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The  results of previous biochemical studies indicated  that a fraction of MHC class I I  proteins is associated with four proteins 
of the tetraspan family, CD37, CD53, CD81, and CD82, and possibly with other membrane components,  at the surface of JY 
B lymphoma cells. In the present communication we used a biophysical technique, namely the flow cytometric energy transfer 
method, to demonstrate the proximity  of these molecules at the surface of the cells. Significant energy transfer (and, therefore, 
proximity  within the 2-1 0 nm range) was observed between fluorescently labeled mAbs to DR, DQ, and the tetraspan molecules 
CD53, CD81, and CD82. Moreover, two other B cell surface  molecules, CD20 and MHC class I, were found to be close to each 
other and to MHC class I 1  and the tetraspan proteins, based on the observed high energy transfer efficiencies between the 
relevant fluorescently labeled mAbs.  The character of simultaneous  energy transfer from CD20,  CD53,  CD81, and CD82 to DR 
suggests that all these molecules are in a single complex with the DR molecules (or a complex of several DR molecules) rather 
than that each of them is separately  associated with different DR molecules. Based on these data and previous biochemical 
results, a model is proposed predicting  that  the B cell membrane contains multicomponent supramolecular complexes con- 
sisting of  at least two MHC class I and at least  one DR, DQ, CD20,  CD53, CD81, and CD82 molecules.  Closer  analysis of the 
energy transfer efficiencies makes it possible to suggest mutual orientations of the components within the complex. Participation 
of other molecules, not examined in this study (CD19 and CD37), in these supramolecular structures cannot be ruled out. These 
large assemblies of multiple B cell surface molecules may play a role in signaling through MHC molecules and in Ag presentation 
to T cells. The lournal of Immunology, 1996, 157: 2939-2946. 

I n recent years several structurally similar leukocyte surface 
proteins have been identified, which now constitute the tet- 
raspan (or transmembrane 4) superfamily. Its members are 

distinguished by a polypeptide chain of approximately 200 to 300 
amino acid residues containing four conserved hydrophobic, pre- 
sumably transmembrane, domains. Both the C- and N-terminals 
are located intracellularly; a major extracellular loop of the 
polypeptide chain between the third and the fourth transmembrane 
domain is usually N-glycosylated on one or more sites and con- 
tains a characteristic strongly conserved cysteine motif. Individual 
members of this family differ widely in their expression: CD9 is 
characteristic for platelets and pre-B cells, CD37 is most strongly 
expressed on  B lymphocytes, CD53 is a pan-leukocyte Ag, CD63 
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is a ubiquitous component of lysosomal membranes and appears 
on the surface of activated and tumor cells, CD8l and CD82 are 
broadly expressed on various leukocytes and other cell types, and 
CO-029 is found on carcinomas (for a review, see Ref. 1). 

To date, little is known about the biologic roles played by these 
proteins. Their structure might suggest that they are involved in 
membrane transport of some ions or molecules, but this idea has no 
experimental support. Cross-linking of most of these proteins by 
suitable mAbs elicits marked biologic effects in the cells carrying 
them, including cell aggregation, activation, growth inhibition, or 
proliferation, depending on the cells, mAbs, and assays used (re- 
viewed in Ref. 1). CD82 has recently been shown to be identical 
with a suppressor of prostate tumor metastases, but the molecular 
basis of this activity is unclear (2 ) .  The level of CD9 expression is 
also related to the metastatic potential (3). 

A striking feature of most tetraspan proteins is their association 
with other membrane proteins: CD9 is linked to p ,  integrins (4), 
CD63 may  be a component of the IgE-receptor complex ( 3 ,  CD53 
was reported to be associated with CD2 in rat activated T cells and 
NK cells (6), and CD81 and CD82 are associated with CD4 and 
CD8 coreceptors (7). CD81 was found to be a component of a  B 
cell surface receptor complex involving CD21 (complement re- 
ceptor type 2), CD19 and Leu 13 (8-1 I ) ,  and MHC class I1 (12). 
A recent report from our laboratory indicated that four tetraspan 
molecules (CD37, CD53, CD81, and CD82) were components of 
a complex (or several similar, structurally somewhat heteroge- 
neous complexes) involving MHC class I1 and probably also CD19 
and CD2 1. These results were obtained on the basis of experiments 
involving solubilization of B cell line membranes in the presence 
of mild detergents and immunoisolation by means of mAbs to 
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various components of these complexes (13). This approach, how- 
ever, suffers from inherent limitations due to the possible effects of 
detergents that may cause  changes in the composition of the com- 
plexes compared with the situation in situ in native membranes. 
Therefore, in the present study we examined whether the previous 
biochemical results correlate with the data obtained by flow cyto- 
metric energy transfer (FCET).4 This latter is a biophysical method 
probing the proximity of molecules on the cell surface on a cell by 
cell basis, under conditions very close to the physiologic state of 
the cells (14-20). 

