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ABSTRACT The mobility and distribution of angiotensin-
converting enzyme (peptidyl-dipeptide hydrolase, EC 3.4.15.1)
and a specific endothelial cell surface protein was a by
fluorescein-conjugated monoclonal antibodies on bovine and
murine endothelial cells grown on their extracellular matrix.
The combination of data obtained from fluorescence recovery
after photobleaching measurements and observations under
epifluorescence and total internal reflection fluorescence re-
veals a restriction of these protein markers to the apical
membrane of endothelial cell. This asymmetry is evident both
when cells are grown at a sparse density or at confluence. When
cells are brought into suspension, the fluorescein-conjugated
antibody is found over the entire cell surface. The fluorescence
disappears from the basal part of the cell when the cells are
again spread on coverslips coated with a layer of extracellular
matrix. Conversely, cells spread on glass coverslips without
extracellular matrix do not show this restriction phenomenon.
It is suggested that the extracellular matrix provides the signal
to induce the restricted topology ofmembrane protein markers
on endothelial cells.

The fluid properties of lipid bilayers have been emphasized
for the past 15-20 years. There also has been much work on
the measurement ofthe lateral diffusion oflipids and proteins
in biological membranes (1). It has become quite clear that
the physical state of cell surface components is highly
dynamic. It is established that many proteins are mobile and
that the distribution ofproteins in the plane of cell membrane
has physiological significance (2). It also is becoming clear
that, in fully differentiated tissues, a large fraction of mem-
brane proteins is neither freely mobile nor randomly distrib-
uted (3). We may ask the question: What specific cell surface
interactions are responsible for inducing lateral rearrange-
ment of membrane components into specific patterns of
membrane topography?
We have reported (4) on the asymmetry of the lateral

mobility of membrane phospholipids in cultured endothelial
cells by discriminating the apical from the basal surfaces. The
complex of the extracellular support on which the cells were
grown appeared to induce the observed asymmetry in mem-
brane properties. Cells in tissues are in extensive contact
with a complex network of extracellular macromolecules
referred to as the extracellular matrix (ECM) (5). The role of
the ECM extends beyond a mere constitutive function for
cells and tissues; the ECM is a highly organized and dynamic
lattice (6) that shunts the cell motility and its response to
exogeneous stimuli (7).

In an attempt to test and extend our previous observations
on the asymmetric properties of endothelial cell surface

components, we studied the dynamic behavior of two mem-
brane proteins, angiotensin-converting enzyme (peptidyl-
dipeptide hydrolase, EC 3.4.15.1) and a specific endothelial
cell antigen as recognized by monoclonal antibodies. Diffu-
sion coefficients were determined by fluorescence recovery
after photobleaching (FRAP), while topological localization
was assessed by the technique of total internal reflection
fluorescence (TIRF). We observed a restriction of the two
protein markers to the apical cell surface both on single
(sparse) cells and in confluent monolayers of endothelial cells
cultured on extracellular matrix.

MATERIALS AND METHODS
Cells. Bovine pulmonary aorta cells (BPAE) were estab-

lished from primary cultures. LEII lung microvascular
endothelial cells (gift from A. Curtis, Glasgow, Scotland) and
BPAE were grown in Dulbecco's minimal essential medium
(DMEM, GIBCO) supplemented with 10% fetal bovine
serum (HyClone, Logan, UT). Cells were grown to conflu-
ence on either glass coverslips, silicon surfaces (Aurel, Santa
Clara, CA), or quartz slides (Quartz Scientific, Sunnyvale,
CA). For observation of cells in suspension, cells were
washed with phosphate-buffered saline containing 10 mM
EDTA and scraped with a rubber policeman. The ECM layer
was prepared by mild detergent and alkali treatment (8).
Monoclonal Antibodies. The murine monoclonal IgM anti-

body against angiotensin-converting enzyme (9) was the gift
of R. Auerbach (University of Wisconsin, Madison). The
murine monoclonal IgM antibody HE1 was generated from a
fusion ofP3 myeloma cells with splenocytes ofBALB/c mice
immunized intraperitoneally with primary cultures of human
umbilical vein endothelial cells. The HE1 antibody reacts
with a 10-kDa surface antigen expressed by a variety of
endothelial cells, including BPAE and LEII, and not by
epithelial-, fibroblastic-, or hemopoietic-lineage cell lines
(unpublished data). Monoclonal antibodies were purified
from ascites by precipitation with 40% ammonium sulfate,
dialyzed versus phosphate-buffered saline, and chromato-
graphed on Ultrogel AcA34 gel (LKB). Antibodies were
labeled with fluorescein isothiocyanate. The molar ratio of
fluorophore to protein varied between 10 and 12.

