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In transmembrane (TM) domains, tetraspanin KAI1/
CD82 contains an Asn, a Gln, and a Glu polar residue.
A mutation of all three polar residues largely disrupts
the migration-, invasion-, and metastasis-suppressive
activities of KAI1/CD82. Notably, KAI1/CD82 inhibits
the formation of microprotrusions and the release of
microvesicles, while the mutation disrupts these in-
hibitions, revealing the connections of microprotru-
sion and microvesicle to KAI1/CD82 function. The TM
polar residues are needed for proper interactions be-
tween KAI1/CD82 and tetraspanins CD9 and CD151,
which also regulate cell movement, but not for the
association between KAI1/CD82 and �3�1 integrin.
However, KAI1/CD82 still efficiently inhibits cell mi-
gration when either CD9 or CD151 is absent. Hence,
KAI1/CD82 interacts with tetraspanin and integrin by
different mechanisms and is unlikely to inhibit cell
migration through its associated proteins. Moreover,
without significantly affecting the glycosylation, ho-
modimerization, and global folding of KAI1/CD82,
the TM interactions maintain the conformational sta-
bility of KAI1/CD82, evidenced by the facts that the
mutant is more sensitive to denaturation and less
associable with tetraspanins and supported by the
modeling analysis. Thus, the TM interactions medi-
ated by these polar residues determine a conforma-
tion either in or near the tightly packed TM region
and this conformation and/or its change are needed
for the intrinsic activity of KAI1/CD82. In contrast to
immense efforts to block the signaling of cancer
progression, the perturbation of TM interactions

may open a new avenue to prevent cancer invasion
and metastasis. (Am J Pathol 2009, 174:647–660; DOI:
10.2353/ajpath.2009.080685)

Functionally, KAI1/CD82 suppresses tumor metastasis
and cell migration.1–3 The role of KAI1/CD82 in metasta-
sis suppression was originally discovered in metastatic
prostate cancer,4 and then it was found that KAI1/CD82
expression also suppresses the invasion and/or metas-
tasis of other epithelial malignancies.1–3 Although the
mechanism remains unclear, recent studies have shown
that KAI1/CD82 may inhibit cell motility by regulating the
biological activities of its associated proteins and/or re-
organizing plasma membrane microdomains.1–3 In other
words, KAI1/CD82 may suppress cancer metastasis by
directly inhibiting cancer cell movement. In addition,
KAI1/CD82 overexpression was reported to induce apo-
ptosis of cancer cells5,6 by releasing intracellular gluta-
thione and by accumulating intracellular reactive oxygen
intermediates.6 Recently, KAI1/CD82 was found to bind
Duffy antigen receptor for chemokine proteins express-
ing on endothelium, which results in the senescence of
KAI1/CD82-positive cancer cells in primary lesions and
the metastasis of KAI1/CD82-negative cancer cells to
distant organs.7

Structurally, KAI1/CD82 protein is a member of the
tetraspanin superfamily, members of which can be found
in all eukaryotic organisms and engage in a wide spec-
trum of biological functions.8,9 Consistent with the role
that a fungus tetraspanin plays in cellular invasion, many
tetraspanins in humans regulate cell movement.8 A prom-
inent feature of tetraspanins is that they associate with
each other and with other transmembrane (TM) and in-
tracellular signaling molecules to form a transmembrane
multimolecular complex called tetraspanin web or tet-
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raspanin-enriched microdomain (TEM).8,9 KAI1/CD82 as-
sociates with other tetraspanins such as CD9 and CD81
in the plasma membrane.3 In addition, KAI1/CD82 asso-
ciates with a list of other TM proteins such as integrins, Ig
superfamily proteins, and growth factor receptors, which
are also the components of the tetraspanin web or TEM.3

Approximately one-third of amino acid residues of
KAI1/CD82 are embedded in the lipid bilayer and form
four TM domains.10–12 Interestingly, the TM domains of
most, if not all, tetraspanins contain several conserved
polar residues. For example, the first, third, and fourth TM
domains of KAI1/CD82 contain respectively, a highly hy-
drophilic amino acid residue that is fully buried in the
membrane lipid bilayer. Although the precise role of
these polar residues in tetraspanin function remains un-
known, recent studies suggest that the strong polar res-
idues in CD9, CD81, and UPIb are involved in molecular
packing, ie, the interactions between TM segments.13–15

This notion agrees with earlier observations made from
other TM proteins that TM polar residues can mediate
peptide-peptide interactions within the lipid bilayer.16–20

Furthermore, studies from T cell receptor demonstrated
that the TM polar residues contribute to the assembly,
cell surface expression, and signaling of T cell recep-
tor,21–23 underscoring the biological significance of TM
polar residues. Because the associations between KAI1/
CD82 and other TM proteins in tetraspanin web or TEM
may not result from the direct protein-protein interaction
of either extracellular domains or intracellular domains,
we hypothesized that these polar residues in KAI1/
CD82’s TM domains play important roles in the interac-
tions between KAI1/CD82 and some of its associated
proteins or the formation of KAI1/CD82-containing TEM.
Because the associations of KAI/CD82 with the cell ad-
hesion proteins and growth factor receptors in TEM are
possibly needed for KAI1/CD82 motility-inhibitory activity,
we also hypothesized that the TM polar residues of KAI1/
CD82 are also functionally important.

Materials and Methods

Antibodies and Extracellular Matrix

The monoclonal antibodies (mAbs) used in this study
were CD82 mAbs M104,24 TS82b25 (Diaclone SAS, Be-
sancon, France), 4F9,12 6D7,12 and 8E412; CD9 mAb
MAB726 and C9BB27; CD81 mAb M3824; CD151 mAbs
5C1127 and 8C328; integrin �1 mAb TS2/16 mAb29; and
�-tubulin mAb (Sigma, St. Louis, MO). The tetraspanin
mAbs were kindly provided directly or indirectly by Drs.
O. Yoshie, E. Rubinstein, C. Morimoto, L. Jennings, M.
Hemler, and K. Sekiguchi. A mouse IgG2b (clone MOPC
141; Sigma) was used as a negative control antibody in
flow cytometry. The polyclonal antibody used in this study
was integrin �3 antibody.30 The secondary antibodies
were horseradish peroxidase-conjugated goat anti-
mouse IgG (Sigma) and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG antibody (Bio-
source International, Camarillo, CA). The extracellular
matrix (ECM) proteins used in this study were human

plasma fibronectin (FN; Invitrogen, San Diego, CA),
mouse laminin 1 (LN; Invitrogen), and Matrigel (BD Bio-
science, San Jose, CA).

Cell Culture and Transfectants

The prostate cancer cell line Du145 and the fibroblas-
toma cell line HT1080 were obtained from American Type
Culture Collection (Manassas, VA) and cultured in Dul-
becco modified Eagle medium (DMEM) supplemented
with 10% fetal calf serum (FCS), 100 units/ml penicillin,
and 100 �g/ml streptomycin. As previously described,31

the asparagine (N), glutamine (Q), and glutamic acid (E)
mutant (NQE) of KAI1/CD82, in which the N17, Q99, and
E242 residues are simultaneously replaced by A residues,
was generated by PCR-based site-directed mutagenesis
using KAI1/CD82 wild-type cDNA as the template and
constructed into pcDNA3.1(�) plasmid expression vec-
tor (Invitrogen). The introduced mutations were con-
firmed by DNA sequencing. The Du145 transfectant of
Mock, KAI1/CD82 wild-type, and KAI1/CD82 NQE mutant
were established as described previously.31 Briefly, plas-
mid DNAs were transfected into Du145 cells via Lipo-
fectamine 2000 (Invitrogen) and selected under G418
(Invitrogen) at a concentration of 1 mg/ml. Hundreds of
G418-resistant clones were pooled, and the KAI1/CD82-
positive cells were collected using flow cytometric cell
sorting. The pooled Mock or KAI1/CD82-positive clones
were the stable transfectants used in all subsequent exper-
iments. HT1080-Mock and KAI1/CD82 stable transfectants
were established in the same way as described above.

Flow Cytometry

Cells were harvested with 2 mmol/L EDTA/PBS, washed
once with PBS, treated with DMEM supplemented with
5% goat serum at 4°C for 15 minutes, and then incubated
with a primary mAb at 4°C for 1 hour. After removing
unbound primary mAbs with two washes, cells were ad-
ditionally incubated with FITC-conjugated goat anti-
mouse IgG at 4°C for 30 minutes. The cells were ana-
lyzed on a FACSCalibur flow cytometer (BD Bioscience).