Thus, in this study we tried to determine which molecules are 
potential components of the B cell surface complexes containing 
tetraspan molecules and what are the possible mutual orientations 
of components of these complexes. In addition to some of the 
molecules suspected on the basis of previous experiments to be 
members of these complexes (MHC class 11, CD53,  CD81, and 
CD82), we also looked at others that are expressed at relatively 
high density in the B cell line used (MHC class I, CD20, and CD71 
(transferrin receptor)) to determine whether some of them may 
also be components of supramolecular membrane complexes. 

Materials and Methods 
Cells 

The JY B-lymphoma cell line was originally described by Terhorst et al. 
(21) and was maintained in RPMI 1640 medium supplemented with 10% 
FCS and antibiotics. The cells were harvested in the logarithmic phase of 
growth. 

Monoclonal antibodies 

mAbs W6/32 (against MHC  class I; IgC2a). L368 (against &rn; IgGl), 
Leu10 (against DQ;  IgGl), and L243 (against DR; IgG2a) were all kindly 
provided by  Dr. Frances Brodsky (University of California, San Francisco, 
CA);  mAb  BBM.l (against &m; IgC2b), the HB28 hybridoma cell line 
:x:cting BBM.1, was a kind gift from Dr. Michael Edidin (The Johns 
Hopkins University, Baltimore, MD); mAb anti-CD71 (against CD71/ 
transferrin receptor; IgCl) was  a  gift from Dr. Jef Rausch (Dr. Willem's 
Institute, Limburgs University Center, Diepenbeek, Belgium); mAbs M38 
(against CD81; IgG2a) and C33 (against CD82; IgG2a) were kindly pro- 
vided by Dr. Oshamu Yoshie (Shingoi Institute, Osaka, Japan); mAbs 
MEM-97 (against CD20;  IgGI), MEM-137 (against DRa; IgGl), MEM-53 
(against CD53;  IgGl),  and MEM-112 (against CD54; IgG1) were prepared 
and characterized in the authors' laboratory (Prague,  Czech Republic). 

Fab preparation 

The Fab fragments were prepared from mAbs using the method previously 
reported (22). The main steps of preparation were the following. Dialysis 
of IgG was performed in a phosphate buffer (containing 100 mM 
Na,HPO,, 150 mM NaCl, and 1 mM EDTA) at pH 8, then digestion of the 
dialyzed IgG was conducted with papain activated in the presence of L- 
cysteine at 37°C for 11 to 11.5 min. The digestion was terminated with 
iodoacetamide, then the mixture was fractionated on a Sephadex G-100 
column in the presence of PBS, and the fractions containing only Fab and 
Fc fragments were collected on the basis of their OD value, which was 
measured spectrophometrically. Finally, Fab fragments were separated 
from the Fc fragments on a protein A column. 

Conjugation of monoclonal antibodies with fluorescent dyes 

Aliquots of purified whole mAbs or Fab fragments were conjugated, as 
described previously, with FITC and tetramethylrhodamine isothiocyanate 
(TRITC; Molecular Probes, Eugene, OR) (14, 23-25). The dye to protein 
labeling ratios varied between 2 and 4  for the mAbs and between 0.7 and 
1 for the Fab fragments. The labeling ratios were separately determined for 
each labeled aliquot by spectrophotometric measurements (14). The fluo- 
rescently tagged Abs retained their biologic activity according to compe- 
tition with identical, but unlabeled, Abs in binding to live cell membranes. 

Abbreviations used in this  paper: FCET, flow cytornetric energy transfer; TRITC, 
tetramethylrhodarnine  isothiocyanate;  ICAM,  intercellular  adhesion  molecule. 

Labeling of cells with monoclonal Abs 

Cells (1 X 10')  in PBS (generally in volumes of 50 yl) were added to 
predetermined, saturating amounts of mAbs, followed by incubation on ice 
for  40 min in the dark. To avoid possible aggregation of the Abs and 
unwanted temperature effects, the Abs were air-fuged (at lo5 rpm for 30 
min) before labeling. The samples were resuspended in 0.5 ml  of PBS, 
supplemented with  an equal volume of 2% formaldehyde after washing 
free from the unbound mAbs. Data obtained with the fixed cells did not 
differ significantly from those from unfixed, viable cells regardless of 
whether labeling was conducted before or after fixation. 

The number of binding sites on the cell surface was determined from the 
mean values of  flow cytometric histograms of cells labeled to saturation 
with FITC-conjugated mAbs. The mean fluorescence intensities were con- 
verted to numbers of binding sites by calibration with fluorescent mi- 
crobeads (Quantum 25 from the Flow Cytometry Standards Corp., San 
Juan, Puerto Rico). The diameter of the JY cells varied between 20 and 25 
ym, as assessed by forward light scatter intensity after calibration with 
microbeads as well as microscopic measurements. 

