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The effect of lengthening the distance in an adhesion molecule between the receptor binding
site and the membrane anchor was studied by inserting four Ig-like domains into the two
Ig domain lymphocyte function-associated antigen 3 (LFA-3) molecule. The extended mol-
ecule expressed in Chinese hamster ovary (CHO) cells bound to CD2 on T lymphocytes
4- to 20-fold more efficiently than the wild-type molecule at 4°C. Treatment of the CHO
clones with neuraminidase to remove sialic acid, or with deoxymannojirimycin to reduce
the bulk of N-linked glycosylation, showed that adhesion to both the wild-type and the
chimeric LFA-3 molecules was under the influence of cell-cell repulsive forces to a similar
extent and that these treatments had less effect than lengthening LFA-3. At higher tem-
peratures, such as 22 and 37°C, the efficiency of binding to the wild-type LFA-3 increased
to levels comparable with binding to extended LFA-3. Our results suggest that more distal
locations of the adhesive binding site from the cell membrane anchor increase the efficiency
of cell-cell adhesion by enhancing the frequency of receptor encounter with ligand and
that more proximal locations of the adhesive binding site can provide efficient -cell-cell
adhesion at physiological temperatures.

INTRODUCTION

Cell-cell adhesion is important in biological processes,
such as cell development, morphogenesis, cell migra-
tion, and immune responses. Ligation of specific adhe-
sion receptors and counter-receptors on the surface of
apposing cells allows stable juxtaposition of the cell pair
and interaction of other cell-surface receptors in the cell
contact area. Such adhesion events often precede signal
transduction that leads to tissue-specific biological re-
sponses (reviewed in Springer, 1990b).
The development of stable cell-cell adhesion is influ-

enced by a number of biophysical and biochemical
properties of the apposing cell surfaces. These properties
govem the feasibility of the ligation of a sufficient num-
ber of adhesion receptors and counter-receptors in the
cell-cell contact area. The more ligation bonds formed
and the stronger the bonds, the more stable the cell-
cell adhesion becomes. The abundance of adhesion re-
ceptors on the cell surface, repulsion of cells by surface
charge, and receptor mobility are characterized factors
that affect the efficiency of cell adhesion (Springer,
1990b; Chan et al., 1991). However, many other factors
have yet to be studied. One potentially important factor
is the distance in an adhesion receptor between the

binding site and the anchor in the cell membrane. The
binding site is most commonly in the membrane-distal
domain, as shown for the Ig family members CD2, CD4,
and ICAM-1 (Springer, 1990b) and for the selectins
(Walz et al., 1990). Within each family, molecules differ
considerably in the number of domains interposed be-
tween the binding domain and the membrane (Springer,
1990b), yet the significance of this variation is unknown.
Lengthening the distance between the binding site and
the anchor could facilitate accessibility of the binding
site, allowing it to extend further above the cell mem-
brane and mediate cell binding at a greater intermem-
brane distance between two cells, lessening repulsion
between the glycocalyces of the two cells. Lengthening
would also allow extension in the direction parallel to
the membrane, allowing interaction between molecules
whose anchors are not perfectly aligned in the direction
perpendicular to the membranes of the two cells.
A well-characterized system for the study of adhesion

is the interaction between the two Ig family members,
CD2 and lymphocyte function-associated antigen 3
(LFA-3) (Springer, 1990b). CD2 is expressed on human
T lymphocytes, whereas LFA-3 is broadly distributed
on human cells (Sanchez-Madrid et al., 1982; Krensky
et al., 1983). CD2 binding to LFA-3 is one of the adhe-
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sion mechanisms important in T-lymphocyte recogni-
tion of antigen-presenting and target cells (reviewed in
Springer, 1990b) and is involved in the interaction of
thymocytes with thymic epithelial cells (Denning et al.,
1987; Yang et al., 1988). CD2 is also responsible for the
long-puzzling phenomenon of human T-lymphocyte
rosetting with sheep erythrocytes, which is mediated
by binding to the sheep homologue of LFA-3. Peripheral
blood T lymphocytes rosette with sheep but not human
erythrocytes, because the density of LFA-3 on human
erythrocytes is fourfold lower than in the sheep (Selvaraj
et al., 1987a). Quantitative variation in density of LFA-
3 on human erythrocytes, in deficiency diseases or after
incorporation of exogenous LFA-3, is well correlated
with rosetting efficiency (Selvaraj et al., 1987b). Roset-
ting with erythrocytes of both species is enhanced or
unmasked by neutralizing the net negative surface
charge of cells by covalent modification or by enzymatic
removal of sialic acid (Bentwich et al., 1973; Plunkett
et al., 1987). Two isoforms of LFA-3 are derived by
alternative mRNA splicing; one has a glycophosphatidyl
inositol anchor and the other has a classical polypeptide
anchor with a hydrophobic transmembrane domain and
a short cytoplasmic tail (Dustin et al., 1987b; Seed, 1987;
Wallner et al., 1987). Both are fully active in mediating
CD2-dependent adhesion and in promoting T-cell
function (Hollander et al., 1988; Dustin et al., 1989;
Moingeon et al., 1989). By studying purified LFA-3 in-
corporated in artificial lipid bilayers, we have found that
the lateral mobility of adhesion receptors can enhance
significantly the adhesion strength by allowing accu-
mulation of receptor-ligand pairs in the cell contact area
and by increasing the rate of receptor-ligand bond for-
mation (Chan et al., 1991).
We have used LFA-3 to study whether lengthening