Fluorescent Microscopy

As described in earlier studies,30,31 circular glass cover-
slips (Fisher, Pittsburgh, PA) were coated with the ECM
proteins fibronectin (10 �g/ml) or laminin 1 (10 �g/ml) at
4°C overnight and then blocked with 0.1% heat-inacti-
vated bovine serum albumin at 37°C for 45 minutes. Cells
were harvested in 2 mmol/L EDTA/PBS, washed once in
PBS, and plated on the ECM-coated coverslips in serum-
free DMEM at 37°C overnight. Cells were then fixed with
3% paraformaldehyde at room temperature for 15 min-
utes. If necessary, cells were permeabilized with 0.1%
Brij 98 in PBS at room temperature for 2 minutes. Non-
specific binding sites were blocked with 20% goat serum
in PBS at room temperature for 1 hour. Primary mAbs
were diluted at a final concentration of �1 �g/ml in 20%
goat serum/PBS and incubated with cells at room tem-
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perature for 1 hour followed by three washes with PBS.
Cells were then labeled with FITC-conjugated goat anti-
mouse IgG at room temperature for 1 hour, followed by
four washes with PBS. Finally, the coverslips were mounted
on glass slides in FluroSave reagent (Calbiochem, Carls-
bad, CA). Digital images were captured using a Zeiss Ax-
iophot fluorescent microscope at a magnification of �63.

Cell Labeling, Immunoprecipitation,
Immunoblot, and Western Blot

For metabolic labeling with S35, Du145 transfectants
were incubated with 40 �Ci/ml S35 L-methionine (Perkin-
Elmer, Boston, MA) in methionine- and cysteine-free
DMEM containing 10% dialyzed FCS at 37°C overnight.
Cells were lysed in lysis buffer containing 1% Brij 97
(Sigma), 25 mmol/L HEPES, 150 mmol/L NaCl, 5 mmol/L
MgCl2, 1 mmol/L phenylmethylsulfonyl fluoride, 10 �g/ml
aprotinin, 10 �g/ml leupeptin, 2 mmol/L sodium or-
thovanadate, and 2 mmol/L sodium fluoride. Insoluble
material was removed by centrifugation at 14, 000 � g for
15 minutes, and the lysates were precleared by incubat-
ing with protein A- and G-Sepharose beads (Amersham,
Uppsala, Sweden) at 4°C for 6 hours. Then the mAb-
preabsorbed protein A- and G-Sepharose beads were
incubated with cell lysate at 4°C overnight. Immune com-
plexes were collected by centrifugation followed by four
washes in lysis buffer. Immune complexes were eluted
from the beads with Laemmli sample buffer and then
analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE) under a nonreducing condition. The gels were
treated with autoradiography enhancement reagent (Per-
kin-Elmer), dried, and exposed to film (Kodak, Rochester,
NY) at �80°C for 5 to 7 days.

For cell surface biotinylation, Du145 transfectants were
labeled with 100 �g/ml EZlink sulfo-NHS-LC biotin
(Pierce, Rockford, IL) in PBS at room temperature for 1
hour followed by three washes with PBS. The biotinylated
cells were lysed in 1% Brij 97 lysis buffer, and cell lysates
were immunoprecipitated as described above. Immuno-
precipitated proteins resolved by SDS-PAGE were trans-
ferred to nitrocellulose membrane (Schleicher & Schuell,
Keene, NH) and incubated with horseradish peroxidase-
conjugated extravidin (Sigma). Blots were visualized by
chemiluminescence (Perkin-Elmer).

Immunoprecipitation and immunoblotting were per-
formed as described.32 Briefly, cells were lysed with 1%
NP40 or 1% Brij97 lysis buffer. Lysates were immunopre-
cipitated as described above, and the precipitates were
then separated by SDS-PAGE. Proteins were transferred
to nitrocellulose membranes and sequentially blotted with
a primary antibody and a horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit IgG (Sigma) secondary
antibody followed by chemiluminescence detection. For
Western blotting, lysates were directly separated by SDS-
PAGE followed by the blotting procedures as indicated
above.

Chemical Cross-Linking

CD82 dimerization was assessed as described.33 Briefly,
the amino-specific cross-linker dithio-bis-succinimidyl-
proprionate (DSP; Pierce, Rockford, IL) was dissolved in
DMSO at 10 mg/ml immediately before use. DSP was
added to the cell lysate prepared from 1% Brij97 lysis
buffer (25 mmol/L Hepes, pH 7.4, 150 mmol/L NaCl, 2
mmol/L MgCl2, and aforementioned protease inhibitors)
to a final concentration of 0.25 mg/ml. DSP was incu-
bated with the cell lysate at 4°C for 1 hour, and 1% NP-40
in 20 mmol/L Tris-HCl was added to cell lysate for further
incubation for 15 minutes. CD82 was immunoprecipitated
and then immunoblotted with its mAb.

Cell Migration Assay

Migration assays were performed in Transwell filter in-
serts in 24-well tissue culture plates (BD Bioscience) as
described.31 The polycarbonate membrane filters of
Transwell contain pores 8 �m in diameter. Filters were
spotted with FN (10 �g/ml) or LN-1 (10 �g/ml) on the
lower surface of the Transwell inserts at 4°C overnight
and then blocked with 0.1% heat-inactivated bovine se-
rum albumin at 37°C for 30 minutes. Cells were detached
at 90% confluence, washed once in PBS, and resus-
pended in serum-free DMEM containing 0.1% heat-inac-
tivated bovine serum albumin. A 300-�l of cell suspen-
sion was added to inserts at a density of 3 � 104 cells/
insert. DMEM containing 1% FCS was added to the lower
wells. Migration was allowed to proceed at 37°C for 3
hours. Cells that did not migrate through the filters were
removed using cotton swabs, and cells that migrated
through the inserts were fixed and stained with Diff-Quick
(Baxter, McGraw Park, IL). The number of migrated cells
per microscopic field (at original magnification �40) was
counted visually under a light microscope. Data from five
independent experiments were pooled and analyzed us-
ing a two-tailed, Student’s t-test.

Cell Invasion Assay

Invasion was measured using Biocoat Matrigel invasion
chambers (BD Biosciences) by following the manufactur-
er’s protocol. Briefly, cells at the 80% to 90% confluent
stage were detached. DMEM containing 10% FCS and
10 nmol/L stromal cell-derived factor 1 (R&D, Minneapo-
lis, MN) was placed in the lower well, and 2.5 � 103 cells
in 500 �l of serum-free medium were loaded to the upper
chamber of the Matrigel-coated insert and incubated at
37°C for 22 hours. Cells that invaded to the lower surface
of the filter were stained with Diff-Quick (American Sci-
entific Products, McGraw Park, IL) and quantified with
light microscope at original magnification �100. The data
were expressed as the average number of cells from five
randomly selected fields and analyzed statistically using
a two-tailed, Student’s t-test. The experiments were re-
peated three times.
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Experimental Metastasis Assay

The metastatic potentials of HT1080 transfectants were
evaluated in mice using experimental lung metastasis
assay as described.34,35 A total of 30 BALB/c nu/nu
female mice (8-week old, Harlan, Indianapolis, IN) were
included in the assay with 10 mice for each group/trans-
fectant. HT1080 transfectant cells (1 � 106 cells in 0.1 ml
PBS) were injected into each nude mouse through tail
vein. The mice were sacrificed 3 weeks after the injection.
Lungs were dissected, fixed in formalin solution, and
photographed. The macrometastatic foci (�0.3 mm) on
the lung surface were counted under the dissect micro-
scope. Statistical analysis (Student’s t-test) was per-
formed with StatView software (SAS Institute Inc., Cary,
NC), and the results were expressed as mean � SD.