Measurement of the FCET between  labeled cell surface 
proteins 

A modified Becton Dickinson FACStar Plus Row cytometer (Becton Dick- 
inson, Mountain View, CA) equipped with dual wavelength excitation 
from a single argon ion laser (Spectra-Physics Inc., Mountain View, CA) 
was used to determine fluorescence resonance energy transfer between 
FITC- and TRITC-conjugated mAbs or Fab fragments bound to the cell 
surface. A detailed description of the method was previously reported (14, 
15-20). Briefly, the labeled cells were excited sequentially at 514 and 488 
nm. Fluorescence intensities emitted at  540 ? 10 and >580 nm were 
detected using a combination of suitable filters. Four intensities were  detected 
and stored for calculation; the fluorescence emissions at 540 2 10 and X 8 0  
nm,  both excited at 488 nm; the fluorescence above 580 nm excited at 5 I4 nm; 
and  the  small angle forward  light scatter intensity  of the 514-nm laser line. 
Correction parameters were  obtained from data collected from cells labeled 
only  with FITC- or TIUTC-conjugated mAbs. The necessary parameters were 
collected in list mode  and analyzed as previously described (15, 16, 20). 

The calculated transfer efficiency was expressed as a percentage of the 
excitation energy taken up  by the donor (in our case the FITC dye) and 
tunneled to the acceptor (in our case the TRITC  dye) molecules (26, 27). 
The transfer efficiency has an inverse sixth power dependence on the do- 
nor-acceptor distance, where the orientation factor of the donor's excitation 
and the acceptor's emission dipoles can be considered a statistical average 
of isotropic random orientations, i.e., two-thirds (28, 29). The calculated 
transfer efficiency has an extremely high sensitivity to changes in distances 
in the range of 2  to 10 nm (26, 27). Larger energy transfer efficiencies 
determined between fluorescently labeled mAbs may reflect close physical 
proximities or larger densities of labeled acceptor molecules in the vicinity of 
donors if some particular spectroscopic conditions are fulfilled  (26-29). The 
calculated energy transfer, i.e., the proximity of the donor- and acceptor-con- 
jugated Abs  was determined on a cell  by cell basis  and displayed as energy 
transfer frequency distributions. Additionally, mean values of the energy trans- 
fer distribution curves were determined. These data were used  and  tabulated  as 
characteristic energy  transfer  efficiencies (which reflect  proximities)  between 
two epitopes. This procedure minimizes the  unwanted  effects  of  biologic  vari- 
ations in  the cell population  (14-20, 25, 30-33). 

Results 
Proximities of tetraspan  molecules (CD53, CD81, and CD82) 
and CD20 to MHC class II molecules 

High energy transfer values were measured from FITC-labeled 
mAbs bound to CD53, CD81, and CD82 and  to two different  "FUTC- 
labeled  mAbs  bound to DR  on the JY cell  surface,  but not to TRITC- 
labeled  mAb  to CD71 (transferrin  receptor; Table IA and Fig. I ,  A-F). 
Similarly, low FRET efficiency  values  were  measured  between CD54 
(ICAM-1) and CD81 or CD53 (Table IA). 

As the membrane topology of the tetraspan proteins is probably 
similar to that of another important B cell surface molecule, CD20 
(34), we similarly examined energy transfer from CD20 to DR and 
CD71. High energy transfer efficiencies were obtained in both 
cases (Table IB and Fig. 1, G and H ) .  

Next we examined energy transfer in the reverse direction, i.e., 
from FITC-labeled mAbs bound to MHC class I1 molecules (in 
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Table I. Energy  transfer  efficiency values between  donor-acceptor  pairs 

Donor (FITC-Labeled) Acceptor (TRITC-Labeled) 

mAb Antigen mAb Antigen E 5 A E (%)" 

Part A 
MEM-53 
M 3 8  
c 3  3 

MEM-53 
M 3 8  
c 3  3 

MEM-53 
M38 
c 3 3  

MEM-112 
MEM-112 

MEM-97 
MEM-97 
MEM-97 

L243 
L243 
L243 
Leul 0 
Leul 0 

BBM.l 
L368 

L243" 
L243 
L368 

MEM-97 
MEM-53 
M38 
c 3 3  
MEM-97 
MEM-53 

W6/32 
W6/3  2 
W6/3  2 

W6/32 
L243 

W6/32" 
Leul 0 

MEM-97" 
MEM-53" 
M38' 

MEM-97 
MEM-53 
M38 
MEM-53 
MEM-97 
c 3 3  
c 3 3  

Part K 
C33 (Fab) 
MEM-53 (Fab) 

MEM-53 (Fab) 
M38 (Fab) 
C33 (Fab) 

BBM.l (Fab) 

W6/32  (Fab) 

