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ABSTRACT The lateral mobility of unliganded low density lipoprotein-receptor (LDL-R) on the 
surface of human fibroblasts has been investigated by studying the generation and relaxation 
of concentration differences induced by exposure of the cultured cells to steady electric fields. 
The topographic distribution of receptors was determined by fluorescence microscopy of cells 
labeled with the intensely fluorescent, biologically active LDL derivative dioctadecylindolcar- 
bocyanine LDL (diI(3)-LDL), or with native LDL and anti-LDL indirect immunofluorescence. 
Exposure of the LDL-receptor-internalization defective J. D. cells (GM2408A) to an electric 
field of 10 V/cm for 1 h at 22°C causes >80% of the cells to have an asymmetric distribution 
of LDL-R; receptors accumulate at the more negative pole of the cell. In contrast, only 20% 
of LDL-internalization normal GM3348 cells exposed to identical conditions have asymmetrical 
distributions. Phase micrographs taken during electric-field exposure rule out cell movement 
as the responsible mechanism for the effect. In both cell types, postfield labeling with the F- 
actin-specific fluorescent probe nitrobenzoxadiazole-phallacidin shows that no topographic 
alteration of the actin cytoskeleton accompanies the redistribution of cell surface LDL-Rs, and 
indirect immunofluorescence labeling of the coat protein clathrin shows that coated pits do 
not redistribute asymmetrically. Measurements of the postfield relaxation in the percentage 
of GM2408A cells showing an asymmetric distribution allow an estimate of the effective 
postfield diffusion coefficient of the unliganded LDL-R. At 37°C, D = 2.0 x 10 -9 cm2/s, 
decreasing to 1.1 x 10 -9 cm2/s at 22°C, and D = 3.5 x 10 -1° cm2/s at 10°C. These values are 
substantially larger than those measured by photobleaching methods for the LDL-R complexed 
with diI(3)-LDL on intact cells, but are comparable to those measured on membrane blebs, 
and are consistent with diffusion coefficients measured for other unliganded integral mem- 
brane receptor proteins by postfield-relaxation methods. 

The low density lipoprotein particle binds with high affinity 
to the cell surface low density l ipoprotein-receptor (LDL-R), '  

' Abbreviations used in this paper. %A, percentage of cells showing 
an asymmetric distribution; buffer A, a solution of 10 mM HEPES, 
pH 7.3; buffer B, a solution of 0.15 M NaCI, 2 mM MgC12, 10 mM 
NaPi, pH 7.3; diI(3)-LDL, intensely fluorescent, biologically active 
LDL derivative dioctadecylindolcarbocyanine LDL; FCS, fetal calf 
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and the resulting complex is internalized at coated regions of 
the plasma membrane (1-3). Internalization at coated pits 
also follows the cell surface receptor-mediated binding of  

serum; GM2408A, an LDL-R internalization-deficient human fibro- 
blast cell line, also known as J. D. cells; GM3348, a normal cell line 
of human fibroblasts; LDL-R, low density lipoprotein-receptor; LDL- 
RC, LDL receptor complex; NBD, nitrobenzoxadiazole; PBS+, phos- 
phate-buffered saline containing Ca 2÷ and Mg 2+. 
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other important plasma proteins such as insulin and epider- 
mal growth factor (4, 5). However, for a normal cell line of 
human fibroblasts (GM3348), the LDL-R is believed to be 
located in the coated regions before LDL binding (6, 7), 
undergoing continuous internalization and recycling, whereas 
in the case of insulin and EGF, binding to randomly dispersed 
receptors is followed by clustering at the coated region and 
subsequent internalization (8, 9). 

J. D. cells (GM2408A), a mutant human fibroblast cell line 
that does not internalize LDL by the normal sequence, have 
been characterized by Brown and Goldstein (10, 11). The 
LDL-R complexes are dispersed nearly randomly on 
GM2408A cells. In contrast, on GM3348 cells, they are 
concentrated at coated pits. Genetic and biochemical studies 
have suggested that the GM2408A lesion is caused by a single- 
point mutation that destroys the ability of the LDL-R to 
associate with a coated region of the membrane even though 
its affinity for LDL is unimpaired (7). 

The internalization lesion in GM2408A cells could also 
have been the result of the lateral immobilization of the LDR- 
R in the plasma membrane. However, using the technique of 
pattern fluorescence photobleaching recovery, recent mea- 
surements in our laboratory of the lateral mobility of the 
LDL-R-complex (LDL-RC) formed by binding dioctadecylin- 
dolcarbocyanine LDL (diI(3)-LDL) to the LDL-R have shown 
diffusion on the GM2408A cell surface with D = 2.5 x 10 -~t 
cm2/s at 22"C (12, 13). This diffusion coefficient is sufficient 
so that during the 5-min average lifetime of a coated pit, 
diffusive processes are fast enough for the complex to locate 
a coated region. Thus, the hypothesis that receptor immobi- 
lization causes the internalization deficiency of these cells is 
not tenable. 

