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A Role for the Region Encompassing the cStrand of a TCR
Va Domain in T Cell Activation Events?*

Ayub Qadri, 3 Caius G. Radu? Jayant Thatte,* Petru Cianga, Bertram T. Ober,>
Raimund J. Ober,® and E. Sally Ward”’

The distinct strand topology of TCR Va domains results in a flatter surface in the region encompassing the’ strand than the
corresponding region in Ig V domains. In the current study a possible role for this region in T cell activation has been investigated
by inserting a potential glycosylation site at x residue 82. This residue is in proximity to the ¢ strand and distal to the putative
interaction site for cognate peptide:MHC ligand. An additional N-linked carbohydrate at this position would create a protrusion

on the Va domain surface, and this may interfere with TCR aggregation and/or recruitment of signaling molecules. The modified
TCR has been expressed in transfected T cells, and the phenotype following stimulation has been compared with that of cells
expressing the wild-type TCR. The mutation has significant effects on activation-induced cell death and TCR internalization, but,
unexpectedly, does not affect IL-2 secretion. Furthermore, analyses with tetrameric, peptide:MHC class Il complexes suggest that
the mutation decreases the ability of the TCR to aggregate into a configuration compatible with avid binding by these multivalent
ligands. The Journal of Immunology,2000, 165: 820—829.

heterodimer noncovalently associated with invarianteffect of affinity/avidity in determining the outcome of TCR:pep-
CD3+y, -8, and € subunits and a disulfide-linkegt{ ho- tide:MHC contact, for optimal (i.e., agonist) signaling there ap-
modimer. Thex3 heterodimer forms the recognition unit for cog- pears to be a need for ordered oligomerization or aggregation of
nate antigenic peptides bound to restricting MHC class | or class ITCRs and associated components following ligand recognition
molecules, whereas the CD3 proteins are required for signal trang13-16). Thus, conformational and affinity models are not mutu-
duction (1, 2). T cell signaling via the TCR-CD3 complex involves ally exclusive, and both are relevant to sequential engagement m
a cascade of events that is initiated by phosphorylation of immumodels (13, 15, 17) for which the interaction needs to be suffi- 2

noreceptor tyrosine-based activation motifs ond¢hand{-chains  cjently long-lived to allow organization of TCR, coreceptors, and
by protein tyrosine kinases such as the Src family kinas€’p56 other relevant proteins into higher order assemblies that are sig-
(reviewed in Ref. 3). naling competent. Much data support the concept that clustering of 2
The affinity of a TCR for a given peptide:MHC complex plays TcRs at the T cell:APC interface occurs during T cell activation &
a role in the outcome of the corresponding TCR:peptide:MHC in-(18_2) The segregation of TCR/CD3 and associated kinases intoQ
teraction, and much data support affinity/avidity models of activa-,, density, detergent-insoluble rafts (or lipid rafts) following il

tion (4-9). In particular, the off-rate of the interaction appears O jation has also been reported (23-27). Furthermore, agentsE,

F or o T cells, the Ag receptor comprises a clonotypig proofreading models of T cell activation (11, 12). In addition to the
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play a central role (5, 9, 10), and this is consistent with I('net'cthat cross-link TCRs are generally more effective in inducing T E*I)
cell activation than monomeric ligands (28, 29), and data support- =S

, o ing a model for TCR dimerization following ligand interaction %

Center for Immunology and Cancer Immunobiology Center, University of Texas ; . =5
Southwestern Medical Center, Dallas, TX 75235 have recently been presented (14). Studies using monomeric, —
Received for publication December 13, 1999. Accepted for publication April dimeric, and mUIFlmenC p_eptlde-MHC class Il complexes to aCt!' g
17, 2000. vate T cells provide additional support for the need for TCR oli- >
[

The costs of publication of this article were defrayed in part by the payment of pageggomerization (30, 31). Consistent with the concept that the TCR
charges. This article must therefore be hereby masddertisemenin accordance miarates into aggreaates following ligand bindin uasi-elastic
with 18 U.S.C. Section 1734 solely to indicate this fact. . 9 . 99 .g . 919 99 .

, ) ) light-scattering studies with soluble molecules (TCR and peptide:
1 This work was supported by funds from the National Institutes of Health (RO1Al/ | indi h h f h . |
NS42949), the National Multiple Sclerosis Society (RG 2411-C3), and the Yellow MHC class 1) indicate that the TCR forms hexameric complexes
Rose Foundation. E.S.W. is an Established Investigator with the American Hearwith cognate peptide:MHC (32). Thus, TCR aggregation may be
Association (9640277N). an important step in T cell activation, but to date tools to investi-
2 i i . .

A.Q.and C.G.R contributed equally to this work. gate this in cell systems have not been available.
3 Current address: National Institute of Immunology, Aruna Asaf Ali Marg, New The x-ray crystallographic analysis of a murinex\lomain
Delhi 110067, India. . .
i ) o o . (Va4.2-240) derived from the 1934.4 T cell hybridoma (33) dem-

4 Current address: Department of Biomedical Engineering, University of Virginia, d | d | h I he 86 .
Charlottesville, VA 22903. onstrated a novel strand topology that allows t main to

pack in the crystal form as dimers of dimers (34). This observation
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S Current address: Gwen Knapp Center for Lupus and Immunology Research, Uni

versity of Chicago, 924 East 57th Street, 4th Floor, Chicago, IL 60637-5420. led to the proposal of a model for TCR dimerization following
6 permanent address: Department of Electrical Engineering, University of Texas aigand binding (35, 36), although more recent x-ray crystallo-
Dallas, Richardson, TX 75083. graphic structures have argued against the validity of this “dimer