Part B 

Part C 

Part D 

Part E 

Part F 

Part G 

Part H 

Part I 

Part J 

CD53 
CD81 
CD82 

CD53 
CD81 
CD82 

CD53 
CD81 
CD82 

CD54 
CD54 

CD20 
CD20 
CD20 

DR 
DR 
DR 
DQ 
DQ 

P,-microglobulin 
P,-microglobulin 

DR 
DR 
&microglobulin 

CD20 
CD53 
CD81 
CD82 
CD20 
CD53 

MHC-I 
MHC-I 
MHC-I 

MHC-I 
DR 
DQ 
MHC-I 

CD20 
CD53 
CD81 

CD20 
CD53 
CD81 
CD53 
CD20 
CD82 
CD82 

CD82 
CD53 

CD53 
CD81 
CD82 

P,-microglobulin 

MEM-137 
MEM-137 
MEM-137 

L243 
L243 
L243 

antiLCD71 
antiLCD71 
anti-CD71 

M38 
MEM-53 

MEM-137 
L243 
antiLCD71 

MEM-53 
M38 
MEM-97 
MEM-53 
MEM-97 

W6/3  2 
W6/3  2 

L243 
L368 
L243 

W6/32 
W6/32 
W6/32 
W6/3  2 
L368 
L368 

MEM-97 
MEM-53 
M38 

L243 
W6/32 
L243 
W6/32 

MEM-97 

M38 

MEM-53 

MEM-53 
M 3 8  
M38 
M 3 8  
MEM-53 

L243 (Fab) 
L243 (Fab) 

W6/32 (Fab) 
W6/32 (Fab) 
W6/32 (Fab) 

W6/32 (Fab) 

W6/32 (Fab) 

MEM-53 

MEM-97 

D R ( 4  
DR(a) 
W o O  
DR 
DR 
DR 

CD71 
CD71 
CD71 

CD81 
CD53 

DRb) 
DR 
CD71 

CD53 
CD81 
CD20 
CD53 
CD20 

MHC-I 
MHC-I 

DR 
&-microglobulin 
DR 

MHC-I 
MHC-I 
MHC-I 
MHC-I 
P,-microglobulin 
&microglobulin 

CD20 
CD53 
CD81 

DR 

DR 
MHC-I 

MHC-I 

CD20 
CD53 
CD81 

CD53 
CD20 
CD53 
CD81 
CD81 
CD81 
CD53 

DR 
DR 

MHC-I 
MHC-I 
MHC-I 

MHC-I 

MHC-I 

20.8 2 1.8 
14.1 2 0.6 
12.3 2 0.4 

7.7 2 2.4 
8.1 t 1.3 
7.2 2 3.5 

1.7 i 2.0 
3.3 t 1.3 
2.8 t 1.8 

3.8 t 1.2 
5.9 t 1.2 

16.2 t 0.9 
10.1 t 1.6 
15.4 i 1.9 

8.8 2 0.8 
6.8 t 0.1 
6.3 Z 0.1 

14.2 i 1.6 
13.6 t 1.6 

11 .0 t 0.9 
13.1 2 0.8 

6.5 t 0.9 
11.0 2 1.5 
11.2 i 1.3 

13.7 2 2.4 
13.6 t 3.1 
8.3 2 4.6 
4.4 t 0.1 

14.7 t 2.3 
13.6 2 3.5 

7.9 t 0.1 
7.0 2 1.5 
4.8 2 1.4 

9.7 t 1.4 
9.8 i 1.2 
8.4 t 0.8 
8.4 t 0.8 

2.9 t 2.5 
2.3 t 0.6 
1.5 t 0.2 

5.6 t 0.7 
8.8 t 2.9 
3.2 i 0.8 
1.1 t 1.0 
3.2 t 0.8 
2.9 t 0.4 
5.4 t 0.6 

8.5 t 1.3 
12.4 t 1.3 

13.1 2 2.4 
7.2 t 0.4 

16.9 2 2.9 

11.1 t 0.8 

8.0 2 0.5 
MHC-I  13.4 2 1 .O W6/32 (Fab) 

" Data represent mean ? S E M  of at least four  independent  experiments. ' In the case of  competing mAbs, care was taken that  half  of  the  available  binding sites he  occupied by the TRITC-labeled Ab. 

- 
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70 

O 5 0  0 50 

Energy  transfer  efficiency (%) 
F I G U R E  1. Frequency distribution curves of FCET efficiencies mea- 
sured between FITC-conjugated mAbs  bound  to tetraspan molecules 
and TRITC-conjugated mAbs  bound  to DR, DR(a), and CD71. The 
energy transfer between FITC-L368 (anti-p,m) and TRITC-W6/32 (anti- 
MHC class I heavy chain) serves as the  positive  control,  and  that be- 
tween FITC-mAbs specific  to tetraspan molecules  and TRITC-anti- 
CD71 serves as the negative control. F, FITC-conjugated; R, 
TRITC-conjugated. 

this case DR and DQ) toward TRITC-labeled mAbs bound to some 
tetraspan molecules or to CD20. High values of energy transfer in 
this arrangement confirmed the mutual proximity of these mole- 
cules (Table IC). 