Although this value of D for the LDL-RC on the GM2408A 
cell surface is sufficiently large so that receptor-coated pit 
interactions are not diffusion restricted, it also suggests that 
there is nevertheless a constraint on LDL-RC lateral mobility. 
Diffusion of large integral membrane proteins reconstituted 
into phospholipid model membranes show D - 10 -s cm2/s, 
about what is observed for lipid analogues in the same systems 
(see, for example references 14 and 15). Also, our recent 
measurements of enhanced diffusibility of identified receptors 
on the cell surface membrane that has been physically decou- 
pied from the cytoplasm by the formation of blebs (16, 17) 
demonstrate that large integral membrane proteins can diffuse 
in situ, provided they are unrestrained, at rates (D ~ 2-5 x 
l0 -9 cm2/s) only slightly slower than reconstituted proteins in 
pure lipid model systems. In particular, analysis of video 
recordings of Brownian motion of the LDL-RC on GM2408A 
blebs indicates much faster diffusion than on the normal cell 
surface, with D = 2.5 × 10 -9 cmE/s  (13). These diffusion 
experiments involving the LDL-R have measured the diffu- 
sibility of LDL-RC, the liganded form of the LDL-R, with 
the large, highly fluorescent, LDL particle complexed with 
the receptor. Due to the low surface density of the LDL-R 
and the lack of a direct, low molecular weight label of suffi- 
cient fluorescence intensity, we have turned to alternative 
techniques to study the cell surface mobility of the unliganded 
receptor. 

The photobleaching technique creates an asymmetric dis- 
tribution of diffusive species by a patterned destruction of 
chromophore, and the rate of recovery to a constant distri- 
bution under the induced concentration gradients provides a 
measure of the lateral diffusion coefficient (18, 19). An asym- 

metric distribution of diffusive species can also be induced by 
exposure ofceUs to a constant electric field. This redistribution 
of membrane components occurs by a process involving 
electrophoresis (20, 21) and/or electro-osmosis (22). Like 
photobleaching, the rate of the relaxation of the resulting 
concentration gradients of cell surface components provides 
a measure of the lateral diffusion coefficient (23). One impor- 
tant difference between photobleaching and electric field- 
induced redistribution experiments is that for the latter, dif- 
fusion can be occurring for the unlabeled species. Concentra- 
tion distributions can be determined at specific time points 
by fixation and subsequent labeling. 

In this paper, we present the results of electric field redistri- 
bution experiments on GM2408A and GM3348 fibroblasts 
that probe the association of the LDL-R with coated mem- 
branes and estimate the postfield lateral mobility of the LDL- 
R in the absence of LDL. 

MATERIALS AND METHODS 

Cells and Growth Conditions: GM3348 and GM2408A celllines, 
and GM2000, an LDL-binding-defective human fibroblastic cell line, were 
obtained from the Human Genetic Mutant Cell Repository (Camden, N J). 
Cells were grown in Ham's F-12 growth medium (Flow Laboratories, Inc,, 
McLean, VA) supplemented with 10% fetal calf serum (FCS; Gibco Labora- 
tories, Grand Island, NY), as described previously (24). For experiments, cells 
were plated onto 22 × 30-ram No. l glass coverslips, and upregulation of the 
number of LDL receptors per cell (25) was accomplished by removing the 
growth medium after 24-48 h, washing the cells once with Medium 199 (Gibco 
Laboratories), and adding Ham's F-12 growth medium supplemented with 
10% delipidated FCS, prepared as described (26). Cells were incubated in this 
delipidated growth medium 40-70 h before being used for experiments. 

DiI(3)-LDL: Preparation and Cell Labeling: LDL purification, 
reconstitution with dil(3), and tests o f  binding specificity were performed as 
described previously (24). For live cell labeling with diI(3)-LDL, all prefixation 
steps were done with cells and solutions maintained at 4°C. Cells were first 
washed twice in Medium 199 supplemented with 10 mM HEPES at pH 7.3 
(buffer A), followed by incubation for 15 min with buffer A containing 12 ug/ 
ml diI(3)-LDL. After three washes with phosphate-buffered saline containing 
Ca 2+ and Mg 2÷ (PBS+; Gibco Laboratories), nonspecific labeling was removed 
by incubation for 10 min in Hanks" balanced salt solution (Gibco Laboratories) 
supplemented with 2 mg/ml bovine serum albumin (BSA; Sigma Chemical 
Co., St. Louis, MO), 2 mM CaCI2, and 10 mM Tris at pH 7.3. A wash in buffer 
A was followed by fixation at 23"C in a 3-4% solution of formaldehyde in 
PBS+ for 5-15 min. Fixation was followed by three washes in PBS+ or buffer 
A. With the edges being supported by thin wax paper strips, the coverslip was 
then placed cell-side-down over the surface of a glass slide. The included volume 
was filled with PBS+ or buffer A, and the edges were sealed with molten wax. 

