






body and CLL was expressed on microvilli in a ratio similar to
CCC and LLL, respectively (Fig. 2). These findings in conjunc-
tionwith the result that swapping of the IC domain did not have
significant effects on cell surface topology suggest that the TM
domain may be a major determinant of L-selectin and CD44
surface presentation.
To examine this hypothesis, we generated chimeras with a

replaced TM but unmodified IC and EC segment (Fig. 1A).
Indeed, substitution of the L-selectin TM domain (LCL) pro-
voked a significant loss of themicrovillus localization, with 80%
of all labeled proteins found on the planar cell body and exclud-
ing microvilli (Fig. 2), similar to CD44 typical surface distribu-
tion. Likewise, CLC was hardly found on the planar cell body
but showed a major shift to the microvillus compartment.
Domain Swapping Does Not Alter Static Adhesion—To

address the functional implications of surface localization, we
established cell transfectants with tightly matched surface
expression levels, whichwas successful for all constructs except
LCL (Fig. 1, C andD). Static binding of wild type L-selectin and
chimeras was assessed using immobilized PSGL-1, a known
ligand for L-selectin (28). Cells were allowed to settle on coated

hydrophobic glass slides, and the number of bound cells was
counted. No significant difference in binding activity between
theN-terminal ligand-binding lectin domains of L-selectinwild
type and chimeras could be detected (Fig. 3A). Similarly, the
static adhesion activity of the CD44 transfectants was investi-
gated using its physiologic ligand hyaluronan (29), showing no
evidence for differential adhesion (Fig. 3B).
Microvillus Receptor Presentation Enhances Adhesion under

Flow—L-selectin supports fast leukocyte rolling on PSGL-1
(30), whereas CD44 mediates very slow rolling on hyaluronan
(29). Therefore, we used clones with similar surface expression
levels to assess rolling flux and velocity for all L-selectin assays
and cell accumulation for CD44 assays, respectively. To mimic
leukocyte-endothelium interactions, a parallel plate flow cham-
ber was used, allowing the characterization of the adhesion
behavior under defined wall shear stress conditions.
L-selectin showed efficient tethering and subsequent rolling

at shear stresses between 0.7 and 2.3 dynes/cm2. Both mock
transfectants and the blocking anti-L-selectin mAb DREG-200
were employed as specificity controls and completely abolished
all interaction. Consistent with published data (4), the cell

FIGURE 2. Receptor cell surface topography of K562 transfectants. Human wild type L-selectin, CD44, or chimeric receptors expressed by transfected K562
cells were analyzed for their surface localization. Using immunogold labeling and transmission electron microscopy, all 10-nm gold particles (black dots) were
categorized as cell body- or microvillus (MV)-based. Representative surface patterns (n � 2 in duplicate) with their receptor distribution on microvilli of
L-selectin transfectants (left) and CD44-transfectants (right) are shown. Data are presented as mean � S.D. (error bars). LCL expression is about half as high as
LLL, LLC, and LCC. 20 –30 cells with a total of �700 –1,400 gold particles were counted for each experiment. Scale bars, 0.1 �m.
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body-based chimera LCC showed a severely reduced rolling
flux comparedwithmicrovillus-expressed LLL. LLC showed an
intermediate phenotype between LLL and LCC at all tested
shear rates (Fig. 4, A and B). The rolling velocity of LLL, LCC,
and LLC was similar under all conditions (Fig. 4, C and D).
Detailed data are provided in Table 1.
Next, we investigated whether microvillus positioning can

improve the cell adhesion function of CD44. Expression-
matched pairs of CCC and CLC as well as CLL and CCL,

respectively, were compared in a
flow chamber assay (Fig. 5). In both
cases, microvillus-expressed CD44
receptors (CLC, CLL) supported
�3-foldmore adhesion than the cell
body-based counterparts. Note that
both pairs contain the same cyto-
plasmic tail and thus have the same
intracellular anchorage.

DISCUSSION

In this study, the impact of the
EC, TM, and IC domain of L-selec-
tin and CD44 on adhesion receptor
surface positioning and functional-
ity was evaluated to clarify puzzling
data concerning the contribution
of the cytoplasmic anchorage of
L-selectin and CD44. Using elec-
tron microscopy, no significant im-
pact of the IC tail could be detected
for both molecules, suggesting that
receptor surface pattern is not deter-
mined by cytoplasmic interactions.
However, mutations of ERM-binding
residues within the proximal IC
domain of L-selectin are known to
abolish expression on microvilli (20),
but deleting its distal cytoplasmic tail
does not (21), consistent with both
L-selectin andCD44 being constitu-
tively ERM-associated (22). There-
fore, ERM linkage of compartmen-
talized cell surface receptors seems
to be necessary but not sufficient
for defining their sorting to mi-
crovilli or the cell body. Further
domain swapping revealed the TM
domain to be a key determinant of
receptor surface compartmental-
ization irrespective of the EC and
IC domains.
In polarized cells, selective target-

ing and intracellular stabilization
at the basolateral and apical cell
surface are two putative mecha-
nisms responsible for cell polariza-
tion enabling biochemically and
functionally distinct plasma mem-

brane domains (31). Epithelial cells are microvilli-bearing on
their apical site whereas the basolateral compartment remains
rather flat, resembling the protrusive and flat subdomains on
leukocytes. Receptors of blood-borne nonpolarized cells may
be compartmentalized by a cognate sorting machinery (32).
Given our findings, it seems that leukocyte receptor compart-
mentalization involves two functionally separate processes:
selective targeting via theTMdomain and perhaps stabilization
through ERM linkage present in bothCD44 and L-selectin. The