7 Address correspondence and reprint requests to Dr. E. Sally Ward, Center-for Imof dimers” model (37_42). However, the novel strand topology
munology and Cancer Immunobiology Center, University of Texas Southwester| . . . .
Medical Center, 5323 Harry Hines Boulevard, Dallas, TX 75235. E-mail addressI}eSUItS in a flatter Surfac_e than that observed in variable domams
sally@skylab.swmed.edu that have an Ig V domain-like topology (34). The strand switch
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also results in a reorientation of thexMCDR2 by about 90° to  sites, using an approach analogous to that described previously (49). The
produce a more compact Ag interaction site (reviewed in Ref. 43)§a||ored genes were then cloned into a modified pUC119 vector with

; P : unique Xhol, Clal, and Notl sites asxhol-Notl (x-chain) andClal-Notl
This unusual strand topology is invariably observed farsvin fragments B-chain) and sequenced. In addition, Besf the Vo domain

other more recently solved TCé structures (37, 42; reviewed in - gene was converted to Asn to generate the potential glycosylation site
Ref. 43). In \3 domains the position of the strand shows greater Asn-X-Ser using the mutagenic oligonucleotide S82N (5'-CAGCCGAGT
variation (44), but in one 8 domain analyzed to date a switch CATTCTCTTCGACT-3') and site-directed mutagenesis as previously de-
similar to that present in the &domain was observed (40). Fur- Scribed (53). All constructs were sequenced and recloned inta #rel 3
thermore, analysis of ¥ domain sequences indicate that there is shuttle vectors and resequenced before use in transfections.

an exclusion of potential glycosylation sites in the vicinity of the Transfections

Vac ,Strand (34), in contrast to the corresponding region gf V 58a~ B~ cells were used as recipients. Plasmid DNA was linearized using

domains. Sall and transfected into the cells by electroporation, and mycophenolic
The distinctive structural features ofeMdomains prompted us acid-resistant clones were selected as previously described (49). Transfec-

to analyze a possible role for the region encompassing the’v ~ tants were analyzed for surface expression of TCR by indirect immuno-

- . e uorescence using F23.1 (antj38) followed by FITC-labeled anti-mouse
strand in events subsequent to ligand recognition by the TCR. T{J G. Analysis of staining was conducted using a flow cytometer (FACS-

do this, we have mutated a serine to asparagine to insert a potentigl,  gecton Dickinson, Mountain View, CA) and the program
glycosylation site on this surface of the\@domain. Our rationale  winMDI 2.7.
was thatN-linked glycosylation at this asparagine would insert a
protrusion in this region of the TCR that might affect receptor
aggregation and/or association with other signaling molecules! ?eﬂ'tcf?f(]SfHeC?tir)ltSZ\éver?w WI?CS:TES W:\tllh’\';Bé alnd :\)/llség $Z4°C3Nilth 5’\2 mMm

; ; ot : ris- 4), m ,5m m , an m
M.utated a-chalgns hav_e peen eXpEES§ed n aSSOCIatI.on with th(%:[’MSF corlljtaining 1% Nonidet P-40 (1 rr?lbs’107 cells). The lysate was
wild-type (WT)” B-chain in a TCR B~ thymoma cell line, and g, 5t 15000« g, and the TCRs from the supernatants were immuno-
the characteristics of the resulting T cell transfectants have beeprecipitated overnight at 4°C using the aniYhAb F23.1 cross-linked to
compared with those of similarly generated WT TCR transfectantsSepharose-4B, or protein A-Sepharose (Pharmacia Biotech, Piscataway
The results indicate that the additioddlinked carbohydrate dif- NJ). The beads were thoroughly washed with the lysis buffer followed by

. . . . .__ PBS, resuspended in PBS, and incubated Wiylycosidase F for 1 h at
ferentially affects IL-2 secretion, apoptosis, and TCR Internallza-37oc' Control beads were incubated with PBS alone. The beads were

tion. In addition, analysis of transfectants with fluorescent tet-pgjled in Laemmli sample buffer containing 2% 2-ME, and the superna-
rameric, cognate peptide:MHC class Il complexes indicates thatants were electrophoresed using 10% SDS-PAGE and transferred to ni-
there are differences in the ability of the mutant and WT TCR totrocellulose (Schleicher & Schuell, Keene, NH) or Immobilon-P (Milli-

: ; BT P pore, Bedford, MA) membranes. The membranes were blocked with 1%
form a configuration that allows tetrameric ligand binding. nonfat dry milk in PBS and incubated with an anti@Gamster mAb, H28-

. 710, for 1 h at room temperature. The strip was washed with PBS con-
Materials and Methods taining 0.05% Tween-20, incubated with HRP-labeled anti-hamster IgG for
Cell lines, Abs, and reagents 1 h, and then developed using the ECL reagent.

Analysis of the glycosylation state of the TCRs

:dny wouy papeojumoq
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The I-A%expressing B cell line, PL-8 (45) was provided by Dr. David T cell activation
Weraith (University of Bristol, Bristol, U.K.). The |-Atransfected deriva

tive of BW4157, Utm6.15 (46, 47), was made available by Dr. Harden
McConnell (Stanford University, Stanford, CA). The TCR-negative cell tions of the peptide Ac1—11[4Y] in the presence of an‘iansfected

line 58« 5 (48), which is also CD4 negative, was provided by Dr-Ste thymoma line, Utm6.15, or B cell line, PL-8, at 37°C in a humidified CO

phen Hedrick (San Diego, CA) with permission from Dr. Bernard Malissen: h A
(Institut National de la Santé et de la Recherche Médicale-Centre Nationz%FCUbator' Control wells contained Utmé6.15 and T cells but no peptide. The