Double Labeling of F-Actin and LDL-R: All prefixation cell 
handling was performed at 4"C. Cells were washed twice in buffer A and soaked 
for 15 rain in a solution of 10% FCS-LDL in Medium 199, pH 7.3. (For 
coverslips that had been exposed to the standard electrophoresis conditions [see 
below l, this soak helped to prevent nonspecific binding of LDL to the glass, 
which was higher than what was observed on control coverslips not exposed to 
the electric field.) Cells were then washed three times in buffer A and incubated 
for 15 rain with 12 #g/ml unlabeled LDL in buffer A. Next, the cells were 
incubated with affinity purified rabbit anti-human beta lipoprotein antibody 
(Cappel Laboratories, Cochranville, PA) at a 1:500 dilution in buffer A for 40 
min. This was followed by three washes in buffer A and incubation with affinity 
purified biotinylated goat anti-rabbit IgG antibody (Vector Laboratories, Inc., 
Burlingame, CA) at 38 ug/ml in buffer A for 40 min. After three washes in 
buffer A, fluorescence labeling was accomplished by incubation with rhoda- 
mine-labeled avidin D (Vector Laboratories, Inc.) at 10 ug/ml in buffer A for 
40 min. After a triple wash in buffer A, cells were soaked in Hanks' balanced 
salt solution containing 2 mg/ml BSA, 2 mM CaCI2, and 10 mM Tris pH 7.3. 
Cells were then fixed in 3.7% formaldehyde for 15 rain at 23"C and washed 
three times in PBS+. After this initial fixation of the LDL-R labeling, ceils were 
simultaneously refixed, extracted, and labeled with nitrobenzoxadiazole (NBD)- 
phallacidin as follows. A solution of 4% formaldehyde containing 10 #g/ml of 
L-alpha-lysophosphatidylcholine palmitoyl (Sigma Chemical Co.) and 125 ng/ 
ml of NBD-phallacidin (prepared as in reference 27) was applied to the cells 
for 50 min at 4"C. After a triple wash in PBS+, there was a l-h incubation with 
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a solution of NBD-phallacidin at 125 ng/ml in PBS+. The coverslips were 
given a final wash in PBS+ and mounted for viewing as described in the second 
section of Materials and Methods. 

Antibody Labeling of Clathrin: Rabbit anti-clathrin antibody was 
the generous gift Drs. Michael Brown, Joseph Goldstein, and Richard Anderson 
(University of Texas Health Science Center at Dallas, Dallas, Texas). For 
clathrin labeling, cells were washed twice in 0.15 M NaC1, 2 mM MgCI2 and 
10 mM NaP~, pH 7.3 (buffer B) and then fixed at 23"C for 10 min in buffer B 
containing 3% formaldehyde. After a wash in buffer B, cells were incubated 
with a solution of 0.05% Triton X-100 in buffer B at -10*C for 5 rain. After 
washing in buffer B, cells were incubated with rabbit anti-clathrin antibody at 
0.4 mg/ml for 1 h at 37"C. This was followed by four 15-rain soaks in buffer 
B. To visualize the rabbit anti-clathrin distribution, two strategies were em- 
ployed. Either the cells were incubated with rhodamine-labeled goat anti-rabbit 
lgG (Cappel Laboratories) at 130 eg/ml in buffer B for 1 h at 37"C followed by 
four successive soaks in buffer B at 23"C, or they were incubated with biotiny- 
lated goat anti-rabbit lgG for 1 h at 37"C, given four 15-min soaks in buffer B 
at 23"C, and labeled with fluorescein avidin DCS (Vector Laboratories, Inc.) at 
50 ug/ml for 40 rain at 37"C. Coverslips were mounted for viewing as described 
in the second section of Materials and Methods. 

Uectrophoresis Conditions: An electrophoresis chamber was de- 
signed for use with 22 x 30-ram No. 1 glass coverslips based on the design of 
Poo et al. (28). Briefly, a 400-urn-deep trough was machined into a 1" x 3" x 
t/4" plexiglas plate that would hold the coverslip. Wells for immersion of agar- 
bridge electrodes were machined at each end of the trough. After insertion of 
the coverslip, cell-side-up into the trough, a glass plate was sealed to the surface 
of the plexiglas, conversing the trough, with lilicone grease. The chamber was 
subsequently filled with Medium 199 supplemented with 10 mM HEPES by 
capillary movement of buffer from one well to the other through the 22-ram x 
200-vm × 30-mm-long tunnel defined by the side of the coverslip plated with 
cells, the edges of the trough, and the bottom of the glass plate sealed to the 
chamber top. Both applied voltage and current were monitored, and in all 
experiments reported in this paper, a field strength of I0 V/cm was used. In 
many of the experiments, standard electrophoresis conditions were used. These 
are defined as exposure of the coverslip to a 10 V/cm field for I h at 22"C 
ambient temperature. 

Microscopy: All observation and microscopy of cells were done using 
a Nikon Optiphot epi-fiuorescence microscope (Nikon Inc., Garden City, NY). 
Color slides were taken with Kodak Ektachrome push-processed with F,6 
chemicals to ASA 6400; black and white prints from these slides were printed 
using Kodak Technical Pan film internegatives. Direct black and white nega- 
tives were obtained using Kodak Tri-X film push-processed at ASA 3200 in 
Kodak D- 19 developer. 