an adhesion molecule could improve its efficiency. Both
CD2 and LFA-3 contain two Ig-like domains, whereas
the adhesion molecules ICAM-1 and VCAM-1 contain
five and seven Ig-like domains, respectively (reviewed
in Springer, 1990a). Because CD2 and LFA-3 are pre-
dicted to be short molecules, adhesion between them
has been predicted to require closer membrane juxta-
position than several other adhesion mechanisms
(Springer, 1990a). We have lengthened LFA-3 by in-
serting four Ig-like domains from ICAM-1 and com-
pared its efficiency in cell-cell adhesion with wild-type
LFA-3.

MATERIALS AND METHODS

Construction of Plasmids with Chimeric LFA-3
Molecules
LFA-3 was lengthened by insertion of ICAM-1 domains 2-5 by use
of published methods (Kunkel, 1985; Peterson and Seed, 1987). LFA-
3 and ICAM-1 (pCD1.8) cDNA expression plasmids were described
previously (Seed, 1987; Staunton et al., 1988). The sequence TATACC
in LFA-3 codons 218-220 was converted to a unique Kpn I site, re-
sulting in conversion of the fourth hydrophobic transmembrane res-

idueI219 to V. A Kpn I site in codons 91-93 at the predicted boundary
of domains 1 and 2 in ICAM-1 was introduced during construction
of the mutant L91A/AV (Staunton et al., 1990). The CDM8 plasmids
containing the mutated ICAM-1 and LFA-3 cDNAs were digested
with Kpn I, cutting at the introduced Kpn I sites and a Kpn 1 site in
CDM8. The fragments containing LFA-3 domains 1 and 2 and the
ICAM-1 Ig-like domains 2-5, transmembrane, and cytoplasmic do-
mains were ligated together, and the correct orientation was confirmed
by restriction digestion. This construct designated 3IC1/D1.3 was
further modified to obtain a chimeric LFA-3/ICAM-1 protein with a
glycosyl-phosphatidyl inositol (GPI) anchor using a second fragment
exchange ligation with a plasmid that contains a cDNA encoding
GPI-anchored ICAM-1. GPI-anchored ICAM-1 was constructed as
follows. A unique Afl II site in LFA-3 was generated with the mutation
C205I/LN at a location two residues amino-terminal to the predicted
GPI anchor attachment site at S208 (Ferguson and Williams, 1988).
An Aft II site was generated at L448 in ICAM-1 between the end of
domain 5 and the transmembrane sequence. Using a BamHI site in
the CDM8 vector, the Aft II-BamHI fragment containing the GPI rean-
choring sequence for LFA-3 was inserted in the ICAM-1 plasmid cut
with Afl II and BamHI to generate GPI-anchored ICAM-1 (plasmid
IC1/GPI1.4). A unique Bgl II site in domain 5 of ICAM-1 and a BamHI
site in the vector were then used for a fragment exchange ligation
between the 31C1/D1.3 and IC1/GPI1.4 plasmids to generate a plas-
mid (3IC1/D1.3/GPI) that encodes the GPI-anchored LFA-3/ICAM-
1 chimeric glycoprotein.

Monoclonal Antibodies (mAbs), Cell Lines, and Cell
Preparations
The anti-LFA-3 mAb TS2/9 (IgGl), the anti-CD1la mAb TS1/22
(IgGl) (Sanchez-Madrid et al., 1982), and the nonbinding mAb X63
(IgGl) were used as hybridoma supematants. The anti-ICAM-1 mAb
CL203 (IgGl) (Matsui et al., 1987) was used as purified antibody. The
anti-integrin f1 (CD29) mAb, AIIB2 (Werb et al., 1989), was used as
hybridoma supernatant.
The dihydrofolate reductase (dhfr)-deficient Chinese hamster ovary

