- 
ton, 1987). The diffusion coefficient for rhodopsin in the rod 
outer segment disk membrane in the frog retina is =4 x 
10-9 cm2/s (Poo and Cone, 1974), which, to our knowl- 
edge, is the largest diffusion coefficient ever reported for 
transmembrane proteins in biological membranes. Rhodop- 
sin molecules are believed to diffuse freely in these mem- 
branes without interacting with the cytoskeleton. The 
protein-to-lipid ratio in the disk membrane is =1/60, which 
may explain the slower diffusion of rhodopsin in rod outer 
segment membranes than that expected for proteins recon- 
stituted in lipid-rich membranes (Peters and Cherry, 1982; 
Kusumi and Hyde, 1982). 

These results, together with those in Fig. 2 and Table I, 
suggest that long-range diffusion occurs by repeated inter- 
compartmental movements of receptor molecules. The slow 
diffusion coefficients observed for integral membrane pro- 
teins by FPR are mainly due to the time needed to cross the 
domain barriers and not due to slow diffusion at the nano- 
meter-level. Dependence of the diffusion rate on the size of 
the bleaching (and observation) area in FPR experiments 
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(Yechiel and Edidin, 1987; Edidin and Stroynowski, 1991) 
is consistent with this conclusion. Since most particles ex- 
hibit the confined diffusion mode, we propose that the ob- 
served compartmentalized structure is a basic feature of the 
plasma membrane. 

Characteristics of Movements in the Simple 
Diffusion Mode 
The microscopic diffusion coefficients for particles undergo- 
ing simple diffusion are generally smaller than those for par- 
ticles undergoing confined diffusion (by a factor, on average, 
of =6 for both receptor species studied here, Fig. 6 a, Table 
III). It is likely that the particles undergoing slow diffusion 
tend to have a lower probability of colliding with the domain 
boundaries during the observation period. Hence, their 
trajectories tend to be classified as simple diffusion. 

In the case of confined diffusion, an interplay among 
D, the time interval (At), and the size of the confined do- 
main (Lx~) should be noted. Due to the relationship <r2> 
= 4DAt, as the size of the domain increases, the domain is 
increasingly more difficult to detect for constant D and At. 
Since a particle with D = 10 -8 cmVs, = the maximum D 
value observed in this work, will cover an area of 10 #m 2 
during 3 s (90 steps), the present method can only detect 
membrane domains comparable to or smaller than 10 #m 2. 
As D decreases, the particles have less probability to "feel" 
the boundaries of the domain. For D = 10-H-10 -~° cmVs, 
the particles will cover an area of only 0.01-0.1 /zm 2 
(100-300 nm square) during 3 s (n = 90 steps). In addition, 
since the statistics we used here were designed to unequivo- 
cally identify the non-Brownian diffusion modes (at a risk 
factor of 2.5 %), most of the particles that show intermediate 
behavior between Brownian and non-Brownlan particles are 
classified as Brownian particles (Using this method, we were 
conservative in our classification of the confined diffusion 
mode, which is the major subject of this study). 

We propose (1) that the compartmentalized structure (pos- 
sibly due to the membrane-skeleton fence) is a basic feature 
of the plasma membrane, (2) that particles which are 
classified as exhibiting the simple diffusion mode, =20 % of 
all particles, are undergoing "apparently simple diffusion; 
and (3) that such particles are located in large compartments 
and/or have small microscopic diffusion coefficients. Parti- 
cles undergoing fast diffusion tend to collide with the 
membrane-skeleton fence more often, but those undergoing 
slower diffusion or which are located in larger compartments 
have less of a chance to "sense" the boundaries. Therefore, 
"simple diffusion" is simply an operational term in this ex- 
perimental approach, and the readers are cautioned to be 
careful about the semantics. 