N - . ansfectants were also activated using PMA and calcium ionophore
2ind p-chain expression vestors used i the anstoctions were construaZ 3157 (SGMa: St. Louis, MO) or with plate-bound mAbS F23.1 (antr
with o and 8 shuttle vectors (49) provided by Dr. Mark Davis (Stanford, £8), 145-2C11 (anti-CD8, and recombinant MBP1-11[4Y]:I*Acom-

; : plexes (54). The production and characterization of the recombinant
CA). The anti-\3 mAb F23.1 (50) was a gift from Drs. John Kappler and B AU : .
Philippa Marrack (University of Colorado Health Science Center, Boulder MBP1-11[4V].I-A” complexes have been described previously (54). Abs

; > h 'and the recombinant molecules were coated onto 96-well plates for 2 h at
CO). The anti-TCRa-chain mAb H28-710 was provided by Dr. Kelly o )
Kearse (East Carolina University, Greenville, NC). FITC-labeled H57-59737 C (54). Twenty to 24 h later the supernatants were collected, and IL-2

) ; ) levels were determined using an IL-2-dependent cell line, CTLL-2, as pre-
\(/agr“e—mzlrjcsﬁal—gdﬁlz;oﬁséig}hil-irgagtrl;rFSO:r?eDimg agg\)ar::??éja\éggcami_viously described (55) or by cytokine ELISA using JES6-1A12 (rat anti-
mousg antirat. and anti-hams?er I9G were gb{ained from Cappel (War[nouse IL-2, PharMingen) as a capture Ab and biotinylated JES6-5H4 (rat
. ' ' ; h ) o anti-mouse IL-2, PharMingen) followed by Extravidin-HRP (Sigma) for
rington, PA). The N-terminal peptide (Ac1-11; acetylated at position 1) Ofdetection
rat myelin basic protein (MBP) and an analogue in which WT lysine at '
position 4 is substituted by tyrosine (Ac1-11[4Y]) were synthesized at theanalysis of apoptosis
peptide synthesis unit of Howard Hughes Medical Institute, University of
Texas Southwestern Medical Center (Dallas, TX). Streptavidin-PE wad-ollowing activation with the appropriate stimuli (as above), cells were
purchased from BioSource International (Camarillo, CA). The anti- washed once with 1% BSA/PBS. Propidium iodide (PI) was added to a
phosphotyrosine Ab, 4G10, was purchased from Upstate Biotechnologfinal concentration of 1@.g/ml, and cells were analyzed by flow cytometry
(Lake Placid, NY).N-Glycosidase F was purchased from Roche (India- (56). To confirm that the death was apoptotic, in some experiments cells
napolis, IN). Enhanced chemiluminescence reagent (ECL) was purchasewere stimulated for 6 h at 37°C with kg/ml of recombinant MBP1—

T cells were washed with mycophenolic acid-free medium, resuspended in
RPMI 1640 containing 10% FCS, and incubated with varying concentra-

STOZ ‘02 AInC Uo g1 195 Y3|H JojAeg 11D peIA AluN Jojkeq Te /6o jounwiwif

from Amersham (Poole, U.K.). 11[4Y]:1-A"Y, stained with both annexin V-FITC (2.ag/ml) and PI (10
rg/ml), and analyzed by flow cytometry. For annexin V staining the buffer
Plasmid construction comprised 10 mM HEPES/NaOH (pH 7.4), 150 mM NacCl, 1 mM MgClI

. 5 mM KCI, and 1.8 mM CaCl
The 1934.4 \& and VB sequences are derived from the 1934.4 TCR and

have been described previously (51). The isolated genes (52) were used &R down-regulation

templates in the PCR with primers designed to tailor the genes with splice . ) )
sites and 5Xhol (a-chain), 5'Clal (8-chain), and 3Notl (a- andB-chain) For TCR down-regulation experiments the T cell transfectants were stim-
ulated for 1-3 h at 37°C with recombinant MBP1-11[4Y]:{-omplexes

or PMA and calcium ionophore A23187. After activation, TCR levels were
8 Abbreviations used in this paper: WT, wild type; MBP, myelin basic protein; ECL, determined by flow cytometric staining using an FITC-labeled aptiA®
enhanced chemiluminescence; PI, propidium iodide; AICD, activation-induced cel(H57-597) or an anti-3 mAb, F23.1 followed by FITC-labeled
death. anti-mouse 1gG.
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Anti-phosphotyrosine immunoblotting A

T cells (2 10°) were stimulated at 37°C using 1@@/ml of Ac1-11[4Y]

and 10 Utm16.5 cells. After 5 min cells were resuspended in 1 ml of lysis
buffer (250 mM NacCl, 50 mM Tris-Cl, 0.5% Triton X-100, Ag/ml pep-
statin, 1 mM Pefabloc, 1@g/ml leupeptin, 2ug/ml aprotinin, 1 mM ac-
tivated sodium orthovanadate, and 5 mM NaF) for 2 h at 4°C. The TCR/
CD3 complex was immunoprecipitated using F23.1 cross-linked to protein
A-Sepharose beads. Following washes with lysis buffer and PBS, the beads
were boiled for 5 min in SDS-PAGE loading buffer. 2-ME was added to the
supernatants at a final concentration of 2%; the samples were electropho-
resed using 10% SDS-PAGE and transferred to an Immobilon-P mem-
brane. The membrane was dried for 12 h at room temperature and then
incubated with the anti-phosphotyrosine Ab, 4G10, followed by HRP-con-
jugated anti-mouse 1gG. The blot was developed using the ECL reagent.

Flow cytometric analyses using MBP1-11[4Y]:{-fetramers

MBP1-11[4Y]:I-A" tetramers were prepared as described elsewh@re.

cells were incubated with the MHC class Il tetramers labeled with PE or,

as a control, with streptavidin-PE, in the presence of the anti<CAI}

145-2C11. After 3 h, the cells were washed twice with PBS and analyzed B
by flow cytometry.