Cell Scoring for LDL-RC Asymmetry and Cell Width: Cells 
were scored for percent asymmetry (%A) as follows. A coverslip was sequentially 
scanned using a procedure to prevent duplicate scoring of any given cell. If the 
density of LDL-RC, as determined by the fluorescence pattern using one of the 
labeling protocols described above, was higher on the cathodal side of the cell 
(the side of the cell nearest to the negative electrode) than the anodal side, then 
this cell was scored as asymmetric. Then the %A of a population of cells is 
defined as the number of asymmetric cells per total number of cells examined. 
This is equivalent to the definition used by others (28, 29, 30), since no cells 
showed a distribution that had higher LDL-RC density on the anodal side. 

The distribution of cell widths was determined by scanning a coverslip of 
cells as above and measuring the longest dimension in a specified direction of 
each cell using a grid-containing monocular. 

RESULTS 

Redistribution of LDL-Rs on GM2408A and 
GM3348 Cells 

When GM3348 or GM2408A cells are cooled to 4"C and 
have their LDL-Rs complexed with the highly fluorescent 
diI(3)-LDL, the receptor complexes appear as bright dots. 
Indirect immunofluorescent labeling, using an antibody di- 
rected against unlabeled receptor-bound LDL followed by the 
highly fluorescent biotin-avidin labeling system, can also be 
used to identify the receptor complexes with equivalent re- 
suits. On GM2408A cells, these dots appear punctate and are 
randomly distributed over the dorsal surface. On GM3348 
cells, the dots often appear brighter, indicating the complexes 
are clustered in groups of 3-4, and occasionally clusters are 
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arranged in linear arrays, especially over the nucleus (6, 24, 
31). Although the density of LDL-Rs is low, only several per 
square micrometer, individual receptors are optically detect- 
able using fluorescence techniques because they are com- 
plexed with an LDL particle, and each LDL particle is asso- 
ciated with a high number of fluorescent molecules. 

Exposure of GM2408A cells to a constant electric field of 
10 V/cm that is oriented parallel to the cell surface alters the 
initially random topographical distribution of unliganded 
LDL-R's. As shown in Fig. I a, exposure to this field for a 
duration of I h produces an unambiguous asymmetry: LDL- 
Rs, fluorescence labeled after field exposure, are highly con- 
centrated on the side of the cell exposed to the lower potential, 
the cathodal ( - )  side. For comparison, a phase micrograph of 
the same cell is shown is Fig. I b. Note that although we are 
photographing the LDL-RC in fluorescence, the redistribution 
occurred for the unliganded LDL-R, since the cells were 
postfield fixed and subsequently labeled. 

We have done several experiments to see whether field 
exposure has caused any cellular changes in morphology that 
might accompany or be responsible for the redistribution of 
LDL-Rs that we observe. In the double label experiment 
shown in Fig. 1, we have compared the generated LDL-R 
asymmetry with the topographic distribution of F-actin, by 
use of the F-actin-specific fluorescence-labeled probe NBD- 
phallacidin (Fig. I c). The distribution of this major compo- 
nent of the cytoskeleton is not asymmetric. It appears identical 
to what is observed in control cells not exposed to the field. 
In another experiment, low-power phase micrographs of fields 
of cells on a coverslip were taken before and after exposure 
to a 10 V/cm electric field for 1 h. Comparison of the two 
micrographs showed that the relative positions of every cell 
within a given field had not changed (data not shown). Also, 
time lapse photomicrographs of individual cells taken during 
exposure to the field showed only small shifts (<2 #m) in the 
cell periphery during a 1-h exposure. Finally, scoring cells as 
to whether the nuclear hump was located nearer the cathodal 
or anodal edge of the cell showed no preferential orientation 
after exposure to the field. Hence, LDL-R redistribution is 
not an artifact caused by changes in cell morphology. 

By postfield indirect immunofluorescence labeling using an 
antibody directed against the coat protein clathrin, we were 
able to investigate the association of the LDL-R with coated 
pits. As shown in Fig. 2, exposure of GM2408A cells to an 
electric field under conditions that induce unambiguous re- 
distribution of LDL-R did not result in any asymmetric 
distribution of coated structures. Two symmetric populations 
remained: the internal coated vesicles visible as a slight halo 
around the nucleus, and the large number of dots (coated 
pits) over the rest of the cell's image that are occasionally seen 
arranged in linear arrays. We can conclude that there was 
little or no redistribution of coated pits induced by field 
application. No movement of coated pits was observed in 
similar experiments with GM3348 cells (data not shown). 