RNA Interference

The pSIREN-RetroQ retroviral construct containing short
hairpin RNAs (shRNAs) targeting the human CD151
mRNA were generated as described.36 The shRNAs of
sh2 and sh3 constructs target 5�-GCGAGACCATGC-
CTCCAACAT-3� and 5�-AGTACCTGCTGTTTACCTACA-3�
sequences of human CD151, respectively. The sh3 con-
struct effectively silences CD151 expression, but the sh2
cannot silence CD151 and therefore was used as control.36

These constructs were cotransfected with the pVSV-G ret-
roviral coat protein expression vector into GP2-293 pack-
aging cells by using lipofectamine 2000 (Invitrogen). At 48
hours after transfection, retrovirus-containing culture me-
dium was collected, filtered through 0.45-�m filters, mixed
with 4 �g/ml polybrene (Sigma), and then used to trans-
duce Du145 cells that were pre-incubated at 4°C for 30
minutes. The stable Du145-sh2 and -sh3 transductants
were selected with 2 �g/ml puromycin (Sigma) and main-
tained in 1 �g/ml puromycin.

Transmission Electron Microscopy

Cells grown in the tissue culture flasks at 70% to 80%
confluence were detached with 2 mmol/L EDTA in PBS
and spun down at 1000 � g. The cells were washed once
with PBS buffer, resuspended in 2.5% glutaraldehyde for
fixation at room temperature for 4 hours, and then post-
fixed in 1% osmium tetraoxide in PBS at room tempera-
ture for 4 hours. After postfixation, the cells were rinsed
briefly in deionized water, and en bloc stained with 2%
uranyl acetate in 0.85% sodium chloride at 4°C overnight.
The cell pellets were dehydrated in graded solutions of
ethanol, from 30% through 100%, at 1 hour each, infil-
trated first with 50% Spurr in 100% ethanol overnight at
room temperature, then with 100% Spurr over an 8-hour
period involving at least three changes of Spurr. The cells
were cured at 60°C for 2 days. One-micron sections were
cut on a Reichert Ultracut E microtome and stained with
toluidine blue. Areas of interest were selected, sectioned
at approximately 75 nm, and poststained with uranyl
acetate and lead citrate immediately. The cells were ob-

served and photographed on a JEOL 2000EX transmis-
sion electron microscope at 60 kV.

Modeling and Analysis of KAI1/CD82
Transmembrane Regions

An atomic model of KAI1/CD82 was built with the homol-
ogy modeling method by using the strategy similar to the
previously published model of CD81 (PDB code:
2AVZ).14 In the modeling procedure, the four TM helices
were constructed based on a fully antisymmetric, left-
handed, coiled coil template, which was found in cyto-
chrome oxidase subunit III (PDB code: 2OCC, chain C),
and the large extracellular loop (EC2) was constructed
based on the crystallographic structure of the tetraspanin
CD81 EC2 domain (PDB code: 1G8Q). The homology
modeling was performed in SWISS-MODEL, a fully auto-
mated protein structure homology-modeling server.37

The homology model was then minimized with the pro-
gram AMBER838 in implicit solvent. In detail, 1000 steep-
est descent minimizations were conducted first, followed
by 5000 conjugate gradient minimizations to refine the
model system. A modified Generalized Born implicit wa-
ter model39 was then used to mimic the solvated environ-
ment. Amber99 force field was used during minimiza-
tion.38 All of the calculations were performed on an IBM
420-cpu P4 cluster system located at the Hartwell Center
for Bioinformatics and Biotechnology of St Jude Chil-
dren’s Research Hospital.

Results

Generating and Characterizing the TM
Hydrophilic Residue Mutant of KAI1/CD82:
the NQE Mutant

Human KAI1/CD82 TM domains TM1, TM3, and TM4
contain hydrophilic amino acid residue N, Q, and E,
respectively (Figure 1A). Sequence alignment shows that
the three polar residues are fully conserved in all KAI1/
CD82 proteins of vertebrates (Figure 1A, bottom panel),
implying the functional importance of this characteristic
feature for tetraspanin TM domains. To determine the
structure-function relationship, we replaced the polar res-
idues N17, Q99, and E242 with alanines by using recom-
binant PCR, and the mutant was named after the amino
acid abbreviation NQE (Figure 1B). The selection of ala-
nine residue for the replacement was based on its neu-
trality and small size, which together minimize the ad-
verse effect of the mutation and allow TM helices to still
be packed tightly in the presence of the mutation. The
stable transfectants of NQE mutant, wild-type, and Mock
were established in metastatic prostate cancer cell line
Du145, which barely expresses endogenous KAI1/
CD82.28 The KAI1/CD82 wild-type and NQE transfectant
cells with the equivalent levels of KAI1/CD82 expression
at the cell surface were collected by flow cytometric
sorting and used as the stable transfectants for the fol-
lowing studies (Figure 1C).
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To assess the effect of NQE mutation on the global
structure of KAI1/CD82, we analyzed and compared the
binding affinity of different KAI1/CD82 mAbs to wild-type
and NQE mutant. Because these mAbs induce different
functional effects and can detect KAI1/CD82 proteins
under different conditions,10–12,24,25,40 they likely recog-
nize different antigen epitopes of KAI1/CD82. Hence, the
binding abilities of various mAbs could reflect the global
antigen structure. Because most tetraspanin mAbs rec-
ognize the larger extracellular loop (LEL) and these KAI1/
CD82 mAbs cannot detect KAI1/CD82 antigen under the
reduced condition, these antigen epitopes of KAI1/CD82
are most likely present in the LEL, which is framed by
disulfide bonds, contains approximately one-half of the

KAI1/CD82 amino acid sequence, and is the major struc-
ture besides TM regions. As shown in Table 1, KAI1/
CD82 NQE mutant exhibited equivalent binding affinity as
the wild-type to various KAI1/CD82 mAbs, suggesting
that the global structure, especially the structure of LEL,
of KAI1/CD82 is not significantly altered by the NQE
mutation.

KAI1/CD82 is typically localized at the plasma and
intracellular vesicular membranes.3 The subcellular local-
ization of KAI1/CD82 could be functionally important,
because the deficiency in function of a KAI1/CD82 pal-
mitoylation mutant was accompanied by the alteration of
KAI1/CD82 in subcellular localization.31 To determine
whether TM polar residues play any role in KAI1/CD82
subcellular localization, we analyzed the steady-state
distributions of KAI1/CD82 WT and NQE proteins by im-
munofluorescence. We found no apparent difference in
the intracellular and plasma membrane distributions of
KAI1/CD82 proteins between the wild-type and NQE mu-
tant cells when the transfectant cells were cultured on FN
or LN1, although more and longer KAI1/CD82-positive,
thin, and long structures or microspikes were found in the
NQE mutant (Figure 1D). Also, we found no intracellular
aggregates or retention of KAI1/CD82 proteins in NQE
mutant, further supporting the above conclusion of the
proper folding of KAI1/CD82 NQE mutant proteins.

The TM Polar Residues Are Needed for the
Migration-, Invasion-, Metastasis-, and
Membrane Protrusion-Inhibitory Activities of
KAI1/CD82

It is well established that the forced expression of KAI1/
CD82 in cancer cells inhibits cell migration and inva-
sion.1–3,31,32 We investigated the role of the TM polar
residues in KAI1/CD82-mediated inhibition of cell move-
ment by analyzing cell migration and invasion using the
Mock, KAI1/CD82 wild-type, and KAI1/CD82 NQE trans-
fectants. We analyzed the directional cell migration to-
ward FCS on FN and LN1. As expected, Du145-KAI1/
CD82 wild-type cells migrated in markedly lower

Figure 1. Schematic presentation of CD82 TM polar residues and establish-
ment of the NQE mutant. A: Sequence alignment of CD82 TM regions. The
four TM domains of the vertebrate orthologs of CD82 were aligned by the
Clustal W program. Three TM polar residues (in bold and marked with
arrow) are fully conserved in all CD82 proteins. B: Schematic presentation of
CD82 wild-type and NQE mutant proteins. The NQE mutation denotes that
the three conserved TM polar residues, Asn17 (N), Gln99 (Q), and Glu242 (E),
are replaced with Ala (A) residues simultaneously. C: Du145 prostate cancer
cells were stably transfected with vector (MOCK), CD82 wild-type (WT), and
CD82 NQE mutant (NQE). The transfectants were analyzed by flow cytom-
etry for the surface expression of CD82, as shown in light gray. The cells were
also stained with a mouse IgG (black) and integrin �1 mAb (medium gray)
for negative and positive control, respectively. D: The effect of the NQE
mutation on the subcellular distribution of CD82. Du145 transfectant cells
cultured on FN (10 �g/ml)- or LN1 (10 �g/ml)-coated glass coverslips were
fixed, permeabilized, and incubated with CD82 mAb M104, followed by an
FITC-conjugated second Ab incubation. The images were captured under a
fluorescent microscope at original magnification �63.