Analysis of TCR capping

Cells (2-3x 10°) were incubated with 1Q.g/ml 145-2C11 in 10Qul of 1%
BSA/PBS at 37°C for 40 min. Cells were washed once in warm (37°C)
PBS and incubated with 10g/ml Texas Red-conjugated anti-hamster Ab
(Jackson ImmunoResearch Laboratories, West Grove, PA) inR601%
BSA/PBS at 37°C for 20 min. Cells were then washed three times with
ice-cold PBS, fixed with 1% paraformaldehyde, and adhered to poly-
lysine-treated coverslips. Coverslips were mounted using Polymount
(Polysciences, Warrington, PA), and cells were visualized using a Zeiss
Axiovert fluorescence microscope (New York, NY) and a Plan-Apochro-FIGURE 1. Structure of the 1934.4 8 heterodimer with the loca-
mat objective (X63). Images were captured with a Hamamatsu CCD camtion of the «S82N mutation indicatedd, a-Carbon trace viewed with the

era (Hamamatsu Photonics K.K., Hamamatsu-City, Japan). locations of the cétrand (residues 54—60; shown in black) and®Sgfark
gray) shown. CDRs are indicated by,2«, and 3x (Va domain) and B,

Results . 2B, and P (VB domain).B, Same as ih\, but with a 90° rotation, so that

TCR expression by the transfectants the presumed peptide-MHC docking site on theWs heterodimer is seen.

Mycophenolic acid-resistant TCR-positive transfectants were genlhe figures were drawn using RASMOL (90).
erated by cotransfection of either the 1934.4 Wx882N mutant

a-chain construct together with th@chain shuttle plasmid into - . . . .
580~ B /CD4~ cells. The location of the mutation site on the example, replacement of position 4 lysine with tyrosine results in

Va4.2 structure (34) is shown in Fig. 1. The transfectants ex-2 peptide that gives 100-fold shifts in dose-response curves (58),

pressed different levels of TCR as determined by reactivity withand this Is alsp pbserved for the transfectants (59). For this reason
the anti-VB8 mAb, F23.1 (Fig. 2A). Mutation of serine 82 to as- the higher affinity analogue (Ac1-11[4Y]) has been used in the

paragine in the TCRe-chain does not have a significant effect on currt_e_nt study. . . .
the surface expression of the TCR in transfectants (Fiy, 2 Initially, transfectants were stimulated with plate-bound anti-

MUT-1 and MUT-2). However, despite analyzing about 20—3p VA8 MAD, F23.1, and anti-CDSAD, 145-2C11. The responsive- :
mutant transfectants, expression levels as high as those seen @;SS of the transfectants, assessed by quantitating IL-2 levels, wasz.

95 UYH JojAeg 11D POIN AlUN JojAeg e /B10" jounwuw i Mmmy/:dny WwoJj papeojumod
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WT transfectants such as WT-1 were not observed. This sugges pendent on the levels of surface TCR (data not shown). This g

. : ) . Y S
that the mutation may have a minor effect on the stability of the ependence on expression levels is consistent with the findings of&,

a-chain and/or the efficiency of assembly of the correspondinqort:fsrfzgg'rﬁz L(J\i\ll?r?;gnl:fjt:\ilrﬁ?zgtavr\]/fic(ﬁgs’hso?/tézoc:;:])lsrrz?:;:)giftyvoi
TCR. Immunoprecipitation of the expressed TCRs using F23. . - ' o
indicated that thex-chain containing thexS82N mutation had a ]ferences (~2-fold; Fig. 2A) in surface TCR levels, were used for S

higher m.w. than the WT-chain (size difference of-2-3 kDa all subsequent studies. Similar levels of responsiveness were seerg;

f e . oo hen the T cells were stimulated by cross-linking the TCR with
using SDS-PAGE), and this size difference was eliminated follow-" y 9
9 ) F23.1 or the anti-CD23Ab 145-2C11 (Fig. 3A andB). Thus, the

ing digestion withN-glycosidase F (Fig. 2B). The additional gly- X Yoo
cosylation site is therefore used in th&82N mutant. aSS_ZN _mutatlon does not havc_a a S|gn|f|car1 t gﬁect on IL-2 pro-
duction in response to Ab-mediated cross-linking.

IL-2 secretion by the T cell transfectants The transfectants were also activated with PMA plus the cal-

The 1934.4 TCR recognizes the N-terminal 11 residues (Olpium ionophore A23187 and, to investigate IL-2 secretion in re-
nonamer) of MBP in association with the MHC class Il molecule, sponse to antigenic stimulation, with peptide-pulsed;eApress-

I-AY. For recognition, the antigenic peptide requires acetylation alng transfectants. Again, no significant differences were seen with

residue 1 to block the N-terminal charge (57), and position 4 anih® WT-3 and MUT-2 transfectants (Fig. G,andD).
alogues of this peptide that bind with higher affinity to f-than

the WT peptide stimulate T cells more efficiently (46, 58). For o ]
To evaluate activation-induced cell death (AICD), recombinant

] ] ~ MBP1-11[4Y]:I-A" complexes adsorbed onto the wells of micro-
9C. G. Radu, S. M. Anderton, M. Firan, D. C. Wraith, and E. S. Ward. Quantitative tit lat dt i late th lls (Fia. 4). The MBP1
analysis of T helper cells specific for an immunodominant epitope of myelin basic Ier plates were used 1o sumula e. e cells (Fig. 4). e o
protein. Submitted for publication. 11[4Y]:I-AY complexes were functionally expressed by insertion