In our initial experiments with the normal fibroblast 
GM3348, electrophoresis-induced asymmetric redistribution 
of LDL-R appeared inhibited, relative to GM2408A cells, but 
not absent. To quantitate the difference between the normal 
and internalization-defective cells, we adopted the following 
scheme: Coverslips of each cell type, under identical condi- 
tions of cell growth, buffers, duration in field, etc., were scored 
by counting the number of cells that exhibited a difference in 
LDL-R density, detectable by eye (see next section of Results), 



FIGURE I LDL-R distribution and actin cytoskel- 
eton in a GM2408A human fibroblast exposed for 
I h to an electric field of 10 V/cm. This cell was 
postfield double-labeled using indirect immuno- 
fluorescence against unlabeled LDL and NBD- 
phallacidin as detailed in the Materials and Meth- 
ods section. The applied electric field was oriented 
in the direction of the arrow in the figure. Bar, 12 
#m. (a) Fluorescence micrograph of labeled LDL- 
Rs. Cells were incubated sequentially with LDL, 
rabbit anti-human beta lipoprotein, biotinylated 
goat anti-rabbit IgG, and rhodamine-labeled avi- 
din D. (b) Phase micrograph showing boundaries 
of the cell. (c) Fluorescence micrograph of actin 
cytoskeleton labeled with NBD-phallacidin. 

between their farthest upfield and farthest downfield edges. 
For each cell type, this number divided by the total number 
of cells on the coverslip being scored gave the percentage of 
cells showing an asymmetric distribution (%A). In Table I, 
we show the combined results (mean %A __. SEM) of three of 
these back-to-back experiments. Ignoring any morphological 
subclassifications of cells and scoring all equally, -20% of the 

normal cells showed asymmetry compared to >80% of the 
internalization-defective cells. Closer examination according 
to cell morphology (flat, spindle-shaped, and elongated) as 
indicated in the table shows that each morphological subclass 
of GM2408A cells had a larger %A than did its counterpart 
in the GM3348 cells. 

We tested the ability of neuraminidase treatment before 
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FIGURE 2 The distribution of 
coated pits and coated vesicles in 
a GM2408A fibroblast after a 1-h 
exposure to a 10 V/cm electric 
tield. Cells were postfield fixed, 
extracted, and labeled with rabbit 
anti-clathrin antibody (the gen- 
erous gift of M. S. Brown, I. U 
Goldstein, and R. G. W. Ander- 
son) followed by rhodamine-la- 
beled goat anti-rabbit IgG. The 
applied field direction is indicated 
by the arrow. Bar, 12 ~m. (a) Rho- 
damine fluorescence micrograph. 
(b) Phase micrograph, same field 
of view as in a. 

TASTE I. Percent Asymmetry (%A): Effect of Cell Type and Morphology 

Spindle* Elongated* 

Flat >45 ° <45 o >45 o <45 ° 

GM2408A (93 + 7)% (89 _+ 4)% (66 + 15)% (61 + 17)% (25 + 25) 
GM3348 (34 + 16)% (33 ___ 29)% (10 +_ 5)% (18 + 16)% (0 + 0)% 

* The angle between the long axis of the cell and the field direction was used to subclassify these cells (<45 ° or >45°). 

field application to reverse the direction of  the LDL-R move- 
ment on GM2408A cells, since reversal by this procedure for 
reducing the cell surface charge has been observed for other 
membrane components  (23). Pretreatment of the cells with 
0. l U /ml  of  this enzyme for l h at 37"C did not reverse the 
direction of LDL-R electrophoresis. 

Postfield Relaxation on CM2408A 
As shown in Fig. 3, the percentage of GM2408A cells 

showing an asymmetric LDL-R distribution increased, at 
short exposure times, with the duration of exposure to the 
field. At 22"C, %A reached a plateau of >80% at ~60 rain. 
For a 60-rain duration of  electrophoresis, in most cells the 
LDL-R distribution appeared as a gradient: as shown in Fig. 
4, there was a monotonic decrease in density of receptors as 
the cell was traversed from cathodal to anodal edges. Since 
each fluorescent dot represents an average number of  LDL- 
Rs (1-3 on GM2408A; see reference 20), we could directly 
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FIGURE 3 The percentage of GM2408A cells showing an asym- 
metric distr ibution of  LDL-R (%A) as a function of  the exposure 
t ime to a 10 V lcm electric field at 22"C. 

quantitate the receptor density gradient from analysis of an 
enlarged fluorescence photomicrograph. The result of such a 
measurement is shown in Fig. 5. There is an exponential 
decay of density with traversal from the cathodal edge. This 
experimental distribution is consistent with what is expected 
if electrophoresis of the receptor is in equilibrium with Brown- 
ian motion (back diffusion). Modeling the cell as a one- 
dimensional system, then in equilibrium, the diffusive flux 
must equal the electrophoretic flux: 

ttECE(x) = -D[OCE(x)/Ox], (1) 

where CE(x) is density of LDL-R per unit distance (particles/ 
era2), D is diffusion coefficient of the LDL-R, # is electropho- 
retie mobility of the LDL-R, and E is electric field• The 
solution of this equation under the boundary conditions of 
an initial uniform density (Co) of receptors on the cell of 
width L with impermeable boundaries at x = 0, L (i.e., OCE(X)/ 
OX = 0 at x = 0, L) gives 

CE(X) = [ /3CoL/(I  -- e-aL)]e -~, (2) 

where/3 = t~E/D. Hence, the simple model of back diffusion 
in equilibrium with electrophoresis can explain the observed 
exponential distribution. The constant ¢} can be empirically 
determined from the slope of the curve in Fig. 5. For this 
data, ~ = 0.325/t~m; similar measurements on several other 
cells showed similar decay constants, although the distribu- 
tions sometimes showed a sum of an exponential and a small 
constant background. This constant background was probably 
not the result of nonspecific binding of the fluorescent probe, 
since postfield labeling of the mutant human fibroblast cell 
line GM2000, which lacks a functional LDL-R binding site, 
showed virtually no surface fluorescence. The average value 
of 13 for these electrophoresis conditions of GM2408A cells 
was 0.32/um. Note that if diffusive processes were not present 
and receptors moved only electrophoretically, then the recep- 
tors would move with uniform velocity until they reached the 
edge of the cell where they would be trapped. Assuming equal 
electrophoretic mobility for all receptors, the distribution at 
any duration of exposure would not be exponential. 