(CHO) cell line, DG44, and the plasmid, pDCH1P, containing a
Chinese hamster dhfr minigene were generous gifts of L. Chasin (Co-
lumbia University, New York, NY) (Urlaub et al., 1986). DG44 was
maintained in culture in alpha-Eagle's minimum essential medium
without nucleosides and deoxynucleosides, containing 10% fetal calf
serum (FCS), 100 MM hypoxanthine, 16 ,M thymidine, 5 mM glu-
tamine, and 50 Mg/ml gentamycin. The T-lymphoma cell lines Jurkat
and SKW3 were maintained in RPMI 1640 medium containing 10%
FCS, 5 mM glutamine, and 50 Mg/ml gentamycin and were used in
the log phase of growth (6-9 X 105 cells/ml). Peripheral blood-en-
riched CD2-expressing cells were prepared by isolating interphase
mononuclear blood cells with Ficoll-Hypaque (1.077 density; Sigma,
St. Louis, MO) and depleting monocytes on tissue-culture plastic and
B lymphocytes through nylon wool (Cellular Products, Buffalo, NY).
They were typically over 95% CD2-positive.

Transfection for Stable LFA-3 Expression
DG44 cells at 10-20% confluence on 10-cm tissue-culture dishes were
cotransfected with 20 Mg LFA-3 or LFA-3/ICAM-1 cDNA plasmid
plus 1 Mg pDCHlP plasmid, using a modified method of calcium
phosphate precipitation (Chen and Okayama, 1987). Selection of stable
transfectants began 3 d later by replacing FCS with dialyzed FCS
(Hazletine Biologics, Lenexa, KS) and omitting hypoxanthine in the
culture medium. LFA-3 expression on the stable transfectant lines
was amplified in 50 nM methotrexate. Clones expressing different
levels of LFA-3 were obtained from the transfectant lines by limiting
dilution. Stable transfectant clones were always maintained in culture
in the presence of 50 nM methotrexate.

Flow Cytometry
Stable CHO transfectants were analyzed by flow cytometry for
LFA-3 expression by first staining with a nonbinding mAb X63 or the
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anti-LFA-3 mAb TS2/9 and then with fluorescein isothiocyanate-
conjugated goat F(ab')2 anti-mouse Ig (Tago, Burlingame, CA). For
transfectants expressing LFA-3/ICAM-1 chimeric glycoproteins, cells
were in addition stained with anti-ICAM-1 mAb CL203 (Staunton et
al., 1990).

Immunoprecipitation Analysis
CHO transfectants (2-3 X 10 cells) were surface iodinated with 0.6
mCi 1251 using lodogen (Markwell and Fox, 1978). Ice-cold cell lysates
in 25 mM tris(hydroxymethyl)aminomethane-HCl (pH 8.0) containing
1% Triton X-100, 150 mM sodium chloride, 0.02% sodium azide, 1
mM phenylmethylsulfonyl fluoride, 0.15 trypsin inhibitor units/ml
aprotinin, and 5 mM iodoacetamide were precleared ovemight with
50 AI packed Sepharose (Pharmacia, Uppsala, Sweden) CL-4B coupled
with an irrelevant IgG, followed by incubation with 10 Al packed
TS2/9-coupled Sepharose CL-4B for 6 h. LFA-3 immunoprecipitates
were eluted from the Sepharose and analyzed by 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or isoelectric
focusing (ampholytes pI 2.5-5.0, Pharmacia, Uppsala, Sweden; or pI
3-10, Bio-Rad, Richmond, CA) on minislab gels (Bio-Rad) under non-
reducing conditions.

Cell-Cell Adhesion Assay
CHO stable transfectant clones were plated in alternate rows on 96-
well tissue-culture plates to reach confluence on the day of adhesion
assay. Seeding density was adjusted for the slightly different growth
rate of individual clones such that an equal number of cells were used
for the assays. The CHO monolayer cells were washed four times in
Hank's balanced salt solution containing 25 mM N-2-hydroxyethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES) (pH 7.4), 0.5% bovine
serum albumin (BSA), and 1 mM magnesium chloride (binding me-
dium). CD2-expressing T cells (urkat, SKW3, or peripheral blood-
enriched T lymphocytes) were labeled with 17 Mg/ml 2',7'-bis-(2-car-
boxyethyl)-5 (and-6) carboxyfluorescein (acetoxymethyl ester) (BCECF)
(Molecular Probes, Eugene, OR) at 22°C for 20 min, washed, and
dispensed at 105 cells/well in a total volume of 100 Al. Both the CD2-
expressing cells and the CHO transfectants were equilibrated (to 4,
22, or 37°C) as indicated with binding medium before assays.
Assay of Jurkat or SKW3 cell adhesion to the CHO transfectants