Apoptosis induction in the TCR transfectants
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A ¢ WT-1 8 MUT-1
“ige 107 02 To® Toe “ioe 107 Toz To> Tos
FL1-Height FL1-Height
& WT-2 ] MUT-2
FIGURE 2. A, Flow cytometric analysis of TCR ex-
pression levels on transfectants expressing WT (WT-1, " ”
WT-2, and WT-3) andaS82N mutant (MUT-1 and 5 5
MUT-2) TCRs. Cells were stained with antigVAb . ®
F23.1 followed by FITC-labeled anti-mouse 1gG (lines).
Shaded curves show staining with FITC-labeled anti-
mouse IgG onlyB, Analysis of the glycosylation of the om ot ror proe Toe i T pior yion T
TCR in WT-3 and MUT-2 cells. TCRs expressed by the FL1-Height FL1-Height

T cell transfectants were immunoprecipitated using the
anti-VB mAb F23.1 and were incubated for 1 h at 37°C
with (+) or without (—) N-glycosidase F. The samples WT-3
were electrophoresed using 10% SDS-PAGE and trans-
ferred to Immobilon-P membranes. The TG@Rchain

was detected using an anteOmAb (H28-710). The
right panel (WT-3*) shows a shorter exposure of the
same membrane. Data are representative of three inde-
pendent experiments.

256

Everts

190 10 102 10° 104
FL1-Height
WT-3 MUT-2 WT-3 *
(kDa) - +

MW

= + - +
s {
329 —

19.5 —

of the N-terminal epitope of MBP between codons 2 and 3 of theconcentrations. Annexin V staining was used to confirm that the

gene encoding the matur@' polypeptide to result in antigenic death was apoptotic and showed the same difference in induction g

peptide covalently tethered to the FAnolecule (54). These mol  of programmed cell death for the WT and mutant transfectants as o

ecules are potent and specific stimulators of T cell transfectantd?l staining (Fig. 4B). Significantly, stimulation by PMA and cal-

hybridomas expressing the WT 1934.4 TCR (54). They are als@ium ionophore A23187 resulted in similar levels of IL-2 secretion

efficient inducers of AICD, and these were used in apoptosis studand apoptotic death for both transfectants (Fig.a8@d 4C). Thus,

ies in preference to Ag-pulsed APCs because this simplified théhe resistance to cell death by MUT-2 cells was only observed

flow cytometric analyses. following antigenic stimulation and can be bypassed by activation
When stimulated with recombinant, plate-bound MBP1-of pathways distal to TCR triggering. Importantly, qualitatively

11[4Y]:I-AY complexes, the WT-3 cells consistently produced similar results were observed for other WT aw882N transfec-

slightly higher levels of IL-2 than MUT-2 cells at low Ag con- tants (data not shown), indicating that the resistance to AICD was

centrations (Fig. 4A). In contrast to the minor difference in IL-2 not a peculiarity of MUT-2 cells.

secretion levels following treatment with plate-bound MBP1- )

11[4Y]:I-AY complexes, there was a marked difference between CR down-regulation

the WT-3 and MUT-2 transfectants in AICD, as assessed by PTTo analyze another important marker of T cell activation, TCR

staining. The MUT-2 cells were markedly more resistant to AICD down-regulation, the surface levels of TCR on the transfectants

(Fig. 4A). This could not be explained by differences in IL-2 levels, following stimulation were analyzed by flow cytometry using the

since Ag doses that induced similar levels of IL-2 production byanti-Vp8 Ab F23.1 or the anti-B8 Ab H57-597. Following acti-

the two transfectants resulted in significant differences in sensitivvation by the recombinant MBP1-11[4Y]:I¥Acomplexes, mutant

ity to apoptotic death (Fig. 4A). Importantly, for these experimentstransfectants showed markedly reduced internalization of TCR

IL-2 levels were determined by ELISA, and under the conditionscompared with WT transfectants (Fig. 5A). The relatively low lev-

of the assay, OD values corresponded in direct proportion to IL-Zls of down-regulation observed with the WT transfectants are

Q17 195 YHH Jojfeg 11D POIN AU JojAeg T /B10" jounuwwi-Mmwy/:dny WOy papeo|umod
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A B
1.2 1.2 4
£ E
£ £
o 08 o 0.8 -
2 2
FIGURE 3. IL-2 secretion by the T cell trans- & 06 q06-
fectants WT-3 (2or [J) and MUT-2 (@or ) in Q o4 S04
response to different stimuli. Transfectantsx5 o o
10%well) were stimulated withA, plate-bound = g2 =0.2 |
F23.1 (anti-\38); B, plate-bound 145-2C11 (anti-
CD3ke); C, 10 ng/ml PMA and 500 ng/ml calcium 0 0 ! ‘
ionophore A23187; D, Acl-11[4Y]-pulsed 0.01 0.1 1 10 01 1 10
Utm6.15 (Utm6.15 were more effective APCs F23.1 (ug/ml) 145-2C11 (ug/ml)
than PL-8; data not shown). For bottandB, the
concentrations of Ab shown are those used to ¢ D
coat the plates. IL-2 levels were quantitated by
ELISA, and the values represent the means of 1- 17
triplicates. Data are representative of three inde- g T 08 -
pendent experiments. g g
2 2 06 -
g 0.5 S 0.4 4
o 302
0 - ! 0 T d
PMA 10 : 0.01 ]
ng/ml; A23187 500 ng/ml Ac1-11 [4Y] ug/ml

consistent with the observations of others in studies in which im-Analyses of the transfectants using MBP1-11[4Y} Itétramers

mortalized T cells were compared with T cell clones (60). To further | tiaate the ch teristi fth tated TCR_ i
To exclude the possibility that the lower level of TCR down- 0 further investigate the characteristics ol the mutate , Tlow