Although the one-dimensional model is obviously a sim- 
plification and the complicated geometry of these cells does 
not allow an easy mathematical modeling of the situation, it 
can help us estimate the diffusion coefficient of the unliganded 

LDL-R by analysis of a postfield relaxation experiment. A 
series of coverslips plated with GM2408A cells were exposed 
to the standard electrophoresis conditions of 10 V/cm for 1 
h at 22"C. Each coverslip was then removed from the chamber 
and incubated for a different length of time, at either 37", 22", 
or 10*C, before fixation and labeling with diI(3)-LDL. The 
coverslip was then scored for %A. As described in the Mate- 
rials and Methods section, cells were scored as asymmetric if 
the density of receptors was higher on the cathodal as opposed 
to the anodal edge. The combined results of four experiments 
are shown in Fig. 6. Data are shown only for cells of flat 
morphology, since virtually all cells of this type start off the 
relaxation with asymmetric distributions (see Table I), and 
the cell widths (see below) were better defined for these cells. 
There is a temperature-dependent relaxation of %A with 
increasing incubation time• The time-dependent relaxation is 
understandable because the cells have different widths--wider 
cells will require a longer amount of time for diffusive proc- 
esses to relax the concentration gradients to the point at which 
the concentration difference between the cathodal and anodal 
edge is below the eye's detectability. (In separate experiments, 
we observed that labeling the LDL-R with diI(3)-LDL im- 
mediately after electric field exposure inhibited the relaxation 
[data not shown].) 

In the one-dimensional model, all cells start the relaxation 
period with the equilibrium concentration distribution in Eq. 
(2) above except that the L is different for each cell. # is 
empirically measured as described and should be independent 
of L. Then the solution to the time-dependent diffusion 
equation, which describes the time evolution of the concen- 
tration distribution, is (32) 

fo L = C(x, t) = 1/L Ce(x')dx' + 2/L  Y, e -°"~'~'/L2 
e l=  ! 

(3) 

• cos(mrx/L) Ce(x') cos(mrx' /L)dx' .  

Evaluation of the integrals using C.(x') from Eq. (2) gives 

C(x, t) = Co + 2 G b ; / ( 1  - e - " ) l  

• Y, {e-m2"2'/L2COS(ntrx/L) (4) 
n = l  

• [If  + ( - l ) " + i e - ' q / ( ~  ~ + ~2)]}, 

where ,y --- LO/Tr. Now the concentration difference we are 
evaluating in scoring a given cell as having an asymmetric 
distribution of LDL-RC is 

A = Fractional concentration difference between edges (5) 

= I c ( 0 ,  t )  - C ( L ,  t) l/Co. 

Evaluation of this expression gives 

A = 475[(1 + e-~')/(1 - e-V')] 
(6) 

, (e-°~'a*/L~)/(7~ + n2). 
n -  l , o d d  

This is a rapidly converging series with, for our conditions, 
the second term < 1 0  -9 of the first term. Hence for our 
purposes, it is necessary only to include the first term, and we 
can reduce the expression for A to 

A = 472[(1 + e-V' ) / (1  -- e-~')][e-r~2t/L'/(1 + 72)] (7) 
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F~GURE 4 The exponential decrease in LDL-R surface concentration with increasing distance from the cathodal edge of a 
rectangularly shaped GM2408A fibroblast postfield labeled with diI(3)-LDL after exposure to a 10 V/cm field for 1 h at 22°C. This 
is a fluorescence micrograph of diI(3)-LDL distribution. Bar, 12 #m. The direction of applied field was perpendicular to the long 
edge of the cell. 

154 



If we define Ami n as the estimated minimum fractional differ- 
ence in dot density that the eye can detect, then for any 
specified relaxation time (try0, there will be a corresponding 
maximum width Lmax such that for all cells, L < Lmax and 
A < Ami,. Hence, they are scored as symmetric. We have 
measured the empirical distributions of  cell widths for fiat 
cells in the GM2408A cultures--they are nearly Gaussian-- 
and from this distribution p(L), we can theoretically deter- 
mine the percentage of  cells still showing an asymmetric 
distribution at/rel (i.e., the %A) as 