The energy transfer efficiencies were comparable to the positive 
control, Le., energy transfer between mAbs to two different 
epitopes in  MHC  class I molecules (Table ID and Fig. 1B). 

A straightforward interpretation of these results is that CD53, 
CD81, CD82, and CD20  are all in  close proximity to DR (more 

F I G U R E  2. Schematic drawing of a tetraspan-tet- 
raspan dimer  displaying possible steric relation- 
ships among  the Ags and  among the mAbs  bound 
to  them.  Note  that tetraspan molecules are over- 
sized compared with lgGs to demonstrate the  four 
membrane-spanning segments. 

Table II. Negative and  positive  cooperativity  between  FITC-labeled 
antibodies bound  to CD20 and tetraspan molecules (CD53,  CD81, 
CD82) on l Y  cells 

mAb, (Antigen) mAh(s), (Antigen) 100 x (I - lo) / lo '~  

Part A 
MEM-97  (CD20) 
MEM-97  (CD20) 
MEM-97  (CD20) 

MEM-53  (CD53) 
MEM-53  (CD53) 

MEM-53  (CD53) 

M38 (CD81) 

MEM-53  (CD53) 
MEM-53  (CD53) 
M38 (CD81) 

Part B 

MEM-53  (CD53) 
C33 (CD82) 
MEM-53  (CD53) + 

M38  (CD81) + 
C33 (CD82)b 

M38  (CD81) 
M38  (CD81) + C33 

(CD82Ih 
C33 (CD82) 

C33 (CD82) 

anti-CD71  (CD71) 
MEM-112  (CD54) 
MEM-112  (CD54) 

-13.9 t 7.0 
-16.7 t 1.5 
-11.9 t 1.0 

9.9 t 4.3 
7.1 t 2.1 

4.2 ? 3.1 

-1  7.9 t 3.5 

2.2 i- 1.7 
0.1 t 2.5 
3.9 5 0.2 

ric histograms collected from  cells  labeled  with  either FITC-mAb, or FITC- 
" Designations: lo, the sum of mean fluorescence intensities of  flow cytomet- 

mAb(s), alone; I, the  mean fluorescence intensity  of flow cytometric  histogram 
collected  from  cells  simultaneously  labeled  wlth FITC-mAb, and FITC-mAh(s),. 
Data represent mean 2 SEM of at least three  experiments. 

'This  designation means simultaneous  labeling  with  the  listed  mAbs. 

specifically the DRa-chain), and at least CD53 and CD20  are also 
close to DQ. (CD81 and CD82 were not examined in this series of 
experiments for technical reasons.) Significantly higher energy 
transfer to DR from CD53 and CD20 than that from CD81 and 
CD82 indicates that CD53 and CD20 are closer to DR than is 
CD81 or CD82.  These differences could also be due to different 
orientations of the epitopes in the individual tetraspan molecules 
and CD20 toward DR. 

A slight competition (negative cooperativity of binding proba- 
bly due to steric hindrance) between some tetraspans and CD20 
and between CD81 and CD82 was observed (Table IIA), reinforc- 
ing the idea of the mutual vicinity of these molecules. 

Different efficiencies of energy transfer from FITC-conjugated 
mAbs to tetraspans and CD20 toward two different TRITC-con- 
jugated mAbs to DR indicate a type of sidedness in the interactions 
among tetraspans, CD20, and DR; the MEM-137 epitope on the 
a-chain appears to be closer to the tetraspan complex than the 
L243 epitope (Table IA and Fig. 1, A, C, E,  and G ) .  

Significant energy transfer values between the same mAbs 
against DR indicate that a part of these molecules is homoassoci- 
ated (Table IE). However, it is not a priori clear whether these 

TRITC-mAb2 * 

NFh AOOC COOA NE, 

tetraspan 1 tetraspan 2 
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F-"-97 
+R-W6/32 '"M 

-50 0 w 

B 
P - m - 5 3  
+R-ME"53 
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70 

0 

280 
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140 

PC33 

70 

0 

280 

210 

140 

70 

-50 0 60 

Energy transfer efficiency (%) 

FIGURE 3. Frequency  distribution  curves of FCET efficiencies  mea- 
sured  between  FITC-conjugated mAbs  bound  to tetraspan  molecules 
and  TRITC-conjugated  mAb bound  to MHC class I Ag as  well  as  be- 
tween FITC- and  TRITC-conjugated  mAbs bound  to  members of the 
tetraspan  family. F, FITC-conjugated; R, TRITC-conjugated. 

homoassociated DR molecules are specifically those involved in 
the interactions with tetraspans and CD20. We could also demon- 
strate the heteroassociation of HLA  class  I  and I1 molecules, re- 
confirming our previous observation (14) (Table I, E and H ) .  