regulation for mutant cells relative to WT cells is due to the dif- CYiometric analyses were conducted with fluorescently labeled
ference in expression levels, TCR internalization in response t§/BP1-11[4Y]:I-A" tetramers. These tetramers specifically stain
phorbol ester (PMA)-mediated stimulation was also assessed. TCMBP1-11[4Y]:I-A"-responsive T cells and activate cognate T
down-regulation in response to PMA was almost abrogated irfells to secrete IL-2 when used in T cell stimulation asSaysv-
transfectants expressing the mutated TGRhain (Fig. 5B), €ls of staining were increased when the cells were coincubated
whereas down-regulation was observed for WT transfectants. SinWith the anti-CD2 Ab, 145-2C11 (see Footnote 9). This enhanced =
ilar results were observed for the other transfectants shown in Figstaining is most likely due to the ability of this Ab to cross-link
2 (data not shown). TCRs and is consistent with the observations for tetramer staining .
of T cell hybridomas (61). This Ab was therefore used in all flow o
cytometry experiments with tetramers. The tetramers stained .
MUT-2 poorly relative to WT-3 cells, whereas staining of the
The observed differences between the WT and mutant transfectanggnsfectants with the antif£Ab H57-597 showed only minor
prompted us to investigate the phosphorylation of TCR-associateglifferences that are consistent with the F23.1 staining data (Fig. 2).

proteins following Ag-specific stimulation, i.e., events proximal t0 There are two possible explanations for the poor tetramer staining
TCR-mediated activation. The transfectants were activated for ¥f MUT-2 cells. First. from studies in other peptide:MHC class II

min at 37°C With,ACl_ll[“Y].‘pu'Sed AF,)CS' and the TCR/CDS systems (62, 63) tetramer staining has been shown to correlate with
complexes were immunoprecipitated using F23.1 cross-linked t CR:ligand affinity, and the mutation may therefore result in a
protein A-Sepharose beads. Immunoblotting of the F23.1-capturep|educed affinity of the TCR for cognate ligand. However, the sim-
immunoprecipitates with the anti-phosphotyrosine Ab 4G10 dem ’ '

: . ilarity of MUT-2 and WT-3 in dose responses to recombinant
onstrated that the same TCR-associated phosphoproteins Wel(/?BPl 1114YT|-AY | Figs. 3 and 4 Id ke thi
present in the WT-3 and MUT-2 cells following stimulation with —11[4Y]:I-AT complexes (Figs. 3 and 4) would make this

Acl-11[4Y]-pulsed I-A-expressing cells (Fig. 6). Consistent with S€€M improbable. Second, the mutation may prevent the aggrega-
the F23.1 staining data (Fig. 2), the amount of immunoprecipitated©" Of theaS82N TCR into a configuration that allows multivalent
phosphoproteins was lower for mutant cells than for WT cells binding of the tetrameric complexes. The former possibility was
Importantly, for both transfectants the ratio of pp23 to pp21 formsinvestigated further by analyzing transfectants bearing a mutated
of TCR_é’ was Sim”ar (F|g 6) Taken together’ the data indicatederivative Of the 1934.4 TCR in Wh|Ch mutation Of glutamiC aCid
that theaS82N mutation and the resultant additiobalinked car- 69 to alanine (E69A) results in a significant reduction in Ag re-
bohydrate do not qualitatively affect the TCR-proximal phosphor-sponsiveness (59). Fig. A andB, shows the mean fluorescence
ylation events following antigenic stimulation. intensity for WT-3, MUT-2, and E69A-2 cells stained with either
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FIGURE 4. Analysis of IL-2 secretion and AICD

in the T cell transfectants after stimulation with re-
combinant MBP1-11[4Y]:I-A molecules.A, Cells

(5 x 10*well) were incubated for 24 h with different
concentrations of the recombinant molecules coated
onto 96-well plates. Supernatants were analyzed for
IL-2 levels using an IL-2 ELISA for WT-34) and
MUT-2 cells (®). AICD was analyzed by staining
the cells with Pl and was expressed as the percent-
age of dead cells ((J, WT-3 celll, MUT-2 cells).
Values for IL-2 levels are the means of triplicatBs.
Annexin V-FITC staining of WT-3 and MUT-2 cells
after 6 h of incubation with Jug/ml of plate-bound
MBP1-11[4Y]:I-A" complexes. Cells double pesi
tive for Pl and annexin V-FITC (15% for WT-3 and
5% for MUT-2) were gated out. Annexin V staining
of stimulated (thick lines) and unstimulated (thin
lines) cells is shownC, Analysis of AICD following

24-h incubation with 10 ng/ml PMA and 500 ng/ml C WT-3-54% .

of the calcium ionophore A21387. The percentage
of Pl-positive cells in the absence of stimulation was
13% for WT-3 cells and 22% for MUT-2 cells. Data -
shown in each panel are representative of at leas
two independent experiments. |
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anti-CB (H57-597) or tetramers. IL-2 levels produced by the trans-are reminiscent of the data shown in Fig. 4. Similar results were

fectants in response to plate-bound MBP1-11[4Y]-leAmplexes

obtained using biotinylated MBP1-11[4Y]:I*A immobilized

were also analyzed (Fig. 7C) and for the WT-3 and MUT-2 cellson streptavidin-coated plates (not shown). As expected from our
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FIGURE 5. TCR down-regulation following stimulation of WT-3 and MUT-2 cells. Cells were treated witty/inl plate-bound MBP1-11[4Y]:I-A
complexes (A) or 10 ng/ml PMA plus 500 ng/ml calcium ionophore (A23B37After a 2-h incubation, surface TCR levels were assessed by staining
with F23.1 (anti-\B8) followed by FITC-labeled anti-mouse 1gG or with FITC-labeled H57-597 (aBji-Oata are expressed as the percent TCR, with
100% representing the expression levels for cells treated with PBS only. Data are representative of three independent experiments.
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A B and biochemical data indicate the presence of additional carbohy-
MW A —— W3 o drate in the mutated TCR-chain.
(kDa)  + .+ R p) .4 _ The activity of T cell transfectants carrying the mutatedhain
- . together with a WTB-chain was compared with the actiyity of
83 e ‘ = thosg expressing the WT TCR._ The effet_:ts on_IL-2 s_ecretlon, apo-
- d ptosis, and TCR down-regulation following stimulation were an-