%A(tr~0 = 1 - (t,e), D, /3, Amin)p(L)dL, (8) 

where p(L) is distribution of  cell widths (normalized). Note 
that %A(t,~0 has only two undetermined parameters (D, At.i.) 
since ~ and p(L) are determined experimentally. For a fixed 
value of  AXmi,, determination of  the best value of  D that 
produces an A%(t~0 closely matching the experimental dis- 
tribution allows an estimate of  the diffusion coefficient for 
the unliganded receptor. Although Ami, is a variable parameter 
in this model and must be chosen, note that an overly 
conservative value for Am~. will underestimate D. So we can, 
by choosing such an overly conservative estimate, use our 
model to obtain a lower bound estimate of  D. The human 
eye can easily detect a fractional concentration difference of 
50% (at these concentration ranges), but empirically we have 
found that it is difficult to discriminate <20% changes. Taking 
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A semi logar i thmic plot  o f  LDL-R surface concent ra t ion  
versus l inear distance f rom the cathodal  edge o f  the cell. This 
d is t r ibut ion was de te rm ined  as out l ined in the text, using an en- 
largement o f  a micrograph similar to the one shown in Fig. 4. 

the conservative estimate of  A,,i, = 0.5 and using the mea- 
sured/3 and p(L), we have generated theoretical %A relaxation 
curves by computer, as shown in Fig. 6. The only difference 
in the computation of the three different curves shown is the 
value of  D used, which was chosen so that the curves closely 
fit the experimental data; the functional shape of  the curves 
matches the data very well The values of  D used are best-fit 
lower-bound estimates for D of  the unliganded LDL-R and 
are shown in Table II; also shown are the extreme values 
obtained if one used mmi n = 0° 1 and 1.0. 

DISCUSSION 

We have exploited the ability of an applied electric field to 
induce an asymmetric distribution of  LDL-R on cultured 
human fibroblasts to study the lateral mobility of  the unli- 
ganded receptor and its interaction with coated membranes. 
Our central result is that the LDL-R on the internalization- 
deficient mutant cell line GM2408A redistributes rapidly 
without concomitant change in coated pit topology or gross 
cellular morphology. Examination of  the time-course of  the 
redistribution shows that the postfield lateral diffusion of this 
membrane component is rapid. 

We have not proven that the electric field-induced redistri- 
bution of  the LDL-R is actually surface electrophoresis, but 
the several control experiments we have done do rule out 
major cell ultrastructural changes, cell movement, and inter- 
nal flows. The observation that many types of  membrane 
components can be electrophoretically redistributed (for a 
review, see reference 13) suggests that the simplest explanation 
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FIGURE 6 Relaxat ion in the percentage o f  f la t  G M 2 4 0 8 A  f ibroblasts 
showing an asymmetr ic  d is t r ibut ion o f  LDL-R (%A) with increasing 
incubat ion t ime a f t e r  f i e l d  exposure.  The data points represent  the 
comb ined  data f rom 2 -4  exper iments  at each temperature.  The 
solid curves were  generated f rom the one-d imens iona l  r e l a x a t i o n  
m o d e l  as descr ibed in the text. The di f fus ion coeff ic ients that 
cor respond to these curves are shown in Table I1. 

TABLE II. Diffusion Coefficients of the Liganded and Unliganded LDL-R 

Condi t ions  Me thod  D Tempera ture  

LDL-R (unl iganded) 
LDR (unl iganded) 
LDL-R (unl iganded) 
LDL-RC (l iganded) 
LDL-RC (l iganded) 
LDL-RC (l iganded, bleb) 

Postfield relaxat ion 
Postfield relaxat ion 
Postfield relaxat ion 
Photob leach ing 
Photob leach ing 
V ideo  observat ion 

2.0 x 10 -9 (0.9-2.5)* 37 
1.1 x 10 -9 (0.5-1.5)* 22 
3.5 x 10 - l °  (1.6-4.0)* 8 
< 1 0  -11. 10 
(0.5-1.5) X 10 -11. 22 

(2-4) X 10 -9* 22 

* The range of values indicated in the parentheses shows the extreme values for the mantissa of D when 0.t ~< Amen ~< 1.0. 
* From Barak and Webb (13). 
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for our observations is that the LDL-Rs have been redis- 
tributed by forces acting on the receptor on the cell surface. 

The inhibition of generated asymmetry in GM3348 cells is 
consistent with the idea that there is a continuous recycling 
of LDL-R via coated vesicles even in the absence of LDL 
binding. The average lifetime of a coated pit at 22"C is about 
5 rain (10, 33), so that assuming the recycling time is long 
compared with this value, the receptor is actually on the 
surface for only a fraction of the total electrophoresis time. 
Hence, although an asymmetric distribution may still be 
observed if exposure to the field is long enough (or strong 
enough) in comparison to the GM2408A cells, for any given 
condition we would expect a smaller effect. This is consistent 
with our observation of a smaller value of %A for GM3348 
in the GM2408A/GM3348 back-to-back experiments, while 
we could still induce some asymmetry in the GM3348 cells. 
Alternative explanations for these results include the possibil- 
ity that on different cells, different proportions of LDL-Rs are 
undergoing continual recycling, hence cells with high values 
of free receptor might show asymmetry. However, the im- 
munofluorescence studies of recycling of LDL-R in the pres- 
ence of monensin (34) seem to rule out this possibility--a 
difference between subpopulations of cells was not reported-- 
although they suggest that ~50% of the LDL-R on the normal 
cells are not undergoing continuous recycling. It is possible 
that only 50% of the LDL-R are available for redistribution 
in the electric field, hence the smaller %A, but this would 
imply that a constant baseline density of receptors would 
always be observed on the electrophoresed cells, even on the 
anodal side, but this was not observed; occasionally GM3348 
cells showed areas of surface devoid of any receptors (always 
on the anodal edge). 