was a modified version of the centrifugal cell dislodgement assay
(McClay et al., 1981). The cells were allowed to settle and bind to the
CHO cell monolayers for 10 min. The microtiter wells were then filled
with binding medium, sealed with adhesive carpet tape (Anchor
Continental, Columbia, SC), taking care to avoid trapping air bubbles,
and centrifuged inverted under 100 X g force for 10 min. Centrifu-
gation was carried out at the same temperature as the adhesion; one
exception is that cells adhered at 37°C were centrifugally dislodged
at 22°C. After centrifugation, the adhesive tape was swiftly removed
with the microtiter plates right-side-up and the top half portion of
the binding medium was aspirated from individual wells. The complete
removal of unbound T cells was confirmed by microscopic examination
that revealed no T cells in suspension in the wells immediately after
the procedure. For adhesion assays conducted at 22 and 37°C, Jurkat
and SKW3 cells were pretreated with (1:4) anti-CDlla(LFA-1) mAb
TS1/22 and anti-CD29 mAb AIIB2 for 30 min at 0°C to minimize
background adhesion to CHO cells via these molecules across the
human/Chinese hamster species barrier. Excess antibodies were re-
moved by washing before the treated cells were used.
The plate inversion assay used to assess the adherence of peripheral

blood-enriched T lymphocytes to the CHO transfectants has been
described previously (Chan et al., 1991). This adhesion assay provides
a more gentle removal of nonspecifically adherent cells and allows
the measurement of adherent peripheral blood-enriched T cells, which
bound to the CHO transfectants less tightly than the Jurkat and SKW3
cell lines. Peripheral blood-enriched T cells were allowed to settle and
bind to the CHO transfectants for 1 h. The microtiter wells were then
filled with binding medium and inverted in a beaker of phosphate-

buffered saline containing 0.1% BSA and 1mM MgCl2. Unbound cells
were detached under gravity for 1 h.

For both assays, bound cells were measured on a fluorescence plate
reader (Pandex, Baxter Health Corp, Mundelein, IL). The percentage
of bound T cells was calculated by dividing the fluorescence of bound
cells by the total fluorescence of input cells in microtiter wells. The
specific percentage of T cells adhered to LFA-3-expressing CHO
transfectants was obtained by subtracting the basal percentage of T
cells bound to a LFA-3-negative CHO transfectant clone (CHO.
LFA-3:N).

Treatment with Deoxymannojirimycin
and Neuraminidase
CHO clones were seeded in 96-well tissue-culture plates 2-3 d before
cell-cell adhesion assays. Deoxymannojirimycin (Calbiochem, La Jolla,
CA) was included at 0, 150, 300, and 500 uM in the last 40-44 h of
culture. The growth rate of CHO clones was not affected by deoxy-
mannojirimycin at the dosage used, as determined by cell counting.
For treatment with Vibrio cholera neuraminidase (Calbiochem), con-
fluent CHO transfectant monolayers in 96-wells were incubated with
the enzyme in culture medium at 0, 0.05, 0.1, and 0.2 units/ml at
37°C, 5% C02, for 1 h. The confluent cell monolayers were washed
four times with ice-cold binding medium before assay. To test the
efficiency of deoxymannojirimycin treatment, CHO clones seeded on
10-cm tissue-culture dishes and cultured in the presence of the highest
dose of inhibitor (500 MAM) were iodinated and subjected to immu-
noprecipitation of the LFA-3 and chimeric LFA-3/ICAM-1 glycopro-
teins. To test the efficiency of neuraminidase treatment, CHO cells
were detached with 5 mM EDTA in Hank's balanced salt solution
with 25 mM HEPES, pH 7.4, before being treated with the highest
dose of enzyme (0.2 units/ml) to maximize cleavage of sialic acids
from the entire cell surface. The treated cells were iodinated and sub-
jected to immunoprecipitation as described above.

Adhesion Assay with LFA-3 on Planar Membranes
The GPI isoform of LFA-3 (0.6 Mug) immunoaffinity purified from hu-
man erythrocytes (Dustin et al., 1987a) was treated with and without
0.1 unit/ml neuraminidase in 0.2 M sodium acetate buffer (pH 5.5)
containing 1% n-octyl-fl-glucopyrannoside (OG), 5 mM calcium ac-
etate, at 37°C for 24 h. An aliquot (0.1 Mig) was analyzed for the extent
of digestion by SDS-PAGE. The remainder of the digestion mixture
was mixed in a dilution series with egg phosphatidylcholine lipids
for reconstitution into liposomes by OG dialysis (Mimms et al., 1981;
Chan et al., 1991). Planar membranes were formed by fusion of the
liposomes on glass coverslips at the bottom of 96-well microtiter plates
and cell adhesion assayed as described previously (Chan et al., 1991).
In brief, BCECF-labeled Jurkat cells (105 cells/well) were allowed to
settle under gravity and bind to membranes containing LFA-3 at 4°C
for 1 h. Unbound cells were removed by gravity upon inverting the
microtiter plates in phosphate-buffered saline containing 0.1% BSA
at 4°C for 1 h. Jurkat cells did not adhere to membranes lacking LFA-
3 or to the glass surface. The percentage of bound cells was calculated
as described above in cell-cell adhesion assays.