Table 1. The cell surface expression of integrins
and tetraspanins in Du145 transfectants

Mock CD82 WT CD82 NQE

CD82
M104 3 37.8 36.2
6D7 2.8 75.5 65.8
4F9 2.7 168.5 160.9
8E4 3.1 91.8 112.8
TS82b 2.9 84.9 89.6

CD151 64.8 83.5 90.8
CD9

MAB7 102.9 104.9 118.4
C9BB 4.2 27.6 38.2

Integrin �1 316.8 297.3 308.7
Integrin �3 324.5 354.5 372.3

The numbers are the mean fluorescence intensity of the cell surface
staining of the indicated mAbs in flow cytometry. The analysis was
performed multiple times, the same results were obtained, and the
results from a representative experiment were presented.
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numbers compared with Du145-Mock cells (Figure 2A,
left panel), consistent with previous studies using this or
other cancer cell lines.1–3 The NQE mutant interrupted
the cell migration inhibited by KAI1/CD82 wild-type and

migrated approximately onefold better than the wild-type
on both ECMs (Figure 2A). We next examined whether
the NQE mutation affects the ability of KAI1/CD82 to
inhibit cell invasiveness. As shown in the left panel of
Figure 2B, the forced expression of KAI1/CD82 wild-type
drastically inhibited the cells from invading through Ma-
trigel, the recombinant three-dimensional basement
membrane, while the NQE mutant largely interrupted the
ability of wild-type to inhibit invasiveness.

To ensure the effect of the NQE mutation on cell mo-
tility, we also analyzed the migratory and invasive abilities
of HT1080 transfectants. In contrast to Du145 as a car-
cinoma line, HT1080 is a sarcoma line. Similar to Du145
cells, HT1080 cells barely express endogenous KAI1/
CD82 (see following); and KAI1/CD82 wild-type and NQE
mutant proteins were forcedly expressed at equivalent
levels at the cell surface in HT1080 transfectants (the
mean fluorescence intensity of flow cytometry analysis for
wild-type was 152; the mean fluorescence intensity for
the NQE mutant was 177). Consistent with the Du145
counterpart, the HT1080-KAI1/CD82 NQE mutant signif-
icantly disrupted the inhibitory effects of KAI1/CD82 wild-
type on cell migration on FN and LN1 (Figure 2A, right
panel). Similarly, the mutant largely disrupted the effect of
wild-type on cell invasion through Matrigel (Figure 2B,
right panel). The attenuated motility-inhibitory activities of
NQE mutant were more evident with the cells harvested
from the subconfluent culture than the ones from the
confluent culture.

To evaluate the role of TM polar residues in KAI1/
CD82-mediated metastasis suppression, we investigated
the lung metastasis capability of HT1080 transfectants by
directly inoculating the tumor cell into the tail veil of nude
mice. As shown in Figure 2C, KAI1/CD82 expression
significantly reduced the numbers of metastatic foci in
lung, compared with the group injected with Mock cells,
consistent with the earlier studies from elsewhere.41,42

While the lung metastasis nodules detectable on the lung
surface in the NQE mutant group was basically equiva-
lent in number to the one in the Mock group (Figure 2C).

Interestingly, at the ultrastructural level, we found that
Du145 cells produced the cellular projections from the
plasma membrane (indicated by arrows in Figure 3A)
and released the vesicular structures to the cell surround-
ings (indicated by asterisks in Figure 3A). On KAI/CD82
expression, the number of microprotrusions was dramat-
ically diminished (Figure 3A). In the NQE mutant cells,
microprotrusions reappeared, and the number of this
ultrastructure was comparable with the one in Mock cells
(Figure 3A). Under light microscopy, we found markedly
fewer and shorter microspikes in KAI/CD82 wild-type
cells compared with those in Mock and NQE cells (Figure
3B). Microspikes are the cellular projections that are
present on the dorsal surface of a cell when cultured in
complete media, and they are similar in morphology to
the microprotrusions observed under electron micros-
copy. The widths of microprotrusions and microspikes
are within the same magnitude but microprotrusions are
shorter than microspikes, possibly resulted from the EM
sample preparation. Together, KAI1/CD82-mediated in-

Figure 2. NQE mutation disrupts CD82-mediated suppression of cell migra-
tion and invasion. A: Cell migration of Du145 and HT1080 transfectants was
analyzed using Transwell inserts coated with FN (10 �g/ml) or LN1 (10
�g/ml). Cells that migrated onto the lower surface were fixed, stained, and
then counted. Data are the average cell numbers of five (for Du145 cells) or
eight (for HT1080 cells) randomly selected microscopic fields at the magni-
fication �40, and the results represent the mean � SE of three (for Du145
cells) or four (for HT1080 cells) independent experiments. For the migration
of Du145 transfectants on FN, P value is �0.01 between Mock and wild-type
(WT), �0.01 between wild-type and NQE mutant, and 	 0.03 between Mock
and NQE. For the migration of Du145 transfectants on LN1, P value 	 0.01
between Mock and wild-type, �0.01 between wild-type and NQE mutant,
and 	 0.04 between Mock and NQE. For the migration of HT1080 transfec-
tants on FN, P value is �0.01 between Mock and wild-type, 	 0.01 between
wild-type and NQE mutant, and 	 0.03 between Mock and NQE. For the
migration of HT1080 transfectants on LN1, P value �0.01 between Mock and
wild-type, �0.01 between wild-type and NQE mutant, and 	 0.01 between
Mock and NQE. B: Cell invasion of Du145 and HT1080 transfectants was
determined using Biocoat Matrigel Invasion chambers (BD). The inserts were
primed according to the manufacturer’s directions. Cells (2.5 � 103) were
placed in the upper chamber. After incubation for 22 to 24 hours, cells that
invaded through Matrigel onto the lower surface of the filter were fixed,
stained, and counted. Results obtained from three (for Du145 cells) or four
(for HT1080 cells) individual experiments and represent the average invaded
cell number of five (for Du145 cells) or eight (for HT1080 cells) microscopic
fields. For Du145 transfectants, P value 	 0.03 between Mock and wild-type,
�0.01 between wild-type and NQE mutant, and �0.05 between Mock and
NQE. For HT1080 transfectants, P value �0.01 between Mock and wild-type, 	
0.01 between wild-type and NQE mutant, and �0.1 between Mock and NQE. C:
Lung metastasis of HT1080 transfectants was analyzed in the murine experimen-
tal metastasis model as described in “Materials and Methods.” The lungs of
inoculated mice were dissected and photographed. The image of a single lung
lobe from each group is shown. The macrometastatic foci (�0.3 mm) on the lung
surface were counted under dissecting microscope. The P value �0.05 between
Mock and wild-type and between wild-type and NQE mutant and �0.05 between
Mock and NQE mutant; for each group, n 	 10. Scale bar 	 1 mm.
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hibition of motility may need and the TM interaction is
critical for the formation of these protrusive structures.

Roles of TM Hydrophilic Residues in KAI1/
CD82-Tetraspanin and -Integrin Associations

Earlier studies showed that the TM polar residues were
involved in protein-protein interaction in the membrane
lipid bilayer.16–20 Because KAI1/CD82 associates with
other tetraspanins, integrins, and IgSF proteins in TEM,

we next examined whether the NQE mutation alters the
complex formation between KAI1/CD82 and its associ-
ated proteins. This analysis also addressed whether
KAI1/CD82-TEM interaction correlates the motility-inhibi-
tory activity of KAI1/CD82.