Absence of the Stationary Mode for Tf-R and ~2M-R 
There has been no previous report on the mobility of recep- 
tors in clathrin-coated structures. However, it is believed that 
receptors within coated structures are tightly packed and im- 
mobile (Pearse and Crowther, 1987). Although we were un- 
able to determine which particles were actually in coated 
structures under the video optical microscope (=5 % of gold 
particles conjugated with Tfare localized in the coated struc- 
tures), one of the major characteristics of the histograms of 
the microscopic diffusion coefficient shown in Fig. 6 a is the 

absence of the stationary mode, as defined in our previous 
report (Kusumi et al., 1993). According to the previous 
method, particles with diffusion coefficients smaller than 3 
x 10 -12 cm2/s were classified as having the stationary 
mode. All of the particles examined in this study, except one, 
showed diffusion coefficients greater than 4.6 x 10 -~2 
cm2/s, and moved in an area larger than 0.01 #m 2 (in the 
case of confined diffusion), while the smallest diffusion 
coefficient that can be measured with our instrument is =4 
)< 10 -13 cm2/s. 

We raise a possibility that the receptors in coated struc- 
tures are still somewhat mobile, and merely show small D 
and/or confinement area. This may explain the two peaks in 
the histograms of the microscopic diffusion coefficient for 
the confined diffusion mode (particularly for TR in Fig. 6 a), 
i.e., the slow component may be due to entrapment in coated 
structures. (The possibility also exists that the plasma mem- 
brane, including the membrane skeleton and coated struc- 
tures, is undergoing large thermal fluctuation, which in- 
creases apparent diffusion coefficients for stationary 
receptors.) 

Macroscopic Diffusion of Receptors in the 
Plasma Membrane 
The data for short-term diffusion shown in Figs. 4 and 5 and 
Table IV indicate that, for a period of = 29 s (Table I), the 
receptor molecules are confined within a 0.25 t~m e domain 
and undergo rapid diffusion within the confined area. The 
long-term observations of trajectories shown in Fig. 2 and 
Table I indicate that long-range diffusion occurs by succes- 
sive movements of receptors from one compartment to an- 
other, as shown in the model in Fig. 7. In this model, the 
macroscopic diffusion coefficient is determined not by the 
microscopic diffusion coefficient, but by the frequency of in- 
tercompartmental jumps and the size of each compartment. 
Based on the average jump rate between compartments 

Figure 7. A model showing the compartmentalized structure of the 
plasma membrane. The plasma membrane is compartmentalized 
into many domains of 0.2-0.3 ~,m 2 for diffusion of both receptor 
molecules. The receptor molecules undergo almost free diffusion 
within a domain (slowed only by the presence of other membrane 
proteins), to which they are confined for an average of =29 s. The 
receptor molecules move from one compartment to one of the adja- 
cent domains at a frequency of =0.034 s -~ (2 min-~), on average, 
and the long-range diffusion of receptors is the result of successive 
intercompartmental movements. Therefore, the macroscopic 
diffusion rate is determined from the size of the compartment and 
the frequency of jumps between compartments, and gives the mac- 
roscopic D of = 2.4 × 10 -H cm2/s. 
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(=average inverse residence time in a compartment = 1/r 
(mean) = 0.0294 and 0.0435 s -~ for Tf-R and ot2M-R, 
respectively, from Table I; note that these numbers were de- 
termined by eye examination of trajectories and somewhat 
subjective) and the average compartment size (0.19 and 0.31 
#m 2 for Tf-R and ot2M-R, respectively, from Table IV), the 
macroscopic diffusion coefficients were estimated to be 1.4 
x 10-" cm2/s for Tf-R and 3.4 x 10-" cm2/s for ot2M-R 
(Table III). If we account for the presence of the simple 
diffusion mode, the overall macroscopic diffusion coeffi- 
cients are calculated to be 2.7 x 10 -u cmVs and 7.5 x 
10-" cmVs for Tf-R and ct2M-R, respectively (Table 111). 