RESULTS
FRAP Measurement. Diffusion coefficients for either flu-

orescein-conjugated HE1 or anti-angiotensin-converting-en-
zyme monoclonal antibodies bound to either sparse BPAE or

Abbreviations: ECM, extracellular matrix; FRAP, fluorescence
recovery after photobleaching; TIRF, total internal reflection fluo-
rescence; BPAE cells, bovine pulmonary aortic endothelial cells.
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LEII cells grown onECM were calculated from FRAP curves
and are shown in Table 1. We compared values for cells on
glass coverslips with those on silicon surfaces with a natural
oxide layer. In the latter case, the semiconductor acts as
fluorescence acceptor by energy transfer for signals contrib-
uted by the basal cell surface (4). Therefore, diffusion
coefficients, Ds, observed in this case reflect the lateral
mobility of the fluorophores on the apical cell surface. For
BPAE cells D was between 10 and 30 x 10-12 cm2/sec and
for LEII cells was between 1 and 2 x 10-12 cm2/sec for the
anti-angiotensin-converting-enzyme and HE1 monoclonal
antibodies. Except for a slight increase ofD in the case of the
HE1 antibody on LEII cells (from 1 to 7 x 10-12 cm2/sec),
all other D values were similar for cells on glass coverslips
and silicon surfaces. FRAP measurements were also per-
formed on confluent BPAE and LEII cells, and results are
shown in Table 1. There was no significant difference for any
of the calculatedD values between confluent cells and sparse
cells, indicating that the lateral mobility of the studied
markers is independent of cell-cell contact. The above results
were in sharp contrast with those obtained for a membrane
phospholipid marker (4), where D was much higher on the
apical cell surface. The distribution of the protein markers
was investigated by an independent optical technique.

Microscopy. An optical setup was utilized to allow obser-
vation by phase-contrast microscopy, epifluorescence, and
TIRF on the same cell (Fig. 1). Endothelial cells were grown
on ECM and on quartz surfaces and were prelabeled with the
phospholipid marker NBD-PPC {1-palmitoyl-2-[6-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)amino]caproyl phosphatidylcho-
line} (Fig. 2; A is phase contrast, while B and C are apical
epifluorescence and basal TIRF pictures). Clearly, the phos-
pholipid marker diffused freely in both the apical and basal
membrane. When cells were labeled with the HE1 or anti-
angiotensin-converting-enzyme monoclonal antibody, how-
ever, a fluorescence signal could only be obtained by epi-
fluorescence at the apical cell membrane (Fig. 2E). At the
basal surface, there was no fluorescence signal to be detected
by TIRF, only some weak nonspecific ECM fluorescence
(Fig. 2F).

In an attempt to demonstrate active receptor exclusion
from the bottom to the apicolateral side of the cell and to
observe the kinetics of this exclusion, endothelial cells were
grown on ECM and were scraped in suspension. Then the
antibody labeling was performed. Microscopic observations
were carried out as function of time (Fig. 3). The fluorescein-
conjugated antibody was visualized over the cell surface.

Table 1. Diffusion coefficient measurement using silicon
discrimination procedure

D x 1012, cm2/sec
Anti-ACE antibody HE1 antibody

Cells Glass Silicon Glass Silicon
BPAE

Sparse 40 32 90 12
Confluent 37 30 7 11

LEII
Sparse 2 3 1 7
Confluent 2.1 2.9 1.4 9
Cells prelabeled with either fluorescein monoclonal antibody or

the fluorescent phospholipid marker were mounted on glass
coverslips or silicon surfaces under phosphate-buffered saline on
microscope slides. The 488-nm wavelength laser line (Spectra Phys-
ics 2000) was used for photobleaching experiments. Cells were
exposed to the projected image of a Ronchi pattern of 133 lines per
inch and illuminated by a burst of laser light of sufficient duration to
bleach 50-90% of the probe molecules in the brightly illuminated
regions (10). Diffusion coefficients were calculated from the FRAP
curves.
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FIG. 1. Microscopic observations. Microscopic investigation of
the cells was carried out with an inverted microscope (Nikon
Diaphot). The beam of an argon ion laser (Spectra Physics 2000) was
attenuated and split for epfillumination and TIRF excitation (11). To
avoid speckled patterns in the case of the epililumination, the beam
was expanded (c) and passed through a rotating Plexiglass plate (d)
with surface undulations of the order of several wavelengths. Many
different speckled patterns are generated and mixed by rotating the
plate at high frequency (50 Hz). For TIRF excitation, the beam was
focused under an aperture angle of 20 to have a spot size of 200 ,im
in the object plane. It was coupled into the quartz slide (b) by a
high-refractive-index glass prism (a). Glycerin was used as an
index-matching fluid. To minimize penetration of the wave into the
apical cell membranes, p-polarization was chosen. For the given
incidence angle of 750, the penetration depth of the evanescent field
was 600 A. For observation, the first refle6tion was chosen to avoid
excitation by scattered light. As photobleaching during the exposure
time of the camera usually makes it difficult to compare two
subsequent fluorescence pictures of the same cell, we used a
multichannel plate image intensifier tube (f) (Ni-Tech, Skokie, IL).
The loss of resolution is balanced by the reduction of the exposure
time by a factor of 10. Typically, it was of the order of 1 sec, which
is short compared to the bleaching time of 20 sec at the given
illumination intensity. In both cases, the standard filter set (e) of the
Nikon microscope was used (cutoff, 500 nm).