Proximities of tetraspan mo/ecu!es and CDZO to MHC cfass I 
antigens 

Previously, it was shown that fractions of MHC class I and class 
I1 molecules are associated on the B cell surface (14). Therefore, 
we investigated whether MHC  class I proteins may also be simi- 
larly associated with tetraspan molecules and CD20. Indeed, high 
energy transfer values were observed from FITC-labeled mAbs 
against CD20,  CD53, and CD81 toward two different TRITC- 
labeled mAbs against MHC class I (Table IF and Fig. 3, A,  C, E, 
and G). However, the efficiency of energy transfer was signifi- 
cantly lower when the donor vs acceptor molecules were reversed 
(i.e., transfer from FITC-labeled mAbs to MHC  class I toward 
TRITC-labeled mAbs to CD20  or tetraspans; Table IC). This can 
obviously be attributed to a great change in the acceptor/donor 
ratio (Table 111). 

The fact that high energy transfer was observed between MHC 
class  I and class I1 on the same  cells (Table IH) makes it likely that 
multicomponent complexes composed at least of MHC  class I, 
MHC class 11, CD20,  CD53,  CD81, and CD82  exist  on the JY cell 
surface. 

Energy transfer between tetraspan molecules and CD20 

No significant energy transfer was observed between the same 
mAbs bound to CD53,  CD81, or CD20, indicating the lack of 
homoassociations of these molecules (Table U and Fig. 3B). En- 
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Table ill. Number of binding  sites of some antibodies on the / V  
cell surface 

Number of Binding Sites 
mAb Antigen ( x  1 0 3 )  

W6/32  MHC-I 1034 + 70" 
L368 &microglobulin 684 + 74 
L243 DR 420 + 40 

Leu1 0 DQ 63 2 4 

MEM-53 CD53 78 + 8 
M38 CD81 69 + 6 
MEM-112 CD54 (ICAM-1) 53 t 9 
c 3  3 CD82  51 + 6  
anti-CD71 CD71  44 2 4 

MEM-137 D R b )  335 2 82 

MEM-97 CD20 68 t 1 1  

a Data represent mean 2 SEM of at  least four independent measurements. 

ergy transfer among various molecules of this set was larger, but 
in most cases (except energy transfer from FITC-MEM-97 (against 
CD20) toward TRITC-MEM-53 (against CD53)) it was rather low, 
on the borderline of significance (Table II and Fig. 3H) .  The re- 
sults either indicate that the tetraspan molecules and CD20 are not 
sufficiently close to each other in the complexes with MHC mol- 
ecules or that the epitopes are unfavorably positioned so that the 
mAbs bound to them point away from each other. Another possi- 
bility is that there are significant constraints on the orientation of 
the mAbs bound very close to the surface of the membrane, which 
is to be expected in the case of molecules such as tetraspans and 
CD20, in which only a minor part protrudes from the membrane 
(Fig. 2). These data can also be considered as negative controls, 
indicating that energy transfer occurs only if the properly oriented 
donor-acceptor pairs are  at molecular vicinity. Due to the multiple 
labeling of mAbs, a random orientation of donors and acceptors 
can be assumed. 

Positive and negative cooperativity between mAbs binding 
to tetraspan molecules and CD20 

The  sum of fluorescence intensities from FITC-labeled mAbs to 
two different, completely independent surface molecules should be 
the same regardless of whether both mAbs bound to a single cell 
simultaneously or one after the other, Le., sequentially. If there is 
a difference, there must be some kind of physical relationship be- 
tween the two molecules, if we exclude the possibilities of indirect 
effects, e.g., by mild fixation of the cell membrane. As shown in 
Table IIA, significant negative or positive cooperativity was ob- 
served when pairs of relevant mAbs were tested in this way. How- 
ever, these phenomena were not observed between mAbs against 
some tetraspans on  the  one  side and mAbs against CD7 1 or CD54 
(ICAM-I) on the  other (Table ILB). These results indicate that 
some mAbs against tetraspan molecules and CD20 are not inde- 
pendent, but communicate with each other, probably due to their 
proximity. The negative cooperativity can be due to partial com- 
petition (sterical hindrance) or to fluorescence quenching due to 
close proximity. On the other hand, the positive cooperativity (be- 
tween MEM-53 (against CD53) and M38 (against CDSl)) may be 
due to the slightly altered affinity  of binding caused by perturbation 
(conformational change) of the adjacent Ags by their interactions 
with mAbs. In any case,  these data argue for mutual proximity of 
CD20,  CD53, CD81, and CD82. To show the abundance of vari- 
ous epitopes on the JY cell surface, the numbers of binding sites of 
some Abs are summarized in Table 111. 
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FIGURE 4. A hypothetical schematic model  of  proximity  relationships  among  the JY surface molecules  examined in this study. Many other B 
cell surface molecules  that  were  not  examined are not  shown here. For further  explanation, see Discussion. 