The macroscopic diffusion coefficients can also be esti- 
mated from the long-term trajectories, such as those shown 
in Fig. 2. MSD's for long-term diffusion were calculated and 
averaged for 24 Tf-R and 16 o~2M-R molecules. The MSD's 
averaged over many independent trajectories (as opposed to 
averaging over a single trajectory as in Fig. 4) are plotted 
against time in Fig. 8. The most important characteristic in 
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Figure & The relationships ofMSD vs t obtained by ensemble aver- 
aging for movements of Tf-R and c~2M-R during 170 s. After aver- 
aging only =20 trajectories, all of the features of confined diffusion 
were lost, which indicates the importance of observing individual 
molecules. The square-displacements of 24 (a, Tf-R) and 16 (b, 
c~2M-R) independent trajectories were averaged rather than averag- 
ing over a single trajectory, as in Fig. 4 (Eq. 1). By fitting these 
data to a linear function, macroscopic diffusion coefficients of 3.2 
and 3.4 x 10 -~ cm2/s were obtained for Tf-R and c~2M-R, respec- 
tively (fitted for t = 10 - 167 s; see Table IIl). 

these plots is that MSD increases linearly with time (except 
near t = 0), which indicates simple Brownian diffusion. No 
sign of confined diffusion can be detected in these plots after 
averaging over only =20 molecules, i.e., the motional char- 
acteristics of the individual receptor molecules are com- 
pletely lost after averaging. This result clearly indicates the 
importance of observing the receptor movements at the level 
of single (or a small number of) molecules for studying the 
mechanism of receptor movements, assembly, and local- 
ization. 

The macroscopic diffusion coefficients evaluated from the 
slope of the MSD-time plots in Fig. 8 are 3.2 x 10 -u cm2/s 
and 3.4 x 10 -u cmVs for Tf-R and ot2M-R, respectively 
(Table 1/I). These values are close to the diffusion coeffi- 
cients determined from the frequency of intercompartmental 
jumps and the compartment size (see Table l/I). 

In the previous argument, the intercompartmental jump 
rate was determined somewhat subjectively. However, since 
we now have a good estimate of the macroscopic diffusion 
coefficients (as above, Table HI) and the domain size (Area 
in Table IV), which were determined independently and 
without using the subjective dwell time within a domain, we 
can evaluate the intercompartmental jump rate assuming a 
model shown in Fig. 7. The dwell time (r~c) within a com- 
partment determined in this way is 15 and 23 s for Tf-R and 
a2M-R, respectively (Table I), which agree reasonably well 
with rLr and Zsr. These results indicate consistency in vari- 
ous analysis methods used in the present study. 

We were unable to determine whether the diffusion co- 
efficients estimated here are consistent with those obtained 
by FPR, since FPR data are not available for these receptor 
molecules. Our attempt to measure FPR on these receptors 
was unsuccessful due to rapid internalization of these recep- 
tor molecules. The fluorescence signal from the internalized 
receptors prevented the measurement of lateral diffusion on 
the cell surface. Meanwhile, FPR data have been reported 
for a few other receptors involved in endocytosis. The 
diffusion coefficients for the mobile fraction of epidermal 
growth factor receptor (EGF-R) (Livneh et al., 1986) and 
asialoglycoprotein receptor (Heins et al., 1990) are 2.3 x 
10 -m cmVs with 49% immobile fraction and 10 -1° cm2/s 
with 40 % immobile fraction, respectively. These diffusion 
coefficients are 3-10 times larger than those obtained here. 
This difference may be due to the use of a large probe (20--40 
um@) in SPT. However, direct comparison of FPR data with 
the present data is somewhat difficult because of the presence 
of large fractions of immobile components in FPR results 
(which is not present in SPT results). Molecules with slow 
hopping rate between compartments or those confined 
longer in some of the compartments will be classified into 
the immobile fraction in FPR, while these types of mole- 
cules will be considered slowly diffusing in SPT display, 
which would greatly reduce the average diffusion coefficient 
in SPT measurements for macroscopic diffusion (Kusumi et 
al., 1993). In addition, the receptor species are different. 
Therefore, we refrain from further comparison and specula- 
tion in the present paper. 