For KAI1/CD82-tetraspanin interactions, we analyzed
the associations between KAI1/CD82 and two highly ex-
pressed tetraspanins in Du145 cells: CD9 and CD151.
After cell lysis, the wild-type and NQE KAI1/CD82 pro-
teins were immunoprecipitated, followed by blotting with
CD9 mAb or CD151 mAb (Figure 4A). We found that
KAI1/CD82-associated CD9 was markedly reduced in
Du145-KAI1/CD82 NQE transfectant cells compared with
that in the wild-type cells (Figure 4A, left panel). The
mutation also substantially disrupted the KAI1/CD82-
CD151 association (Figure 4A, right panel). The total
amount of cellular CD9 or CD151 proteins remained
equivalent among Mock, KAI1/CD82 wild-type, and KAI1/

Figure 4. The TM polar residues are needed for CD82-TEM interaction. A:
The NQE mutation diminished CD82-CD9 and -CD151 associations. Du145-
Mock, -CD82 WT, and -NQE transfectant cells were lysed in 1% Brij 97, and
the lysates were immunoprecipitated with CD82 mAb M104. The precipitates
were resolved in nonreducing SDS-PAGE followed by transfer to nitrocellu-
lose membrane. The membrane was blotted with CD9 mAb MAB7 or CD151
mAb 8C3, and the detected proteins were visualized by chemiluminescence.
Tubulin, CD9, or CD151 from the same cell lysates was detected by Western
blot and used as internal loading controls, respectively. B: The NQE mutation
did not alter CD82-�1 and -�3 integrin associations. Cells were lysed in 1%
Brij 97, immunoprecipitated with CD82 mAB TS82b, resolved on SDS-PAGE,
and transferred to nitrocellulose membrane. The membrane was blotted with
integrin �1 mAb TS2/16 or integrin �3 polyclonal antibody D23. Tubulin,
integrin �1, or integrin �3 from the same cell lysates was detected in Western
blot and used as internal loading controls, respectively. C: Quantification of
CD82-associated proteins (left). The tetraspanins and integrins coprecipi-
tated with CD82, as shown in (A) and (B), were quantified by the densitom-
etry analysis of the bands, and the average band densities � SD from three
experiments were plotted as the histogram. Between wild-type and NQE
mutant, P values are �0.01 in CD9 and CD151 and �0.05 in integrin �3 and
�1 coprecipitations. The comparison of the CD82 protein loading (right). CD82
proteins were immunoprecipitated from an equal number of S35-labeled Du145-
CD82 wild-type and NQE transfectant cells and detected by autoradiography
after SDS-PAGE separation. The CD82 protein bands were quantified with
densitometry analysis, and the average band densities � SD from three exper-
iments were plotted as the histogram. P � 0.05.

Figure 3. CD82 inhibits the formation of microprotrusions and microspikes
and the NQE mutation breaks off the inhibition. A: Du145 transfectant cells
were cultured to subconfluence and then detached from dishes. The cells
were then fixed, thin-sectioned, stained, and analyzed under a transmission
electron microscope, as described in Materials and Methods. The images
represent the results from one out of three individual experiments. Arrows
indicate the microprotrusions and asterisks indicate microvesicles. Scale
bar 	 2 �m. The percentages of microprotrusion-positive cells of total cells
were quantified from multiple distinct sections in each transfectant and
shown in the histogram on the left. A cell with more than five microprotru-
sions was defined as a microprotrusion-positive cell. The P values: �0.01
between Mock and wild-type and between wild-type and NQE mutant and
�0.05 between Mock and NQE mutant. The numbers of microvesicle per cell
section were quantified from multiple distinct sections in each transfectant
and shown in the histogram on the right. The P values: �0.01 between Mock
and wild-type and between wild-type and NQE mutant and �0.05 between
Mock and NQE mutant. B: Du145 transfectant cells were fixed and incubated
sequentially with integrin �3 mAb X8 and FITC-conjugated second Ab. The
images were captured under a fluorescent microscope. Scale bar 	 5 �m.
The percentages of microspike-positive cells were quantified in each trans-
fectant and shown in the histogram on the left. A cell with more than 20
microspike was defined as a microspike-positive cell. The P value �0.01
between Mock and wild-type, �0.01 between wild-type and NQE mutant,
and 	 0.02 between Mock and NQE mutant. The average length of micro-
spikes was quantified in 10 cells randomly selected from each transfectant
and shown in the histogram on the right. The P value �0.01 between Mock
and wild-type, �0.01 between wild-type and NQE mutant, and �0.05 be-
tween Mock and NQE mutant.
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CD82 NQE transfectants (Figure 4A). CD9 (MAB7 stain-
ing) and CD151 were also equivalently expressed at the
cell surfaces between Du145-KAI1/CD82 wild-type and
NQE transfectants (Table 1). Hence, the fewer associa-
tions of NQE mutant with CD9 and CD151 did not result
from lower levels of CD9 or CD151 in total or at the cell
surface in the NQE mutant. The cell surface levels of
KAI1/CD82 protein were almost the same between the
wild-type and NQE transfectants (Table 1). For the total
cellular KAI1/CD82 proteins, the metabolically labeled
KAI1/CD82 proteins acquired by immunoprecipitation
from the NQE transfectant were approximately 10% fewer
than the ones from the wild-type (Figures 4C), compared
with a lot fewer KAI1/CD82-associated CD9 and CD151
in NQE mutant. Thus, decreased association of NQE
mutant with CD9 or CD151 was not caused by fewer
KAI1/CD82 proteins available in the NQE transfectant.

Interestingly, the levels of a CD9 antigen epitope that is
detected by CD9 mAb C9BB were drastically increased
in both wild-type and NQE mutant in Du145 cells (Table
1). Unlike CD9 mAb MAB7 that probes all CD9 mole-
cules, C9BB is a low-affinity CD9 mAb and recognizes
only homoclustered CD9.43 The increased number of
C9BB epitopes indicates that KAI1/CD82 expression re-
sults in markedly more CD9 homoclusters in Du145 cells
and the NQE mutation does not disrupt, but even further
enhances, the formation of CD9 homoclusters. In PC3 pros-
tate cancer cells KAI1/CD82 expression however de-
creased the C9BB epitope level but still inhibited cell motility
(data not shown). Hence, KAI1/CD82 expression-induced
formation of CD9 homoclusters in Du145 cells is indepen-
dent of the motility-inhibitory activity of KAI1/CD82.

For KAI1/CD82-integrin associations, earlier studies
demonstrated that KAI1/CD82 associates with �1 inte-
grins such as �4�1, �3�1, and �6�1.3 We determined
the effect of NQE mutation on the association of KAI1/
CD82 with �1 integrins. We found that the NQE mutation
did not alter the association between KAI1/CD82 and �1
integrins (Figure 4B, left panel). Because �3�1 integrin is
the predominant �1 integrin in Du145 cells,32 we also
analyzed the KAI1/CD82-�3�1 integrin association and
found no alteration in this association either (Figure 4B, right
panel). The total amount of cellular integrin �1 or �3 subunit
proteins remained equivalent among Mock, KAI1/CD82
wild-type, and the NQE transfectants (Figure 4B). Also,
integrin �1 and �3 subunits were equivalently expressed
among Du145 transfectants (Table 1). Hence, the TM polar
residues appear not to be critical for KAI1/CD82-integrin
interaction.

The levels of KAI1/CD82 proteins precipitated by its
mAb are equivalent between the wild-type and NQE
transfectants as revealed by the average quantity of 35S-
labeled KAI1/CD82 proteins from several immunoprecipi-
tation experiments (Figure 4C).

Tetraspanins CD9 and CD151 Are Not Required
for CD82 Function in Motility Inhibition

Besides KAI1/CD82, other tetraspanins also regulate
cell movement.8,9 Du145 cells express tetraspanins

CD9 and CD151. For CD9, data regarding its role in
cell movement are mixed: inhibitory in many cases but
also promoting in a few cases.8,9,44 For CD151, lines of
evidence indicate that it enhances cell movement.8,9

These tetraspanins along with KAI1/CD82 are present
in TEM.3,8,9 Hence, based on the diminished KAI1/
CD82-tetraspanin association in NQE mutant, it is pos-
sible that KAI1/CD82 inhibits cell movement by either
up-regulating the motility-inhibitory activity of CD9 or
down-regulating the motility-promoting activity of
CD151. To test these possibilities, we assessed
whether KAI1/CD82 can still inhibit cell migration when