RESULTS

Stable Expression of LFA-3 and Chimeric LFA-3/
ICAM-1 on CHO Cells
To investigate the effect of lengthening LFA-3 on cell-
cell adhesion, chimeric LFA-3 containing a spacer be-
tween the extracellular domains and the GPI anchor
was generated (Figure 1). A cDNA sequence encoding
the Ig-like domains 2 to 5 of ICAM-1 was inserted be-
tween the cDNA sequences encoding the two Ig-like
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Figure 1. Schematic diagram of the wild-type LFA-3 and the chimeric
LFA-3/ICAM-1 glycoproteins. Glycosylation sites are indicated as

lollipops. Segments of LFA-3 and ICAM-1 are dark and white, re-

spectively, and Ig domain numbers refer to the native molecules.
Amino acids mutated at the joints in the constructs are marked by
asterisks. Thick solid bars represent GPI anchorage of the glycoproteins
in the cell membrane.

peripheral blood T lymphocytes (Figure 4). Enhance-
ment of Jurkat binding was substantial for CHO clones
expressing both low and high levels of LFA-3. Binding
of SKW3 and peripheral blood T cells was less efficient
overall, but enhancement from lengthening was even
more dramatic. In all cases, binding was greater to the
CHO.LFA-3:6D.L clone than to CHO.LFA-3:WT.H
clone, showing that the effect of length was more im-
portant than the 2.2-fold difference in surface expression
on these clones.

Effects of Neuraminidase and Deoxymannojirimycin
Treatment
To test if the enhanced efficiency of the lengthened LFA-
3 molecule in support of T-cell adhesion was attributable
to the reduced cell-cell repulsion when the CD2-binding

extracellular domains and the GPI anchor of LFA-3 by
recombinant DNA manipulation. The first domain of
ICAM-1 containing the LFA-1 binding site (Staunton
et al., 1990) was excluded in the cDNA construct to
eliminate LFA-1/ICAM-1-mediated adhesion. The
third domain of ICAM-1 that binds Mac-1 (Diamond
et al., 1991) is retained in this construct, but the T-cell
lines tested in these studies for binding to the con-
struct lack expression of Mac-1 (Miller et al., 1986).
CHO transfectants were established with wildtype
LFA-3 (CHO.LFA-3:WT) or the 6 domain construct
(CHO.LFA-3:6D), and clones with low or high expres-
sion (L and H suffix, respectively) were established (Fig-
ure 2A). Control transfectants with no LFA-3 expression
(CHO.LFA-3:N) were also obtained. Both CHO.LFA-3:
6D clones expressed an ICAM-1 epitope on domain 4
(Staunton et al., 1990) defined by mAb CL203 (Figure
2B is representative). The level of expression remained
constant during culture for months. SDS-PAGE of ma-
terial precipitated with the LFA-3 mAb showed that the
lengthened chimeric LFA-3/ICAM-1 molecule is 117
Mr and the wild-type LFA-3 molecule is 71 Mr (Figure
3, lane 1 and 2). The difference of 46 kDa is accounted
for by the four ICAM-1 domains.

T-Cell Adhesion at 4°C
The effect of lengthening LFA-3 on adhesion to CD2-
expressing T cells was examined with a centrifugal cell
dislodgement assay. Experiments were performed at
4°C to specifically measure the temperature indepen-
dent CD2/LFA-3 mediated adhesion (Shaw et al., 1986;
Dustin et al., 1987a; Plunkett et al., 1987; Selvaraj et
al., 1987c), because we found at higher temperatures a
background of human T-cell binding to mock trans-
fected CHO cells that was integrin-dependent. Insertion
of the four ICAM-1 domains into LFA-3 markedly en-
hanced binding of two different CD2+ T-cell lines and

A.

X63

CHO.LFA-3:N

CHO.LFA-3:WT.L

CHO.LFA-3:6D.L

CHO.LFA-3:WT.H

CHO.LFA-3:6D.H
1 10 100 1000

TS2/9

~Iz

-~~Iw0 100o

I 0 101000

FLUORESCENCE INTENSIlY

CL 203

CHO.LFA-3:6D.H

1 10 100 1000

FLUORESCENCE
Figure 2. Flow cytometric analyses of CHO transfectant clones. (A)
CHO clones were stained with nonbinding mAb X63 and anti-LFA-
3 mAb TS2/9. (B) The CHO.LFA-3:6D.H clone was stained with
CL203 mAb.
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Figure 3. SDS-PAGE analysis of
LFA-3 adhesins expressed on CHO
clones. Surface iodinated CHO.LFA-
3:WT.H (lane 1) and CHO.LFA-3:
6D.H (lane 2) were subjected to im-
munoprecipitation with anti-LFA-3
mAb TS2/9 and 8% SDS-PAGE under
nonreducing conditions.