The Effects of  Partial Destruction of the Cytoskeleton 
on Receptor Movements 

Actin filaments and microtubules were partially destroyed by 
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Table V. Motional Modes (%) of Tf-R and o~2M-R after Treatment with I #M Cytochalasin D or 2 ttM Vinblastin 

Receptors Treatment Simple diffusion Confined diffusion Directed diffusion 

Tf-R 

ct2M-R 

% % % 

Control 13 86 1 
Cytochalasin D 50 23 27 

Vinblastin 45 44 11 
Control 24 75 1 

Cytochalasin D 57 29 14 
Vinblastin 28 64 8 

Classification is based on a statistical test that a given trajectory has less than a 2.5% probability of being a simple Brownian diffusion case. 

Table VL The Average Microscopic Diffusion Coefficient (x  lO -1° cruZ/s) Tf-R and u2M-R after Treatment with I IzM 
Cytochalasin D or 2 #M Vinblastin 

Receptors Treatment Simple diffusion Confined diffusion Directed diffusion 

Tf-R 

ct2M-R 

(x 10 -1° cmVs) (xlO -w cme/s) (×10 -1° cm2/s) 

Control 1.1 4- 0.90 (9) 7.0 4- 7.9 (62) 0,40 (27) 
Cytochalasin D 0.13 4- 0.15 (51) 0.77 + 2,8 (23) 0.09 4- 0.08 (27) 

Vinblastin 0.76 4- 1.1 (34) 0.61 + 0.80 (33) 0,74 4- 1.1 (8) 
Control 2.0 4- 2.1 (17) 9.1 + 10.7 (52) 0.59 (1) 

Cytochalasin D 0.18 + 0.12 (56) 0.61 + 1.5 (29) 0.11 4- 0.06 (14) 
Vinblastin 1.4 + 3.2 (21) 1.7 + 2.4 (49) 0.04 (6) 

The numbers in the parentheses indicate the number of particles. SD includes both experimental error and the true distribution of the diffusion coefficient. 

treating cells with 1 #M cytochalasin D and 2 #M vinblastin, 
respectively. SPT indicated that treatment with cytochalasin 
D induced a large decrease in the confined diffusion mode 
and an increase in the simple diffusion mode, and generated 
a large fraction for the directed diffusion mode (27 and 14% 
for Tf-R and ot2M-R, respectively (Table V), although al- 
most none of the receptors displayed this mode before the 
treatment. Many cytoskeletal  filaments were still present af- 
ter the treatment.) Microscopic diffusion coefficients for the 

confined and simple diffusion modes decreased greatly (Fig. 
9 a and Table VI). Accordingly, the apparent domain size de- 
creased (since only smaller domains are detectable for parti- 
cles undergoing slower diffusion, Table VII and Fig. 9 b), 
and the fraction of particles that were classified operationally 
into the simple diffusion mode increased (Table V). Similar 
effects were observed after treatment with vinblastin, but the 
extent of the effect tended to be smaller. These results agree 
with the cytochalasin B-induced effect on polylysine-coated 

Figure 9. Histograms showing (a) the number of particles vs the microscopic diffusion coefficient and (b) the number of particles vs Lr 
(the diagonal length of the compartment) after treatment with 1 #M cytochalasin D or 2 #M vinblastin. Keys for (a): open, confined 
diffusion; stripes, simple diffusion; hatched, directed (transport type) diffusion. 
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Table VII. The Average Compartment Size (Lr and area) for TF-R and a2M-R after Treatment with 1 #M 
Cytochalasin D or 2 #M Vinblastin 

L, (#m) Area (#m:) 

Particles Treatment average median average median Anisotropy (R) 

Tf-R 

c~2M-R 

Control 0.53 -k 0,33 0.46 0.19 + 0.28 0.092 1.4 :t: 0.3 
Cytochalasin D 0.16 ± 0.15 0.14 0.02 ± 0.05 0.006 1.5 + 0.3 

Vinblastin 0.21 ± 0.13 0.16 0.03 + 0.04 0.012 1.7 + 0.7 
Control 0.73 ± 0.36 0.69 0.31 ± 0.30 0.210 1.4 ± 0.5 

Cytochalasin D 0.22 ± 0.16 0.21 0.04 ± 0.07 0.017 1.5 + 0.3 
Vinblastin 0.33 ± 0.24 0.28 0.07 + 0.10 0.029 1.8 + 0.8 

52 
15 
18 
45 
19 
31 

n = the number of particles. SD includes both experimental error and the true distribution. 

gold particles on PtK2 cell surfaces (De Brabander et al., 
1991). We speculate that when the collapse and aggregation 
of the cytoskeleton were induced, the receptor molecules 
were entrapped within the collapsed membrane skeleton. 