Figure 5. Tetraspanins CD9 and CD151 are not required for the motility-
inhibitory activity of CD82. A: The expression of tetraspanins in HT1080
and Du145 cells. Top: tetraspanin CD9, CD82, and CD151 proteins were
analyzed using the cell lysates generated from HT1080-Mock, HT1080-
CD82, Du145-Mock/Control shRNA, Du145-CD82/Control shRNA, Du145-
Mock/CD151 shRNA, and Du145-CD82/CD151 shRNA transfectants by
Western blot. The �1 integrin proteins were used as a protein loading
control. Bottom: the flow cytometry analysis of CD151 expression in
Du145-Mock and -CD82 cells that stably express control and CD151
shRNA. Black line: negative control mAb mouse IgG; gray line: CD151
mAb 5C11. B: The inhibition of cell migration by CD82 is independent of
CD151. The Transwell migration onto FN (10 �g/ml) and LN1 (10 �g/ml)
was measured in Du145-Mock/CD151 shRNA and -CD82/CD151 shRNA
transfectants as described above. The results represent the mean � SE
number of three independent experiments; P 	 0.01 between the Mock/
CD151 shRNA and CD82/CD151 shRNA transfectant cells on FN and
�0.01 on LN1.
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CD9 or CD151 is absent. HT1080 fibroblastoma cells
do not express CD9 (Figure 5A)45,46 or KAI1/CD82
(Figure 5A). The forced expression of KAI1/CD82 in
HT1080 cells still resulted in the significant inhibition of
cell migration on both FN and LN1 (Figure 2A right
panel), indicating that CD9 is not required for the mo-
tility-inhibitory activity of KAI1/CD82. Because Du145
cells express CD151, we specifically silenced CD151
in Du145 transfectant cells (Figure 5A).36 When CD151
was silenced, we found again that KAI1/CD82 could
markedly inhibit cell migration on different ECMs (Fig-
ure 5B, indicating that CD151 is not essential for KAI1/
CD82 function either.

TM Polar Residues Do Not Play Essential Roles
in the Glycosylation and Homodimerization of
KAI1/CD82

KAI1/CD82 is glycosylated.10–12 It has been reported
that glycosylation correlates with the surface expression
and motility-inhibitory activity of KAI1/CD82.10,24 Be-
cause we found in this study that the TM polar residues of
KAI1/CD82 are also needed for the motility-inhibitory ac-
tivity of KAI1/CD82, we next analyzed the role of TM polar
residues in the glycosylation of KAI1/CD82. Both KAI1/
CD82 wild-type and NQE mutant proteins, which were

Figure 6. The TM polar residues are not essential for CD82 glycosylation and dimerization but are needed for its conformational stability. A: The NQE mutant is
glycosylated. Top: Cells were labeled overnight with S35-methionine, lysed in 1% NP-40, and then immunoprecipitated with CD82 mAb TS82b. After SDS-PAGE, the
immunoprecipitates were visualized by autoradiography. Bottom: Du145 transfectant (Mock, CD82 WT, and NQE mutant) cells were biotinylated at 4°C for 1 hour and
lysed in either 1% Brij 97 or 1% NP-40. The lysates were co-immunoprecipitated with CD82 mAb M104. The precipitates were resolved in nonreducing SDS-PAGE
followed by transfer to nitrocellulose membrane. The membrane was blotted with Extravidin, and the detected proteins were visualized by chemiluminescence. B: The
NQE mutant forms dimer. Left: Du145 transfectant cells were cross-linked with DSP as described in Materials and Methods, treated with 1% NP-40, immunoprecipitated
with CD82 mAb, and then immunoblotted with the same mAb. �1-tubulin in the same cell lysates was used as an internal loading control. The asterisks indicate the
longer exposure of the NQE lanes. Right: The ratios of dimer to monomer were quantified based on the densities of dimer and monomer bands and are presented as
the average � SD of the results from 3 experiments. P � 0.05. C: The TM polar residues are needed for the conformational stability of CD82. Left: Du145-Mock, -CD82
wild-type, and -CD82 NQE transfectant cells in equal number were lysed with 1% Brij 97 lysis buffer. CD82 in the lysates was immunoprecipitated by its mAb TS82b and
then treated with or without denature at 95°C for 5 minutes. After nonreducing SDS-PAGE separation and transferring to nitrocellulose membrane, CD82 proteins on the
membrane were probed with its mAb TS82b, followed by the peroxidase-conjugated second Ab blot and chemiluminescence. �-tubulin from the same cell lysates,
detected by Western blot, was used as an internal loading control. CD82 proteins immunoprecipitated from an equal number of S35-labeled Du145-Mock, -wild-type, and
-NQE transfectant cells and revealed by autoradiography after SDS-PAGE separation were also included as loading control. Right: The CD82 bands were quantified with
densitometry analysis, the band density of CD82 was normalized with the one of tubulin, and the average band densities of CD82 � SD from three experiments were
plotted as the histogram. P values are indicated in the histogram. D: The interactions of polar residues in homology model of CD82. An atomic model of CD82 was
constructed with homology model followed by 5000-step energy minimization in AMBER, shown in the left section. The shaded area in the left mimics the membrane.
The detailed interactions of polar residues N17, Q99, and E242 were displayed in enlarged images in the right part. The upper right image shows the locations of Q99
in TM3 and E242 in TM4, both of which point to inside TM helix bundle. The bottom right one represents the interaction between N17 in TM1 and S249 in TM4, which
forms a hydrogen bond with a distance of 2.91Å.
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immunoprecipitated from 35S-labeled Du145 transfec-
tants, exhibited smear bands in SDS-PAGE (Figure 6A,
top panel). The intensity of the KAI1/CD82 band in the
NQE mutant is slightly lower than the one in wild-type
when the same amounts of cell lysates were analyzed,
probably because of the less stable antigen epitope of
NQE mutant proteins to the 1% NP40 detergent extrac-
tion. But both bands displayed a smear-like shape, which
typically represents the various degrees of glycosylation.
Neither smear showed any significant difference in length
and position when the KAI1/CD82 band in the NQE mu-
tant was adjusted to the same intensity (the lane with an
asterisk in Figure 6A, top panel) as the one in wild-type.
From the immunoprecipitation profile of biotinylated or
the cell surface KAI1/CD82 (Figure 6A, bottom panel), we
found that, under the 1% Brij 97 lysis condition, the sur-
face KAI1/CD82 in the NQE mutant appears to be highly
glycosylated with molecular weights slightly less than 49
kDa. The surface KAI1/CD82 in wild-type exhibits as
diffused bands with molecular weights higher than 35
kDa (Figure 6A, bottom panel). These results suggest
that the Brij 97-soluble, TEM-associated, cell surface
KAI1/CD82 proteins are possibly differentially glycosy-
lated in wild-type and NQE transfectants. Other bands
found under the 1% Brij 97 lysis condition likely represent
KAI1/CD82-associated proteins such as CD9, because
these bands were diminished under the cell lysis condi-
tion of 1% NP40, a more stringent detergent that disrupts
KAI1/CD82-associated TEM. Under the 1% NP-40 lysis
condition, the immunoprecipitation profiles of KAI1/CD82
mAb were basically identical between wild-type and NQE
mutant (Figure 6A, bottom panel). Because the KAI1/
CD82-associated cell surface proteins typically dissoci-
ate from KAI1/CD82 under the 1% NP-40 lysis condition,3

the KAI1/CD82 mAb-precipitated proteins are very likely
to be the KAI1/CD82 per se that had reached the cell
surface and were glycosylated to various degrees.

It has been previously demonstrated that tetraspanins
naturally undergo oligomerization and form mainly ho-
modimer33 and that the membrane-proximal portions of
large extracellular loop, TM domains, and probably cyto-
plasmic domains confer the intermolecular interaction to
form dimers.13 We analyzed the effect of the NQE muta-
tion on the dimerization of KAI1/CD82. To determine the
dimerization, we treated Du145-Mock, -KAI1/CD82 wild-
type, and -KAI1/CD82 NQE transfectant cells with a
chemical cross-linker DSP under the mild cell lysis con-
dition (1% Brij 97) in which tetraspanin dimerization is
sustained.13 Then 1% NP-40, a stringent detergent, was
added to the DSP-treated and -untreated cell lysates to
disrupt tetraspanin dimers that had not been covalently
cross-linked by DSP,13 followed by KAI1/CD82 immuno-
precipitation and immunoblot. We found that the NQE
mutant could also be dimerized (Figure 6B, left panel).
After DSP cross-linking, the KAI1/CD82 antigen epitope
in NQE mutant seemed to become even less stable,
evidenced by less NQE protein monomer in the DSP-
treated group than in the untreated group. In terms of the
ratio of KAI1/CD82 dimer and monomer, it was much
higher in the NQE mutant probably as a result of more
dimerization (Figure 6B, right panel). However, if we con-

sider the structural vulnerability of NQE mutant proteins, it
is more likely that the antigen epitopes in dimers are more
stable than in monomers. If so, the difference between
wild-type KAI1/CD82 and the NQE mutant in the ratio of
dimer to monomer may not be significant. At least it is
unlikely that this ratio is lower in the NQE mutant than in
wild-type.