, alyzed. The data show that theS82N mutation has a minor, if
47.5 any, effect on IL-2 secretion by the T cells in response to either

. d Ab-mediated cross-linking or cognate ligand. Significantly, this
325 demonstrates that modification of the T@Rchain did not affect
»5 - .- the ability of t_he TC_:R to recognize cognate pepti_de-l\_/IHC com-
6523 plexes. Thus_, insertion of thé-_llnke_d carbohydrate in this region
pp21: - ' of the TCR did not affect the signaling cascade that resulted in IL-2
16.5 secretion. However, the mutation significantly affected AICD and
6.5 TCR down-regulation, and this provides a functional separation

FIGURE 6. Anti-phosphotyrosine immunoblot of Ag-stimulated cells. between TCR internalization or AICD and IL-2 production. Earlier

The transfectants were stimulated for 5 min at 37°C using Utm16.5 cellsswdies_ involving analysis of T Ce"S_ expressing TBRhains mu-
pulsed with 100ug/ml of Ac1-11[4Y] (+) or incubated with Utm16.5 tated in the transmembrane region (65, 66) or @PACR
cells alone (—). The anti-phosphotyrosine mAb, 4G10, was used for dea-chains with truncations in their CytOp'asmiC tail (67, 68) resulted
tection (seeMaterials and Method$or details).A and B, Different expo-  in T cells that, although not affected in cytokine secretion, were
sures of the same membrane. Data are representative of two independefefective in either apoptosis or down-regulation, respectively.
experiments. Therefore, the current study is distinct in that it shows functional =
defects in both AICD and internalization due to an alteration in a
membrane-distal region, i.e., theX\domain, of the TCR. Further-
more, in contrast to the studies involving the mutated T8=éhain
65), -chain phosphorylation following activation appears to be
normal in MUT-2 cells.

earlier analyses of the E69A transfectant (59), WT-3 cells are bot
more responsive to cognate ligand and stain at higher levels wit
tetramer than E69A cells. In fact, the fluorescence shift for WT-3 TCR down-regulation following ligand recognition is believed

IC—|(?5“735IZ761 2?;:]%']:0'(1hgerg’::rfc\)'r?e;e;\rir:ﬁsr tzzes'gs;].;gagréhisfgr@ be a consequence of serial engagement of multiple TCRs that‘;\’
ining, W : Yesults in sustained T cell activation (69) and has been shown to

tially the same (Fig. 7B). Most significantly, despite higher levels . . _
of tetramer binding by E69A transfectants compared with MUT-2play a role in the regulation of T cell responses (70-72). However, &

. . ) | f TCRs beari hain, CD3, or CD ith cyto-
cells, IL-2 secretion by E69A cells in response to cognate Ilgandana yses o S bearing aRchain or 37 with cyto
; S plasmic tail truncations indicate that down-regulation is not essen-
was very low (Fig. 7C). Thus, MUT-2 cells are significantly more

) ) tial for cytokine production (67, 68), and this is consistent with our
responsive to MBP1-11[4Y]:-Athan E69A transfectants, and yet observations. The molecular mechanism(s) of internalization is not

they bind tetramers of this ligand relatively poorly. Since in Otherﬁully understood, and both tyrosine and serine protein kinases have

systems Ag responsiveness has been shown to almost InV"’m"’lbb\'éen implicated in the process of down-regulation (73). Further-

correlate with the affinity (and particularly the off-rate) of the TCR more, because ligation of a TCR with a peptide:MHC complex or

for cognate ligand (4, 6-10, 64), this makes it improbable that the . . . oo L .
ST - th anti-TCR Abs al d tivat f protein k C, it
poor tetramer staining is due to reduced affinity of #®82N v ant S a'so Induces activation of protein Kinase &, 1

- . . was assumed previously that TCR internalization in response to T
TCR. Thus, the alternative explanation, that the TCRs with a P y P =

S . . - "PMA stimulation and TCR triggering might follow similar mech-
additionalN-linked carbohydrate in the proximity of the strand anisms. However, more recent data suggest that this might not be¥

cannot aggregate into a configuration compatible with multivalentthe case (67, 74, 75). For example, phosphorylation of serine 126 =
tetramer binding, appears to be more likely. Finally, capping of the L : o

TCR using the anti-CD8Ab 145-2C11 indicated that at this level in the CD3y cytoplasmlc tail, which is required for PMA-anuced_ 5
; S . down-regulation, does not appear to be necessary for ligand-in- ¢,
of resolution there were no significant differences among WT-3

. . 'duced TCR internalization (75). Furthermore, TCRs internalized
e o o e ot osc of2long PR e ar recyd, whress agoist
lowing T cell activation (19) nduced down-regula_tlon rgsults in Iy§osomal degradatlon_ (74, 76).