Discussion 

Movements of transferrin and ot2-macroglobulin receptor 
molecules in the plasma membrane of cultured NRK cells 
were investigated. For both receptor species, the movements 
of=80% of the receptor molecules are confined within com- 
partments of =0.25 #m 2 (500-700 nm in diagonal length). 
The movements inside the compartments are random with a 
diffusion coefficient =10 -9 cm2/s, which is consistent with 
that expected for free Brownian diffusion of proteins in the 
plasma membrane. The receptor molecules move from one 
compartment to an adjacent compartment at a frequency of 
0.034 s -~ (the average residence time in each compartment 
is =29 s). The macroscopic diffusion coefficients calculated 
on the basis of the domain size and the intercompartmental 
jump rate are =2.4 × 10 -H cm2/s, which is consistent with 
those determined by averaging the long-term movements of 
many particles. This view of the movements of membrane 
receptors agrees with the intuitive impression obtained from 
the long-term trajectories, such as those shown in Fig. 2. 
Since the quantitative analysis of short-term trajectories 
alone cannot differentiate between the "confinement in a 
cage" model and the "tethering with a rope" model, observa- 
tion of long-term trajectories was important. When a 
receptor-gold complex is captured with a laser optical 
tweezer and dragged back and forth in the plane of the mem- 
brane, the complex often escapes from the trap at the same 
place regardless of the direction of the movement (Sako, Y., 
and A. Kusumi, unpublished data). These results are readily 
explained by the membrane-skeleton fence model, but not by 
the tethering model. 

These results are also in accord with our previous observa- 
tion of movements of epidermal growth factor receptor, 
Tf-R, and E-cadherin in the dorsal (apical) plasma mem- 
brane of keratinocytes (F7p) in culture (Kusumi et al., 
1993). The average size of the domains in these cells is =400 
nm diagonally. 

In the present study with NRK cells, some particles 
(=20%) were shown to exhibit the simple Brownian dif- 
fusion mode, but the diffusion coefficient is smaller by a fac- 
tor of 6-10 as compared with those displaying the confined 
diffusion mode, which suggests that these particles do not ex- 

perience domain boundaries during the observation period 
because they do not collide with the boundaries due to the 
small diffusion rate within the domain. In this sense, the sim- 
ple diffusion mode as defined operationally here is simply a 
matter of semantics. It is concluded that compartmentaliza- 
tion into domains, such as that shown in the model in Fig. 7, 
is a basic feature of the plasma membrane. The long-range 
diffusion of receptors is the result of the successive intercom- 
partmental movements. 

We speculate that the compartment boundaries consist of 
a membrane-skeleton/cytoskeleton fence structure, which is 
present throughout the cytoplasmic surface of the plasma 
membrane, except in special functional domains such as 
coated pits and cell adhesion structures. In these functional 
domains, other underlying structures such as clathrin-coated 
structures and desmosomal plaques are present on the cyto- 
plasmic surface. 

Small fractions of both receptors showed slow micro- 
scopic diffusion coefficients smaller than 10 -1° cm2/s in both 
simple Brownian and confined diffusion modes. It is possible 
that these fractions represent the receptor molecules bound 
to the cytoskeleton/membrane-skeleton or to the coated 
structures. Further results on the slow component will be 
published elsewhere. 

The present data suggest involvement of the membrane 
skeleton in the control of protein organization and localiza- 
tion in the plasma membrane via compartmentalization of 
the plasma membrane. It would be necessary to rethink the 
mechanisms that control localization, oligomerization, and 
assembly of the plasma membrane proteins on the basis of 
the compartmentalized structure by the membrane skeleton. 
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