TM Polar Residues Are Needed for the
Conformational Stability of KAI1/CD82 Proteins

The TM polar residues could be involved in protein fold-
ing by affecting the interactions between TM helices.47

As elucidated above, by using various CD82 mAbs
against different antigen epitopes located in CD82 LEL,
we found that the NQE mutation does not significantly
alter either the global structure of CD82 or the conforma-
tion of these antigen epitopes in LEL under the native
condition (Table 1). We then further determined the role
of TM polar residues in maintaining the conformation
stability of CD82. From lysates of the metabolically la-
beled transfectant cells, CD82 mAb TS82b precipitated
equivalent or sometimes slightly lower amounts of CD82
proteins from the wild-type and NQE transfectants (Fig-
ure 6A top panel, Figure 6C left panel, and Figure 4C
right histogram), indicating that the TS82b antigen
epitope of CD82 NQE remains largely stable during cell
lysis with 1% NP-40 detergent and immunoprecipitation.
However, after nonreducing SDS-PAGE separation, the
higher molecular weight or more glycosylated form (ap-
proximately 40 to 50 kDa) of NQE mutant proteins be-
came less detectable in the immunoblot of the same
CD82 mAb while the lower molecular weight or less gly-
cosylated species (approximately 30 to 40 kDa) became
barely detectable (Figure 6C left panel) or undetectable
(data not shown). The heat denaturation (95°C, 5 min-
utes) made CD82 proteins in the NQE mutant even less
detectable in the immunoblot, compared with the one
without heat denature (Figure 6C). This result suggests
that the NQE mutant, at least the TS82b epitope, be-
comes unstable or labile and cannot resist denaturation
treatments of heat and/or SDS. Although wild-type and
NQE were expressed equivalently on the cell surface, the
NQE mutant proteins became much less biotinylated
compared with the wild-type proteins (Figure 6A, bottom
panel), suggesting that either the �-amino group of lysine
residues, the target of biotinylation, in the KAI1/CD82
large extracellular loop becomes inaccessible to biotin
after NQE mutation or the antigen epitope of NQE mutant
becomes labile after biotinylation. Together, the TM polar
residues appear to be needed for conformational stability,
although the global structure of the KAI1/CD82 large extra-
cellular loop was not significantly altered on NQE mutation.

The Predicted Roles of TM Polar Residues of
KAI1/CD82 in TM Helix Interaction

Collectively, the above observations strongly suggest
that TM polar residue-mediated TM interactions sustain
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the conformational stability of KAI1/CD82. To further as-
sess the roles of the TM polar residues, we analyzed the
TM interactions mediated by the N17, Q99, and E242 res-
idues of KAI1/CD82 by using homology modeling. As
shown in Figure 6D, homology modeling predicted that
the �-amine group of Asn17 (N) residues at the face of
TM1 helix forms a hydrogen bond with the �-hydroxyl
group of the Ser249 (S) residue at the face of TM4 helix.
The molecular modeling also predicts that the �-amine
group of the Gln99 (Q) residue in TM3 and the �-oxygen
group of the Glu242 (E) residue in TM4 project toward
the core of four tightly packed helical bundles and form
the charged interaction between each other. Together,
the modeling predicts that the TM polar residues N, Q,
and E of KAI1/CD82 mediate mainly the intramolecular
helix-helix interaction.

Discussion

A Critical Role of the TM Polar Residues in
CD82 Function

Three strong TM polar residues Asn, Gln, and Asp, one
(Asp) with an acidic side chain and two (Asn, Gln) with
neutral ones, are highly conserved among all vertebrate
orthologs of CD82. Besides Asn, Gln, and Glu residues,
there are weak polar residues such as Thr and Ser in
CD82 TM regions. Because earlier studies showed no
contribution of isolated Thr and Ser polar residues to the
TM helix interactions16,17 and the Thr and Ser polar res-
idues in CD82 TM regions are not located in SxxSSxxT
and SxxxSSxxT motifs,48 we did not include them in this
study. Many other tetraspanins also contain various num-
bers of Asn, Gln, Asp, and Glu residues in different TM
domains, and in many cases these polar residues are
also located in TM1, TM3, and TM4 helices. Despite the
prevalence of polar residues, the biochemical and bio-
logical roles of these conserved TM polar residues in
tetraspanins have not been assessed systematically. A
mutation of the Asn (N) residue in the TM1 domain of
tetraspanin CD9 results in less homodimerization of
CD9,13 while the biochemical roles of the other two TM
polar residues in CD9 remain to be determined. A Glu3
Ala mutation in the TM3 domain of tetraspanin UPIb
causes its endoplasmic reticulum (ER) retention,15 prob-
ably because of the misfolding of the proteins. However,
the roles of TM polar residues in biological functions of
CD9 and UPIb remain unknown. In this study, a mutation
that replaces all three TM polar residues in CD82 partially
or largely attenuates the migration-, invasion-, and me-
tastasis-suppressive activities of CD82. Thus, the TM
regions and the interactions within the lipid bilayers me-
diated by the TM regions are critical for CD82 function.

The mechanism by which CD82 inhibits cell migration
is still largely unknown.1–3 One possibility is that CD82
per se is a solicitor that initiates or transduces a signal to
inhibit cell motility, and another is that CD82 alters the
membrane compartmentalization and trafficking of its as-
sociated TEM that contains key regulators for cell motility
such as other tetraspanins, cell adhesion molecules, and

growth factor receptors. We found earlier that, in PC3
metastatic prostate cancer cells, the reversal of cell mo-
tility-inhibition of a palmitoylation-deficient mutant of
CD82 correlates with the diminished association of this
mutant with tetraspanins CD9 and CD81.31 Thus, CD82
may inhibit cell movement by attenuating the biological
activities of its associated tetraspanins 3, some of which
are well documented in regulating cell movement. The
mutation of CD82 TM polar residues also provides us an
opportunity to determine which of two possible mecha-
nisms comes into play. Although the diminutions of
CD82-CD9 and -CD151 associations correlate well with
the attenuated motility-inhibitory activity of the NQE mu-
tant, we have demonstrated in this study that CD82 does
not inhibit cell movement through CD9 or by suppressing
CD151 function. We did not assess CD81, another major
tetraspanin associating with CD82,3 because the expres-
sion of CD81 is relatively low, compared with CD9 and
CD151, in Du145 cells (our unpublished data). This ob-
servation, however, does not exclude the possibility that
other TEM components, which are not necessarily tet-
raspanins, are needed for CD82 function. In fact, the TM
domains of CD82 may play a critical role in binding CD82
to membrane lipids such as cholesterol and GM2.48,49

Whether the NQE mutation affects CD82-lipid interaction
remains to be determined. It is puzzling that CD82-inte-
grin �3�1 association remained unchanged in the NQE
mutant when CD82-CD151 association was markedly di-
minished, because every integrin �3�1 molecule directly
binds to CD151.27 Since some cellular CD151 proteins
are free of integrin �3�1 binding,28 we would extrapolate
that free CD151 is the major pool associated with the
NQE mutant. In other words, the NQE mutation did not
alter the association with the integrin �3�1-bound
CD151, CD82-integrin �3�1 association is unlikely medi-
ated by CD151, and the NQE mutation may affect the
functional cross talk between CD82 and integrins and
then integrin-dependent cell movement.

Thus, not only are the TM regions of CD82 actively
involved in the physical interactions inside the lipid bi-
layer, but also the proper TM helix interactions in CD82
protein are needed for maintaining the stability of a func-
tion-competent conformation of CD82.

The Critical Biochemical and Structural Features
for CD82 Function

Because the NQE mutant is functionally compromised, it
becomes a useful tool to identify the structural element(s)
critical for CD82 function by comparing biochemical
properties of this mutant with CD82 wild-type. Like other
tetraspanins, CD82 possesses the biochemical fea-
tures such as TEM association, disulfide bond forma-
tion and glycosylation in the LEL, palmitoylation in the
interface of TM and cytoplasmic domains, and, possi-
bly, dimerization.