' In the current study insertion of aX-linked carbohydrate in the

. . proximity of the c”strand of thea-chain affected both PMA-in-
Discussion duced and peptide:MHC-mediated down-regulation, suggesting
The present study involves analysis of the role of the region enthat this structural modification affected the recruitment or activa-
compassing the strand (residues 54—-60) of the TCR\\domain  tion of a common machinery that is used in response to the mech-
in T cell recognition and signaling. Although earlier crystallo- anistically distinct stimuli. For example, the modification may af-
graphic studies suggested a role for this region of the TCR irfect the recruitment/activation of Rab5 GTPase and/or of clathrin-
dimerization, more recent structural data have questioned the vasoated vesicle adaptor proteins that are known to be involved in
lidity of this model (37—42, 44). However, the unusual nature of TCR internalization (72, 75, 77, 78). In this context, clathrin coas-
this surface, which is distinct from the corresponding region in thesembles with membrane-associated adaptor proteins into a poly-
majority of VB domains analyzed to date (34; reviewed in Ref. hedral lattice to bring about receptor internalization (79, 80). It is
43), prompted us to investigate a possible role in T cell function.therefore possible that the additional glycosylation might not allow
A potential glycosylation site was therefore introduced at residughe mutated TCR-CD3 complexes to configure into aggregates that
82, which is in close proximity to the’strand and is distal to the are permissive for lattice formation.
putative Ag binding site (Fig. 1). Glycosylation at this site would A possible explanation for the observed phenotype of cells ex-
be predicted to introduce a protrusion in this region ofdhehain, pressing thexS82N mutant TCR is that the protrusion induced by
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FIGURE 7. Analysis of TCR aggregation on WT-3, MUT-2, and E69A-2 ceflsStaining of the transfectants with tetrameric (streptavidin-PE-labeled) 9
MBP1-11[4Y]:I-A" complexes (thick lines) and streptavidin-PE (thin lind3).Staining of transfectants with antigQH57-597) or tetrameric MBP1— g

11[4Y]:1-A" complexes, expressed as the mean fluorescence intensity after background sub@aliti@secretion by transfectants following incubation
with plate-bound MBP1-11[4Y]:I-Acomplexes. IL-2 levels were determined by ELISA, and values are the averages of duplicates. Data are representa
of three independent experimenits.Capping analysis of WT-3, MUT-2, and E69A-2 transfectants. Cells were treated with 145-2C11 (ag}if@b@ed

by Texas Red-labeled anti-hamster Ig. Cells were visualized by fluorescence microscopy. The fields shown are representative of data obtained fromy twi
independent experiments. Cells treated with Texas Red-labeled anti-hamster IgG Ab resulted in diffuse, almost undetectable staining (not shown). L.
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glycosylation affects the association and/or activity of two or morecell death, a recent study has demonstrated that altered peptid
distinct cellular components that are exclusively involved in two ligands that induce focal aggregation/capping of the TCR also in- <
bifurcating processes (AICD and down-regulation) that do not in-duce apoptosis (81). Significantly, capping analyses indicate that {3
volve any common intermediates. This is consistent with the efthe mutated TCR is able to aggregate following Ab-mediated
fects of PMA and ionomycin on the transfectants; although thecross-linking, demonstrating that this modified TCR retains the
difference in down-regulation is still observed following treatment ability to undergo surface redistribution.

with these stimuli, apoptosis is induced to similar extents in both Recent studies indicate that there might be a redundancy in the
WT-3 and MUT-2 cells. The marked reduction in tetramer TCR-proximal signaling mechanisms operative during down-reg-
(MBP1-11[4Y]:I-AY) staining by the mutant transfectants indi ulation of the TCR and AICD. For example, constitutive {556
cates that the additional carbohydrate severely limits aggregatioactivation targets TCRs to lysosomal compartments (82), and this
of the TCRs into a configuration that allows multivalent binding by kinase has been suggested to play a critical role during cell death
the tetramer. Whether this configuration is the same as that rén T cells by up-regulating FasL expression (83, 84). Evidence
quired for association of the proteins involved in AICD and/or supports involvement of the transcription factors MNB-and
down-regulation is not clear from the current experiments. How-NF-AT in regulating Fas ligand expression (85—-87), but the un-
ever, it is probable that the loss of tetramer binding is a manifesaffected IL-2 secretion by MUT-2 cells suggests that these factors
tation of the steric effects of the additiordtlinked carbohydrate, are functionally intact. However, it has recently been shown that
and these effects may also impact on alternative configurations afytokine secretion and AICD are differentially sensitive to NB-

the TCR and associated proteins necessary for either down-regdeprivation (88). Thus, it is possible that while a signaling com-
lation or programmed cell death. Consistent with a role for thepetent configuration with respect to IL-2 secretion is induced by
architecture of the TCR and associated proteins in programmedognate ligand in the mutant transfectants, the configuration for
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p56°* to optimally phosphorylate substrates to levels necessary for
apoptosis and TCR internalization does not form. These substrat
may be as yet unidentified and may be distinct for the two pro-
cesses. This (partial) defect in p8&activity could be due to either
sequestration of the putative substrates and/or inappropriate orlen-
tation of p56&*. By analogy, proximity and spatial orientation of

the tyrosine kinase ZAP-70 have been shown to be key parametets.

in T cell signaling (89).

In conclusion, the results indicate that following stimulation, a 19,

specific configuration of the TCR complex is needed for AICD and
receptor internalization that is distinct from that needed for IL-2

production. The generation of this configuration appears to corrego.

late with tetrameric ligand binding and involves a region of the
TCR Va domain that, due to a specific strand rearrangement, has

a flatter surface than the corresponding surface in Ig V domainsa.

and the majority of TCR Y8 domains analyzed to date. The re-
sulting complex may form an optimal module necessary for re-

cruitment of/interaction with the molecular machinery critical for 22.

TCR down-regulation and AICD. The transfectants described in
this study could provide a useful system to dissect mechanisms of;
T cell apoptosis and TCR internalization, and this may lead to an
improved understanding of the requirements for a particular higher

order configuration of the TCR and associated polypeptides in the,

two processes. Finally, the resistance of the transfectants bearing
the mutated TCR to programmed cell death suggests that our stug-
ies are of relevance to diseases involving dysregulated T cell ho-
meostasis, such as neoplasia and autoimmunity.
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