FIGURE 3. Static adhesion of K562 transfectants. A, static binding of L-selectin transfectants to immobilized
PSGL-1 on hydrophobic glass slides. The specificity of binding was confirmed by cells preincubated with
blocking DREG-200 mAb (Control). Mean � S.D. (error bars) of five independent experiments are shown.
B, CD44 cell transfectants bound to hyaluronan under static conditions. Blocking anti-CD44 mAb served as
control. CCC and CLC express closely matched surface expression levels, as do CCL and CLL. Data are presented
as mean � S.D. of three independent experiments.

FIGURE 4. Rolling of L-selectin transfectants on PSGL-1. K562 cells transfected with L-selectin wild type (LLL)
and chimeras LLC and LCC rolling on PSGL-1 under different shear conditions are shown. The compared cell
lines shared a similar surface expression level (Fig. 1). A, steady-state rolling flux. Cells incubated with the
blocking anti-human DREG-200 mAb served as negative control. Data are presented as mean � S.D. (error bars)
of five independent experiments. B, same data, but normalized to rolling flux of LLL (�100%). *, p � 0.002; **,
p � 0.015 (paired t test, n � 5 in each group). C and D, cumulative velocity histograms of L-selectin transfectants
at 0.7 (C) and 1.8 (D) dynes/cm2. n indicates the number of rolling cells analyzed.
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ERM-binding residues and TM domains are highly conserved
in mammals, supporting a close functional link (Fig. 6).
As a precondition for functional flow assays, the ability of the

constructs to bind ligand was compared in a static environ-
ment. Neither receptor surface topology nor domain swapping
influenced the adhesive function of L-selectin or CD44 (Fig. 3).
Under flow, however, a significant effect on adhesion could be
detected at all tested shear levels. At 0.7 and 1.8 dynes/cm2, the
rolling flux of LLC was approximately 45% of that of LLL. LCC
supported about 20% of the rolling flux of LLL at 0.7 dynes/cm2

and about 12% at higher shear stress (Fig. 4B), suggesting that
differential attachment rates favored by microvillus-expressed
receptors become more obvious at increasing shear. However,
rolling velocity is not a function of either the topographic dis-
tribution (17) or of specific cytoplasmic anchorage. This is con-
sistent with the hypothesis that receptor off-rate, determined
by the EC domain, determines rolling velocity (33).
Defective tethering may be caused by the missing cyto-

plasmic �-actinin binding site that
was shown to play a central role in
leukocyte tethering under flow
(21, 34). Indeed, the substitution
of the L-selectin IC domain (LLC)
primarily evoked a dramatic loss
in initiating adhesion under flow
(Fig. 4) but did not change surface
distribution (Fig. 2). Moreover,
receptor presentation on microvilli
is sufficient for increased adhesion
under physiologic shear conditions
as shown by LLC (on microvilli)
compared with LCC (on the cell
body; Fig. 4, A and B). These results
are further supported by reciprocal
experiments using CD44 chimeras.
Both microvillus-expressed con-
structs containing theTMdomainof
L-selectin (CLC, CLL) showed supe-
rior adhesion compared with their
cell body-expressed counterparts
under flow (Fig. 5) but not under
static conditions (Fig. 3B). Thus, the
strong enhancement of CD44 adhe-
sion under flow through the intro-
duction of the L-selectin TM seg-
ment is likely to be a functional
consequence of the receptor shift
from the cell body to microvilli.
Together, these findings emphasize
that the TM domain is responsible
for specific receptor surface posi-
tioningwith direct consequences on
receptor functionality.
The CD44 and L-selectin TM do-

mains are both 95–100% conserved
among mammalian species (Fig. 6).
Our data are the first to demonstrate
that these TM helices indeed take

FIGURE 5. Accumulation of CD44 transfectants on hyaluronan under flow. Rolling and adherent K562 cells
transfected with wild type or chimeric CD44 were counted 7 min after the initiation of flow within a field of 1
mm2 in a flow chamber setup. Each pair of cell lines shared a similar receptor surface expression level (Fig. 1).
Accumulation of mock transfectants (Control) was negligible. All bars show mean � S.D. (error bars) of three
independent experiments.

FIGURE 6. Phylogenetic comparison of L-selectin and CD44 membrane-spanning regions. Primary amino
acid sequences of different species are depicted with their predicted IC and TM domains along with the
adjacent beginning of the EC segment. Single amino acids differing from Homo sapiens are highlighted gray.
The vertical order roughly reflects the taxonomic distance to H. sapiens (from top to bottom). ERM-binding
residues are indicated according to Refs. 20 and 22. For multiple sequence alignment, the program ClustalW2
was used with default settings.