The proximities observed are not induced by antibody cross- 
linking 

Essentially identical results were obtained when Fab fragments of 
mAbs against CD53,  CD81,  CD82, and MHC class I1 and class I 
were used (Table IK) instead of whole fluorescently labeled mAbs, 
indicating that the proximities of the membrane molecules ob- 
served were not due to Ab-induced cross-linking. In addition, the 
proximity data were independent of the mild fixation of the cells 
by 1 %  formaldehyde,  either before or after labeling (data not 
shown). Finally, these results are in good agreement with the pre- 
vious biochemical results on co-isolation of tetraspan molecules 
with MHC class I1 (13); we recently observed co-isolation of small 
amounts of CD20 and MHC  class I with the tetraspan-MHC class 
I1 complexes after JY cell solubilization in a mild detergent 3-[(3- 
cholamidopropyl)dimethylammonio]-l-propanesulfonate (P. An- 
gelisovi, unpublished observation). 

Discussion 
The results presented here confirm by  in situ biophysical methods, 
with the capacity to provide data on a cell by cell basis, the pre- 
vious biochemical data on the association of three tetraspan mol- 
ecules (CD53,  CD81, and CD82) with MHC class I1 Ags (13) on 
the surface of a B cell line. 

In addition, we found that two other important B cell surface 
molecules, CD20 and MHC class I, take part in these supramo- 
lecular structures. CD20 is a protein whose polypeptide chain pre- 
sumably also crosses the membrane four times (34). MHC class I 
molecules have been previously found to be associated with MHC 
class I1 glycoproteins (14). 

Evaluation of the energy transfer efficiencies among various 
pairs of the molecules examined here made it possible to construct 
a hypothetical model of a multicomponent complex on the B  cell 
surface, as shown in Figure 4. This model is  a minimalistic one,  as 
other proteins are likely to be present in the complex. One of them 
is another tetraspan protein, CD37, which was co-isolated with 
MHC class I1 proteins and the other tetraspan proteins after mild 
detergent solubilization (13), but for technical reasons (lack of 
suitable labeled mAbs in sufficient amounts) has not been studied 
in the present work. The same may be true for CD19 and 
CD21 (10, 13). 

It should be noted that significant energy transfer efficiencies 
indicate proximities of the donor and acceptor (i.e., rough prox- 
imities between the two epitopes) below 10 nm. A well-defined 
control included in our measurements was the MHC class I mol- 
ecule, namely the epitopes recognized by the W6/32 mAb (direct- 
ed at an epitope in the a-chain) and mAbs L368 and BBM.1 (rec- 
ognizing epitopes in the &m). The energy transfer efficiency in 
this case was approximately 1 I to 13% (Table ID). Theoretical 
calculations employing the basic equations describing FCET  (16, 
18, 19) yield the distance of 7.6 nm between the donor and the 
acceptor for the energy transfer efficiency of  13% under idealized 
conditions (donor to acceptor ratio of 1:1, no restrictions in the 
flexibility of the labeled Abs bound to the membrane molecules, 
equal level of fluorescent labels on both mAbs, etc.). This value is 
in good agreement with the MHC  class I molecule dimensions 
(-4 X 5 X 7 nm)  (35), taking into consideration the size of the 
IgG molecules as well. The energy transfer efficiencies of 4 to 20% 
observed in the present study would roughly correspond (under 
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similar idealized conditions) to epitope distances between 9 and  7 
nm, respectively. It is somewhat surprising that in some cases 
higher energy transfer efficiencies were observed between fluores- 
cently labeled mAbs bound to different molecules than between 
those bound to different epitopes of the same molecules (MHC 
class I). This fact simply indicates that the intermolecular distances 
within these complexes are comparable to those of intermolecular 
epitopes, i.e., very close.  The efficiency of the energy transfer is 
known to be dependent mainly on the acceptor concentration (16, 
18, 20). The total surface density of the MHC molecules is much 
higher than that of the tetraspan molecules (Table 111), yet the 
energy transfer efficiencies in both directions (from tetraspans to 
MHC molecules and vice versa) are of comparable magnitude (Ta- 
ble I ,  B, K ,  and C). This indicates that only a fraction of the MHC 
molecules is in the vicinity of tetraspans, while a relatively large 
part of the tetraspan proteins may be close to the MHC molecules. 