site on LFA-3 was brought farther away from the neg-
atively charged CHO cell surface, the cell-surface charge
and the bulk of glycosylation on the CHO clones were
modified by treatment with neuraminidase or deoxy-
mannojirimycin. Neuraminidase treatment slightly en-
hanced binding of all CHO.LFA-3:WT and CHO.LFA-
3:6D clones to Jurkat cells (Figure 5A).
The greatest enhancement (5-fold) was seen when

the wild-type LFA-3 was expressed at a low level
(CHO.LFA-3:WT.L clone). Deoxymannojirimycin
blocks the conversion of high-mannose oligosaccharide
side chains to complex or hybrid-type oligosaccharide
side-chains and polylactosaminoglycan moieties, re-
sulting in a reduction in negative charge and glycocalyx
bulk (Fuhrmann et al., 1984). It did not alter the expres-
sion level of LFA-3 on the CHO clones or the growth
rate of the cells in the range of doses used. Deoxyman-
nojirimycin treatment of the CHO clones slightly en-
hanced Jurkat cell binding in a dose-dependent manner
to all CHO.LFA-3:WT and CHO.LFA-3:6D clones (Fig-
ure 5B), to an extent comparable with neuraminidase
treatment.

Overall, the contribution of length to LFA-3 binding
efficiency was stronger than the effect of decreasing
surface charge or glycocalyx bulk; neither of the latter
treatments increased the binding efficiency of the wild-
type LFA-3 to the same level as seen with the untreated
lengthened LFA-3. To characterize the efficiency of
neuraminidase and deoxymannojirimycin treatment, the
wild-type LFA-3 and chimeric LFA-3/ICAM-1 mole-
cules were immunoprecipitated from the CHO.LFA-3:
WT.H and CHO.LFA-3:6D.H clones, respectively.
Treatment with neuraminidase at 0.2 units/ml con-
verted a series of acidic components to a single neutral
component for both wild-type LFA-3 (Figure 6A, lane
5 compared with lane 1) and chimeric LFA-3/ICAM-1
(Figure 6A, lane 6 compared with lane 3). Treatment
with deoxymannojirimycin at 500 ,uM resulted in a basic
shift in the isoelectric points of both wild-type (Figure
6A, lane 2 compared with lane 1) and chimeric LFA-3
(Figure 6A, lane 4 compared with lane 3). In addition,

it resulted in the reduction in the relative molecular
weight of wild-type LFA-3 from 71 to 48 kDa (Figure
6B, lane 3 compared with lane 1) and of chimeric LFA-
3/ICAM-1 from 117 to 104 kDa (Figure 6B, lane 4
compared with lane 2). The greater reduction in size of
wild-type than extended LFA-3 is consistent with the
presence of polylactosaminoglycan moieties on GPI-
anchored LFA-3 (Chan and Springer, unpublished ob-
servation) and the importance of membrane proximity
for this modification (Fukuda et al., 1988). Removal of

A

CHO.LFA-3:WT.L

CHO.LFA-3:6D.L

CHO.LFA-3:WT.H

CHO.LFA-3:6D.H

B

CHO.LFA-3:WT.L

CHO.LFA-3:6D.L

CHO.LFA-3:WT.H

CHO.LFA-3:6D.H

C

CHO.LFA-3:WT.L

CHO.LFA-3:6D.L

CHO.LFA-3:WT.H

CHO.LFA-3:6D.H

0 1 0 20 30 4C
% Jurkat Cells Bound

I I~~~~~~~~~~~~~~~~~~~~~

I

J...I_aI_
0 1 2 3 4 5

% SKW3 Cells Bound

0 2 4 6 8 10 1
% PB-T Cells Bound

Figure 4. Adhesion of (A) Jurkat, (B) SKW3, and (C) peripheral blood-
enriched T cells to CHO clones at 4°C. Binding to the indicated trans-
fected CHO clones was assayed as described in MATERIALS AND
METHODS. The nonspecific cell binding to the LFA-3-negative
CHO.LFA-3:N clone of 1.6 ± 0.6% for Jurkat cells, 1.2 ± 0.5% for
SKW3 cells, and 0 ± 0% for peripheral blood-enriched T cells was
subtracted. Results are representatives of two to five experiments.
Error bars indicate SDs of binding of triplicate samples. There was
no specific binding of CHO.LFA-3: WT.L cells in B and C.
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Jurkat cell binding to neuraminidase- or deoxyman-
nojirimycin-treated CHO transfectants was attributable
to an overall reduction of negative charge and bulk of
glycocalyx on the CHO cell surface.