When the cells were spread again over a coverslip coated
with ECM, the fluorescence disappeared at the bottom of the
cell after about 0.5 hr.
The restriction did not occur when cells were just begin-

ning to spread on the coverslip. The fluorescence of an
aliquot of cells in suspension was always uniform. There was
never any fluorescence loss at the apical side of the cell. This
rules out lateral migration upon cell spreading followed by
new unmarked antigens.

DISCUSSION
The redistribution of cell surface components has been
reported to be dependent upon both intercellular contact and
cell interactions with its ECM (12). Extensive cytoskeletal
structures are found adjacent to the plasma membrane in
regions that contain highly localized or immobile integral
membrane proteins (13). In at least two cases, a segregation
has been proposed to be caused by physical barriers: in
epithelia, the zonula occludens (tight junction) is thought to
separate apical and basolateral membrane proteins (14); in
myelinated neurons, the axoglial junction is thought to
confine proteins such as sodium channels to the node of
Ranvier (15). Other authors, however, have provided evi-
dence that some proteins may pass across tight junctions of
epithelia (16) and claim a lack of physical compartmentaliza-
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FIG. 2. (Left) Endothelial cells grown on ECM-coated quartz slides preincubated with the fluorescent phospholipid marker. The whole cell
is visible in phase contrast (A), the stained membrane is visible in epiillumination fluorescence (B), and the basal membrane alone is visible in
TIRF (C). (Bar = 10 Am.) (Right) Same as Left but stained with fluorescent anti-angiotensin-converting-enzyme antibodies. Note that the
fluorescence of the basal membrane alone (F) is comparable with the autofluorescence of the ECM and that this is much weaker than the
fluorescence of the whole cell membrane (E).

tion of the plasma membrane (17). In this report we have
studied the mobile properties of two endothelial cell surface
proteins. The antigen recognized by the HEl monoclonal
antibody is a 70-kDa surface protein specific for endothelial
cells. Angiotensin-converting enzyme or kininase II is a
dipeptidyl hydrolase that catalyzes the release of His-Leu
from angiotensin I to yield angiotensin II. Angiotensin-
converting enzyme was shown to be associated with the
surface of luminal cells of the vasculature (18). Immunohis-
tochemical evidence indicates that it may have a restricted
localization on the luminal surface of the endothelial cells
(19), which makes functional sense. We have reported (4) on

the use of FRAP measurements on cells grown on silicon
surfaces to discriminate the lateral mobility of phospholipids
at the apical and basal cell membrane level. In sharp contrast
with the observed asymmetry for phospholipids, very similar
D values were obtained for the antibodies to endothelial cell
markers whether cells were grown on ECM, glass coverslips,
or silicon surfaces. Further, the degree of cell confluence did
not alter the lateral mobility of these markers. In the case of
silicon surfaces, only fluorescence signals originating in the
apical cell membrane contribute to the FRAP curves, as
those from the basal cell surface are quenched by the
semiconductor. Therefore, these results could be interpreted
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FIG. 3. In order to distinguish between specific fluorescence and the background, TIRF excitation was carried out with an interference
pattern. It was created by splitting the Ar laser beam with a 50% mirror and focusing both beams on the contact region between cells and
substrate. This procedure permits one to observe the loss of cell fluorescence on the basal surface. (A) Aliquot of cell suspension spread over
the matrix. (B) After 0.5 hr one observes the fluorescence background and the loss of the cell fluorescence on the basal surface.
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as either of the following: (i0 lateral mobility of the two
studied markers is similar or identical in the apical and basal
cell membrane or (it) markers are restricted to the apical cell
membrane. In order to distinguish these possibilities, an
optical TIRF setup was used. The results demonstrated the
restriction of the HEl and anti-angiotensin-converting-
enzyme monoclonal antibodies to the apical surface of
endothelial cells grown on ECM. In contrast, cells in sus-
pension were stained homogeneously so the restriction oc-
curs only in the case of cells spread on ECM and not on glass
coverslips.
Based on these observations, we suggest that (i) the apical

surface restriction of at least two endothelial cell membrane
markers is independent of cell-cell contact and that (it) the
complex of the ECM matrix on which the cells were grown
induces the observed asymmetry in membrane properties.
The ECM provides the signal to the endothelial cell to
organize and maintain its topology. Further experimentation
with different natural matrix materials may help to elucidate
the molecular basis by which cells and matrix interact with
each other (20).
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