TABLE 1
Rolling of K562 transfectants on recombinant PSGL-1
L-selectin wild type and chimeras rolling on PSGL-1 at low,medium, and high shear
stress are shown. Rolling flux data include five independent experiments. n indicates
the number of cells analyzed for rolling velocity.

Shear
stress Receptor Rolling flux

mean � S.D.a
Rolling velocity

Mean � S.D.b Median n

dynes/cm2 cells/min �m/s �m/s
0.7 LLL 312 � 18 103 � 58 93 88

LLC 142 � 30c 107 � 58 109 87
LCC 62 � 12c 120 � 56 112 33

1.3 LLL 232 � 12 116 � 67 113 75
LLC 85 � 21d 117 � 59 111 71
LCC 27 � 6c 133 � 67 126 29

1.8 LLL 104 � 15 119 � 70 104 72
LLC 46 � 4c 131 � 80 115 65
LCC 14 � 6c 138 � 46 131 28

a Cells during steady-state rolling crossing a virtual perpendicular line of 1-mm
length within 1 min.

b The velocity of steadily rolling cells was analyzed using a MATLAB snake model
tracking algorithm.

c p � 0.002 compared with LLL (paired t test); n � 5 at each condition.
dp � 0.015 compared with LLL (paired t test); n � 5 at each condition.
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center stage in physiologic receptor function by defining sur-
face localization. E-selectin, another member of the selectin
family, is displayed ubiquitously on the surface of pre-B cell
transfectants, including flat and protrusive sections (4). Despite
the close relationship to L-selectin in the EC domain, its TM
domain is barely conserved inmammals. Thus, it is plausible to
propose that noncompartmentalization of leukocyte surface
receptors constitutes a “default pathway,” whereas TM signals
lead to an active segregation to the cell body or microvilli.
Research about the organization of the plasma membrane

has focused on cholesterol-enrichedmicrodomains (lipid rafts)
as a main constituent of distinct subdomains. The tyrosine
kinase p56Lck was shown to play a central role in trafficking the
CD4 receptor to microvilli in the lymphoid cell line CEM (35).
Notably, lymphocyte L-selectin requires functional p56Lck for
the activation of the Ras pathway (36). Moreover, a PSGL-1
mutant lacking the IC tail and thus missing a putative ERM
binding domain still concentrates on microvilli of primary leu-
kocytes (6). Because this mutant was still able to associate with
lipid rafts and promote normal rolling on P-selectin, the
authors hypothesized that cytoskeletal anchorage of PSGL-1
was achieved through raft molecules that, in turn, link to actin.
Similarly, the deletion of the C-terminal tail of prominin, a pen-
taspan TM glycoprotein associated with lipid rafts, does not
perturb its accumulation on microvilli (37). Collectively, these
findings support the concept of lipid raft integrity as a precon-
dition for microvillus receptor presentation. However, other
studies seem to contradict: cell body CD44 in murine fibro-
blasts (38) but not microvillus L-selectin in human primary
cells (39) was shown to be enriched in rafts using the detergent
Triton X-100. This incongruence could be due to cell type-
specific discrepancies, the existence of multiple mechanisms
for protein sorting, or multiple types of rafts populating differ-
ent surface subdomains.
The complexity of microvillus receptor expression is illus-

trated by the failure of transfected K562 cells to display human
wild type PSGL-1 on microvilli (40) unlike primary cells (7, 6).
This points to possible accessory molecules necessary for
PSGL-1 but not L-selectin positioning. Similarly, the CD44
receptor localizes to the planar cell body of L1–2 pre-B cells (4),
but not of a melanoma cell line (22). Furthermore, domain
swapping experiments of �4- and �2-integrins (on microvilli
and on the cell body, respectively) suggest that EC interactions
may be responsible for microvillus positioning (41). Taken
together, despite a very similar phenotype, the underlying
mechanisms for the association of different surface receptors
with microvilli seem to be diverse. Cytoskeletal anchorage, EC
and TM interactions, as well as lipid raft integrity appear to
contribute to a microvillus expression pattern. However, the
surface expression patterns of CD44 and L-selectin are deter-
mined by the TM domain.
Membrane-spanning domains not only function as mem-

brane anchors but also play a critical role in receptor function-
ality (42, 43). Through lateral membrane interactions or
dynamic conformational changes, TM domains are known to
regulate the formation of heterogeneous protein complexes
and protein folding, yet there is to date no evidence about any
particular impact on receptor localization. The biological

importance is highlighted by several disease-associated muta-
tions within single-spanning TM domains clinically leading to
severe pathologies such as achondroplasia, acute myeloid leu-
kemia, or lupus (43). Because the extent of microvilli on cancer
cells is correlatedwith the hematogenous dissemination poten-
tial of the tumor (44), our findings suggest that TM domains of
adhesion receptors may also play a role in metastasis. Insights
about the physiology of TM interactions can therefore guide
studies into new therapeutic targets in inflammation and can-
cer metastasis.
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