CD82 is N-glycosylated, and three glycosylation sites
are located in the LEL.5,24 Ono et al found that, in a CHO
cell line deficient in UDP-Glc 4-epimerase, CD82 inhib-
ited cell migration only when galactose was added to the

Polar Residues in Transmembrane Domains 657
AJP February 2009, Vol. 174, No. 2



media. This observation suggests that CD82 functions
only when it is glycosylated in the cells that synthesize
GM3 ganglioside.5 Because glycosylation of many pro-
teins and GM3 synthesis were affected in that cell line, it
is hard to discern that the phenotype resulted from the
simple lack of glycosylation of CD82 or the combinatory
effect of deficiencies in GM3 synthesis and universal
glycosylations including CD82 glycosylation. Thus,
whether the glycosylation of CD82 per se is required for
CD82’s inhibitory activity still remains elusive. The NQE
mutant, with less motility-inhibitory activity, does not dis-
play a significant alteration in total glycosylation of CD82
(Figure 6A, top panel), suggesting that glycosylation en
bloc is not directly involved in CD82 function. A glycosy-
lated CD82 species that may directly associate with TEM
at the plasma membrane could not be detected from the
cell surface of NQE mutants under Brij 97 lysis condition
(Figure 6A, bottom panel). Notably, this low molecular
weight or less glycosylated form of CD82 is the structur-
ally unstable one (Figure 6C, left pamel) but likely to be
the functionally important form because it is present only
in wild-type. Thus, glycosylation stabilizes CD82 confor-
mation, and a specifically glycosylated species of CD82
is its functional form.

Earlier studies demonstrated that tetraspanins RDS,
ROM1, CD9, UPIa, and UPIb could form either a ho-
modimer33,50 or a heterodimer.51 Based on the study of
CD9, it has been proposed that the dimer is the functional
unit of tetraspanin.33 We found that CD82 is dimerized
and the NQE mutation results in relatively more dimeriza-
tion. Relatively more dimerization of the NQE mutant
could result from either a higher tendency of the NQE
mutant to form a dimer or the higher structural instability
of the NQE monomer than the one of dimer in SDS-PAGE
and immunoblot. Hence, CD82 dimerization may not be
required for the motility-inhibitory activity of CD82 and for
the associations of CD82 with CD9 and CD151. Although
the TM polar residue with a carboxyl or carboxamide side
chain (Glu, Asp, Gln, or Asn) can stabilize TM helix inter-
actions and form SDS-resistant homodimers or homotri-
mers,16,17 they may not be critical for CD82 homodimer-
ization but rather important for the TEM association. This
phenotype is compatible with the roles of TM polar resi-
dues of T cell receptor � and � chains, ie, not needed for
the dimerization of � and � chains but critical for CD3
association.18–22

Why Are the TM Polar Residues Important for
the Function of CD82?

The strong polar residues in TM peptide helices play a
crucial role in the physical association between TM pep-
tide helices.16,17,47 The interactions between TM pep-
tides could be intramolecular or intermolecular.18–22

Hence, besides affecting TM protein conformational sta-
bility, TM polar residues contribute to the assembly of
multiple TM protein complexes such as T cell recep-
tors.18–21 The conserved TM polar residues are typically
located on the outer faces of the TM helices and likely
form interhelical hydrogen bonds.16,17,47 Besides polar

residues, the tight packing of bulky residues against Gly
residues along two TM helices also contributes to TM
domain interaction.47 For example, the specific packing
of bulky residues against small residues helps define the
TM1-TM2 interaction in CD9.13

The NQE mutation appears not to affect the global
structure of CD82 proteins, namely the proper folding of
the LEL. Because CD82 mAbs recognize various antigen
epitopes and the recognitions are sensitive to reduction,
we predict that these epitopes are localized in the LEL
that is framed by three pairs of disulfide bonds. In flow
cytometry and immunoflorescence, different CD82 mAbs
appear to bind to the native wild-type and NQE mutant
CD82 proteins equally well. Also, from the cell lysate
extracted with 1% NP-40 detergent from the metaboli-
cally labeled cells, CD82 mAb immunoprecipitated sim-
ilar amount of wild-type and mutated CD82 proteins,
indicating that the antigen epitope in the LEL of the NQE
mutant is largely retained in 1% NP-40 mediated cell
lysis. Moreover, once the interactions between the TM
domains are disrupted, tetraspanins form protein aggre-
gates intracellularly likely as a result of destabilized or
misfolded conformation.15,33 The NQE mutant did not
form aggregates inside cells and expressed equally at
the cell surface as the wild-type, further suggesting that
the global structure of CD82 remains intact. However, the
conformation of CD82 becomes less stable. Therefore,
we conclude that CD82 contains function-competent
conformation(s), the TM polar residues are required for
sustaining this conformation, and this conformation de-
pends on TM interactions.

If we classify TM interactions into polar residue-depen-
dent and -independent interactions, the former are
needed for the motility-inhibitory activity of CD82. The TM
polar residue-dependent interactions of CD82 TM helices
include both intramolecular and intermolecular ones. The
labile antigen epitopes in the LEL of the NQE mutant likely
result from aberrant intramolecular TM interactions. Al-
though the diminished associations of CD82 NQE mutant
with CD9 and CD151 suggest that TM polar residues
possibly engage in intermolecular TM interactions, they
are more likely to be the secondary effect of aberrant
intramolecular TM interactions. Nevertheless, our obser-
vation underscores that the TM interaction-dependent
tetraspanin conformation plays a critical role in the tet-
raspanin-tetraspanin interactions within TEM or in main-
taining the integrity of TEM.

The hydrogen bond could form between the side
chains of two TM polar residues.47 It could also form
between the side chain of one TM polar residue and the
side chain or backbone of a residue at the corresponding
position of an adjacent TM helix.47 Based on molecular
modeling, we predict that the N, Q, and E polar residues
are mainly involved in intramolecular TM helix-helix inter-
actions of CD82. The helical bundle interaction between
TM3 and TM4 is likely needed for the proper folding of
LEL.52,53 On the NQE mutation, the TM3-TM4 interaction
likely becomes weakened, which subsequently causes
the less stable conformation of LEL. The first TM domain
of CD82 has been shown to be required for the ER exit.54

The contribution of TM polar residues to the ER exit was

658 Bari et al
AJP February 2009, Vol. 174, No. 2



also found in tetraspanin UPIb, in which a mutation of the
Glu residue in the third TM domain causes the ER reten-
tion of UPIb.15 We found in this study that the Asn17

residue in the first TM region of CD82 unlikely plays a role
of CD82’s first TM region in the ER exit. In addition, the
Asn17 residue appears not to be needed for the dimer-
ization of CD82, although the corresponding polar resi-
due in the CD9 TM1 helix is involved in the homodimer-
ization of CD9.33

Together, the polar residue-mediated TM interactions
are essential for sustaining CD82 in a functionally com-
petent conformation and therefore critical for its function
as a motility suppressor. The novelty and significance of
this study are multiple. First, CD82 suppresses cell mo-
tility directly rather than through its associated TM pro-
teins. Also, due to the tight connection of tetraspanins to
cancer,8,9 TM interactions may be needed for the proper
function of other tetrasapnins in cancer progression.
Moreover, since many proteins that promote cancer pro-
gression are the TM proteins and the TM regions can
regulate the functions of TM proteins, the under-appreci-
ated TM regions can be used as target sites for cancer
therapeutics. For example, tetraspanins CD151 and CO-
029 promote cancer invasion and metastasis, so pertur-
bation of their TM polar resides may halt cancer progres-
sion. Last, CD82 inhibits the microprotrusion formation,
and the TM polar residues are critical for this inhibition.
Microprotrusions are distinct from filapodia in morphol-
ogy and number,45 but they may share a similar morpho-
genetic mechanism because of their protrusive nature. A
plausible prediction would be that tetraspanins control
motility by modulating the formation of microprotrusions.
Because the CD82 conformation determined by TM in-
teractions regulates these membrane-bending struc-
tures, the role of tetraspanins in curving membranes be-
comes an intriguing issue deserving further exploration.
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