The present study confirmed our previous results on co-associ- 
ation of the tetraspan proteins with MHC class I1 molecules (13), 
but somewhat surprisingly revealed  that at least two other molecules 
are present in these complexes, namely CD20 and MHC class  I.  Re- 
cently, we have examined whether these proteins can be detected in 
the materials isolated  on anti-CD53 and anti-CD81 immunosorbents 
from B cell line lysates. Indeed, small amounts of both CD20 and 
MHC class I could be  detected  in  these  preparations by Western  blot- 
ting (P. Angelisova, unpublished observations). 

In most cases, relatively low energy transfer efficiencies were 
detected between the different tetraspan molecules (including 
CD20). Because of the significant cooperativity effects of binding 
of mAbs to the investigated tetraspan molecules (Table IIA), we 
suggest that these molecules are in close vicinity to each other, but 
the orientation of the epitopes recognized by the fluorescently la- 
beled mAbs is probably unfavorable (Le., the mAbs may point 
markedly out of each other; see Fig. 2). Also, mAbs to the tetras- 
pan molecules may (due to small size of the extracellular domains 
of the tetraspans) significantly interact with lipid moieties of the 
cell membrane, which may limit their flexibility and keep them in 
rather fixed positions 

Potential effects of aggregation of the studied molecules by the 
bivalent mAbs or effects of indirect aggregation due to simulta- 
neous interactions of the mAbs with Fc receptors seem unlikely, as 
similar results were obtained with Fab fragments; furthermore, es- 
sentially identical results were obtained whether unfixed or (before 
or after labeling) formaldehyde-fixed cells were used for the mea- 
surements with whole Abs. 

Our model shown in Figure 4 suggests that only a fraction of the 
relevant molecules is involved in these complexes, while another 
fraction is uncomplexed or associated with other molecules; for 
example, our present data indicate the existence of complexes in- 
volving CD20  and  CD71 (transferrin receptor; Table IB), which is 
also represented in Figure 4. Other B cell surface molecules have 
been previously shown to be in mutual proximity, such as MHC 
class I1 and CD54  (ICAM-1; not shown in Fig. 4) (36). 

Because of the reasons discussed above (certain differences in 
the fluorescent labeling of various mAbs, large differences in the 
surface density of the donor and acceptor molecules, and possible 
sterical restrictions on flexibility of the Ab molecules bound to 
some of the membrane molecules), this model is very tentative; a 
safe interpretation of our results is simply that the molecules are 
close to each other. Elucidation of finer structural details of these 
multicomponent complexes will require refinement of the tools 
used as well as additional techniques. 

Although the FCET method can provide valuable data on in situ 
proximities of cell surface molecules, it does not yield enough 
information on some aspects, such as: What fractions of the total 

DR, DQ,  MHC  class I, CD20,  CD53,  CD81, and CD82 molecules 
are involved in these complexes? What is the stoichiometry of 
these complexes? Is there any possible heterogeneity in these com- 
plexes (i.e., do all of these complexes have the same composition 
or are there also incomplete complexes lacking some of the com- 
ponents, in accordance with the different densities of the molecules 
at the cell membrane?)? For example, it is difficult to assess 
whether all energy transfer from DR to DQ or from MHC class I 
to MHC  class  I  is only due to the molecules present in the MHC 
tetraspan complexes or whether a fraction of independent, simpler 
complexes such as DR-DQ or MHC  I-MHC I exists that is devoid 
of tetraspan components. The previous biochemical experiments 
with detergent-solubilized cell membranes suggest that only minor 
fractions of the total DR and CD82, but substantial fractions of the 
total CD81 (and CD37), are present in these complexes (13). The 
total lack of energy transfer from CD53 to CD53, CD8 1 to CD8 1, 
and CD20 to CD20 (Table U and Fig. 3B)  indicates that the com- 
plexes either contain only single molecules of CD20, CD53, and 
CD81  or, if there are multiple CD20, etc., they are more than 10 
nm from each other. The higher the deviation between the indi- 
vidual densities of the studied proteins, the larger the likelihood 
that the measured patterns are not the only possibilities for expres- 
sion of the individual molecules in the cell membrane. Recently, a 
higher level of supramolecular organization of the human MHC 
class I molecules was demonstrated at the surface of JY cells. That 
means that the individual receptor islands may be further orga- 
nized into island groups (37). 

In any case, the present and previous data suggest that the B cell 
surface membranes contain large multicomponent complexes in- 
volving MHC class I and class I1 proteins, CD20, several tetraspan 
molecules, and possibly other components. It  is tempting to spec- 
ulate that these supramolecular assemblies might be involved in 
Ag presentation to T cells and in signaling to the B cell via the 
MHC molecules contacted by the TCR.  CD20 was demonstrated to 
be a component of B cell surface Ca2+ channels (38), and the 
structures of the tetraspan proteins are also compatible with such a 
function. It remains to be explored whether the tetraspan com- 
plexes might, for example, serve as MHC protein-linked ion 
channels. 
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