Our lower bound estimate for the lateral diffusion coeffi- 
cient of the postfield unliganded LDL-R on GM2408A cells 
obtained by scoring large numbers of cells for asymmetry 
after a particular postfield relaxation period implies that this 
membrane component is very mobile compared with the 
LDL-bound LDL-RC on the normal cell surface. Postfield 
relaxation estimates of D have now been carried out for several 
types of membrane components. For the lipid probe diI(3), 
relaxation experiments by Poo (23) have shown that on 
immature Xenopus myocytes, D = 3 x 10 -s cm2/s, about 
what has been measured by photobleaching methods on a 
variety of cells (see reference 35 for a review). Experiments 
on Xenopus cells of relaxation of asymmetry in functional 
acetylcholine receptors induced by local application of alpha- 
bungarotoxin (36), has given D = 2 x 10 -9 cm2/s. However, 
this diffusivity could not be measured by the electrophoresis- 
relaxation method because, in this system, electric field appli- 
cation induced receptor aggregates that were immobile. Flu- 
orescence photobleaching recovery measurements on normal 
cell surface of cultured rat myotubes of the fluorescent alpha- 
bungarotoxin-labeled acetylcholine receptor (37) yield values 
about 10-fold smaller than that measured on Xenopus my- 
ocytes. It is not clear at the present time if this difference 
reflects a species variation or an inconsistency of techniques 
(Axelrod, D, and M.-m. Poo, personal communication). 

Zagyanksy and Jarad (29, 30) have done both fluorescence 
photobleaching recovery and electrophoresis induced redistri- 
bution relaxation on several lectin receptors on cultured cells 
and found that lectin-labeled receptors show highly restricted 
lateral mobility by fluorescence photobleaching recovery, 
undergo internalization, and cannot be induced to redistribute 
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asymmetrically by an electric field. In contrast, unlabeled 
receptors can be electroredistributed and show rapid relaxa- 
tion of asymmetry consistent with fast lateral diffusion. 

How can we explain the fast diffusion of the postfield 
unliganded LDL-R compared with fluorescence photobleach- 
ing recovery measurements of the LDL-RC? One obvious 
possibility is that, for this system, the application of an electric 
field has reorganized the plasma membrane so as to change 
protein interactions. The postfield ligand effects cited above 
seem to be consistent with field-induced release of constraints 
on protein diffusion that can sometimes be restored by ligand 
binding. The diffusion coefficient of LDL-RC on membrane 
blebs, where constraints have been released, is comparable to 
the effective postfield values for LDL-R on GM2408A cells. 
Field application to preliganded LDL-RC on GM2408A cells 
enhanced the LDL internalization rate enough to prevent 
electric-field induced redistribution of LDL-RC in our prelim- 
inary experiments. We do not know if the prefield unliganded 
LDL-R also exhibits rapid diffusion. 

An alternative possibility is that binding of the large LDL 
particle to the cell receptor causes a constraint on the diffusi- 
bility of the LDL-R. This constraint would probably not be 
the result of the hydrodynamic drag exerted on the LDL 
panicle by the extracellular bathing solution as the LDL-RC 
was undergoing Brownian motion because measurements of 
the LDL-RC on cell membrane blebs show rapid diffusion. 
However, as has been postulated for the inhibition of stearo- 
ylated-dextran-model-receptor diffusion of 3T3 plasma mem- 
branes, the LDL panicle may, due to its specific chemical 
properties, interact with immobilized components of the ex- 
tracellular matrix or lamina, and hence show reduced mobil- 
ity. Likewise, the lateral mobility may be impeded as a result 
of nonspecific viscous drag exerted on the large LDL panicle 
by this extracellular matrix. At least one component of the 
extracellular matrix, fibronectin, is known to be immobilized 
on the plasma membrane surface (38). Also, the exoskeleton 
may be depleted from cell surface blebs, explaining the ob- 
served rapid lateral diffusion of the LDL-RC in that system. 
Our observation that postfield labeling of the asymmetric 
distribution of LDL-Rs inhibits relaxation (and causes some 
internalization) is also consistent with the idea that LDL 
binding to the LDL-R sterically or specifically hinders LDL- 
RC lateral mobility. Postfield immobilization by ligand bind- 
ing has also been observed for lectin receptors (29). 

We hope that further investigation of the differences be- 
tween the mobility and internalization of the LDL-R with 
and without and before, during, and after electrophoresis will 
provide some understanding of the controlling mechanisms. 
Video fluorescence microscopy tracking of individual LDL- 
RCs during diffusion and electromigration is currently in 
progress in our laboratory with that objective (39). 
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