T-Cell Adhesion at 22 and 37°C
T-cell adhesion to the CHO clones was assayed at 22
and 37°C under conditions where the adhesion mole-
cules might more readily redistribute into the cell-cell

A 3.7 4.1 4.5

1
I

2
3
4

4.5 5,5

4.7 5.0 5.3

6.5 7.0 7.5 8.0

5
6

B

% Jurkat Cells Bound

Figure 5. Effects of (A) neuraminidase and (B) deoxymannojirimycin
treatment on Jurkat cell binding to CHO clones at 4°C. CHO clones
in 96-well microtiter plates were pretreated with different concentra-
tions of neuraminidase for 1 h or cultured for 44-48 h in the presence
of different concentrations of deoxymannojirimycin before use. Results
are representative of two experiments. Error bars indicate SDs of
binding of triplicate samples.

1 23 4 5 6
200- 4

93-

Mr 69-S
x]O 46-

40

30-

polylactosaminoglycans from purified LFA-3 did
not affect its ability when incorporated in planar mem-
branes to bind Jurkat cells (Chan and Springer, unpub-
lished observations).
To test if the reduction of negative charge on LFA-3

itself contributed to the slightly enhanced Jurkat cell
adhesion, we tested Jurkat cell binding to wild-type
LFA-3 treated with or without Vibrio cholera neuramin-
idase (0.1 unit/ml) before incorporation into neutral egg
phosphatidylcholine planar membranes. The amount
of binding of Jurkat cells to neuraminidase-treated LFA-
3 and untreated LFA-3 was very similar (Figure 7). Fur-
ther removal by 0-galactosidase of the galactosides that
were exposed on digestion of terminal sialic acids by
neuraminidase also did not alter Jurkat cell binding
(Figure 7). These findings suggest that the enhanced
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14-

Figure 6. Characterization of wild-type LFA-3 and chimeric LFA-
3/ICAM-1 glycoproteins on CHO clones treated with neuraminidase
and deoxymannojirimycin. CHO.LFA-3:WT.H and CHO.LFA-3:6D.H
clones treated with 0.2 units/ml neuraminidase or 500 AM deoxy-
mannojirimycin were surface iodinated and subjected to immuno-
precipitation with anti-LFA-3 mAb TS2/9, analysis, and autoradi-
ography. (A) isoelectric-focusing (with pI range 3.7-5.3 or 4.5-8.0 as
indicated) of CHO.LFA-3:WT.H, untreated (lane 1) or treated with
deoxymannojirimycin (lane 2) or neuraminidase (lane 5); or CHO.LFA-
3:6D.H, untreated (lane 3), or treated with deoxymannojirimycin (lane
4) or neuraminidase (lane 6). (B) Eight percent, SDS-PAGE under
nonreducing conditions of CHO.LFA-3: WT.H, untreated (lane 1), or
treated with deoxymannojirimycin (lane 3) or neuraminidase (lane
5); or CHO.LFA-3:6D.H, untreated (lane 2) or treated with deoxy-
mannojirimycin (lane 4) or neuraminidase (lane 6).
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Figure 7. Jurkat cell binding to planar membranes containing purified
wild-type LFA-3 treated with or without neuraminidase. Results are
representatives of two experiments. Error bars indicate SDs of binding
of triplicate samples.

contact area. Jurkat and SKW3 cells were pretreated with
blocking mAbs to the integrin CD1 la (LFA-1) and to
the integrin CD29 (VLA integrin ,31 subunit) to minimize
cell adhesion mediated by temperature-dependent
adhesion pathways, but a substantial background that
was subtracted was still apparent for Jurkat and PB T-
cell binding to the CHO.LFA-3:N clone (see Figure 8).
There was little or no increase in binding of Jurkat or
PB T cells to the extended LFA-3 construct expressed
at the higher density (CHO.LFA-3:6D.H) at 22 or 37°C
compared with 4°C (Figure 8, A and B compared with
Figure 4A and Figure 8, E and F compared with Fig-
ure 4C), but binding of the CHO.LFA-3:6D.L and
CHO.LFA-3:WT constructs increased substantially at
the higher temperatures. Binding of SKW3 cells to all
the transfected CHO lines was more efficient at the
higher temperatures (Figure 8, C and D compared with
Figure 4B). The effect of lengthening LFA-3 was dimin-
ished but still significant. The effect of lengthening was
apparent for Jurkat cells at 22°C but less so at 37°C
(Figure 8, A and B). The extra Ig domains added to LFA-
3 enhanced binding at both low and high levels of
expression at 22°C and at the high level at 37°C for
both SKW3 and Jurkat cells (Figure 8, A-D). However,
lengthening had little effect on PB T-cell binding at 22
or 37°C (Figure 8, E and F).

DISCUSSION

The contact sites in cell adhesion molecules are com-
monly located in the most membrane-distal domain
(Springer, 1990b; Walz et al., 1990). Although there is
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substantial variation in the number of domains that are
interposed between the adhesive contact site and the
membrane, the significance of variation is unknown,
and we have therefore tested the effect of lengthening
the LFA-3 molecule from two to six Ig-like domains by
interposing four Ig-like domains of ICAM-1 between
the LFA-3 Ig-like domains and the membrane anchor.
Both the chimeric lengthened molecule and wild-type
LFA-3 were anchored by phosphatidyl inositol to elim-
inate effects attributable to differences in membrane
anchors. At the temperature of 4°C where diffusion of
membrane glycoproteins is minimized, the lengthened
LFA-3 molecule was 4- to 20-fold more efficient than
the wild-type LFA-3 molecule in adhesion to a variety
of cell types expressing CD2. The results suggest that
the efficiency of cell-cell adhesion is enhanced when
the adhesive binding site is extended away from the
cell membrane anchor. At higher temperatures, the ef-
ficiency of binding to the wild-type LFA-3 increased.
We compared the effect of lengthening LFA-3 with

the effect of cell-surface charge. The influence of cell-
surface charge previously has been explored using T-
lymphocyte rosetting with erythrocytes, an interaction
mediated by binding of CD2 on the T lymphocyte to
LFA-3 on the human or sheep erythrocyte (reviewed in
Springer, 1990b). Rosetting has been used for two de-
cades as a clinical assay for the percentage of T lym-
phocytes in peripheral blood, and the parameters gov-
erning it have been carefully explored. Rosetting is
improved by neuraminidase or protease treatment or
by chemical derivitizations that add positive charge to
the erythrocyte surface. Human T cells rosette with hu-
man erythrocytes only if the cell-surface negative charge
is reduced or if the density of LFA-3 is increased by
incorporation of exogenous LFA-3. We found that cell-
surface charge and glycocalyx content as modulated by
neuraminidase and deoxymannojirimycin, respectively,
had an influence on cell adhesion. The influence was
less then expected on the basis of studies of rosetting,
but the rosetting studies have used circulating cells that
may have a higher negative charge density. In our sys-
tem, the enhancing effect of reducing cell-cell repulsion
was significantly less than the enhancing effect of ex-
tending the receptor binding site of LFA-3 away from
its membrane anchor site. Furthermore, removal of sialic
acid and of much of the bulk of N-linked carbohydrate
enhanced binding of cells bearing both wild-type and
lengthened LFA-3. These results suggest that the
lengthened LFA-3 mediates more efficient cell binding,
not because the effects of cell-cell repulsion are atten-
uated because the cells do not have to come into as
close proximity, but because the adhesive binding sites
can more readily ligate to the counter-receptor on the
apposing cell.
The rate and extent of adhesive bond formation are

affected by lateral diffusivity of adhesion receptors, as
shown in a model system in which CD2-bearing T cells
interact with mobile or immobile LFA-3 in artificial
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membrane bilayers (Chan et al., 1991). At 4°C, glyco-
proteins diffuse more slowly than at 22 or 37°C (Petit
and Edidin, 1974). Our results suggest that the binding
efficiency of the wild-type LFA-3 more nearly ap-
proached the binding efficiency of the extended LFA-3
at 37°C; however, it was difficult to determine whether
this was due to enhanced lateral mobility or to coop-
eration with temperature-dependent background
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Figure 8. Adhesion at 22 and 37'C. Jurkat (A and B), SKW3 (C and
D), and peripheral blood T cells (E and F) were allowed to adhere to
CHO clones at 22°C (A, C, E) and 37°C (B, D, F). Jurkat and SKW3
cells were pretreated with anti-CD1 la and anti-CD49d/CD29 mAbs
before use. The nonspecific cell binding to the LFA-3-negative
CHO.LFA-3:N clone was 9.3 ± 2.6% at 22°C and 23.5 ± 2.3% at
37°C for Jurkat cells, 0.45 ± 0.03% at 22°C and 1.6 0.6% at 37°C
for SKW3 cells, and 0.0 ± 0.0% at 22°C and 13.3 1.4% at 370C
for peripheral blood T cells. The nonspecific cell binding was subtracted
from the total cell-binding percentage. Results are representative of
two experiments.

adhesion to CHO cells. The lengthened LFA-3 mole-
cules may be particularly efficient at 4°C because they
can extend further radially, in the direction parallel to
the membrane. CD2 molecules are present at a density
of about 100 sites/kIm2 on Jurkat cells and are hence on
average 100 nm apart (Chan et al., 1991). Rough ap-
proximations based on the size of Ig domains and the
measured size of ICAM-1 in the electron microscope
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(Springer, 1990b; Staunton et al., 1990) suggest that
wild-type and extended LFA-3 may be 8 and 23 nm
long, respectively. As the average distance apart of CD2
molecules on Jurkat cells is greater than the length of
extended LFA-3 but of the same order of magnitude,
lengthening could increase substantially the fraction of
LFA-3 molecules that can reach and bind a CD2 mol-
ecule. However, lateral diffusion allows movement of
membrane anchors within the plane of the membrane
and is an alternative mechanism to allow the adhesive
binding sites of two receptors to come into close prox-
imity.
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