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Stalk Region of �-Chain Enhances the Coreceptor
Function of CD81

Jenny S. Wong, Xiaosong Wang, Torsten Witte, Linghu Nie, Nicolas Carvou, Petra Kern, and
Hsiu-Ching Chang2

CD8 glycoproteins are expressed as either �� homodimers or �� heterodimers on the surface of T cells. CD8�� is a more efficient
coreceptor than the CD8�� for peptide Ag recognition by TCR. Each CD8 subunit is composed of four structural domains,
namely, Ig-like domain, stalk region, transmembrane region, and cytoplasmic domain. In an attempt to understand why CD8��
is a better coreceptor than CD8��, we engineered, expressed, and functionally tested a chimeric CD8� protein whose stalk region
is replaced with that of CD8�. We found that the � stalk region enhances the coreceptor function of chimeric CD8�� to a level
similar to that of CD8��. Surprisingly, the � stalk region also restored functional activity to an inactive CD8� variant, carrying
an Ala mutation at Arg8 (R8A), to a level similar to that of wild-type CD8��. Using the R8A variant of CD8�, a panel of
anti-CD8� Abs, and three MHC class I (MHCI) variants differing in key residues known to be involved in CD8� interaction, we
show that the introduction of the CD8� stalk leads to a different topology of the CD8�-MHCI complex without altering the overall
structure of the Ig-like domain of CD8� or causing the MHCI to employ different residues to interact with the CD8� Ig domain.
Our results show that the stalk region of CD8� is capable of fine-tuning the coreceptor function of CD8 proteins as a coreceptor,
possibly due to its distinct protein structure, smaller physical size and the unique glycan adducts associated with this region. The
Journal of Immunology, 2003, 171: 867–874.

CD8 is a membrane-anchored glycoprotein that functions
as a coreceptor for Ag recognition of the peptide/MHC
class I (MHCI)3 complexes by TCRs (1–4) and plays an

important role in T cell development in the thymus and T cell
activation in the periphery (5–8). Functional CD8 is a dimeric
protein made of either two�-chains (CD8��) or an�-chain and a
�-chain (CD8��) (9–11), and the surface expression of the
�-chain requires its association with the coexpressed�-chain to
form the CD8�� heterodimer (12, 13). Importantly, CD8�� and
CD8�� are differentially expressed on a variety of lymphocytes.
CD8�� is expressed predominantly on the surface of��TCR�T
cells and thymocytes (14–17), and CD8�� on a subset of
��TCR�, ��TCR� intestinal intraepithelial lymphocytes, NK
cells, dendritic cells, and a small fraction of CD4� T cells (17–19).
The differential distributions of CD8�� and CD8�� suggest that
these two forms of CD8 are likely to mediate distinct functions.

Recent reports showed that CD8�� is more effective than
CD8�� to facilitate recognition of the same peptide Ag by TCR
(20, 21). It appears that heterodimerization with the�-chain per se
is sufficient to enhance the kinase activity of the CD8�-chain-
associatedlck (22). The cytoplasmic domain of CD8� has been
implicated in this enhancement of coreceptor function, as palmi-

tylation of a Cys residue in this region during T cell activation can
effectively facilitate the partition of TCR/CD8�� complexes into
lipid rafts (23). On the other hand, we showed previously that the
extracellular domain of the CD8�-chain alone is also capable of
enhancing the coreceptor function of the CD8�� molecule (20).
This is collaborated with earlier observations that the extracellular
domain of CD8� is responsible for enhanced coreceptor functions
for recognition of allogeneic Ag (24, 25) and for a better interac-
tion with MHC tetramers (26, 27).

CD8� and� subunits have similar structural motifs, including
an Ig-like domain, a stalk region of 30–40 aa, a transmembrane
region, and a short cytoplasmic domain of�20 aa (reviewed in
Ref. 28). CD8�- and�-chains have two and oneN-linked glyco-
sylation sites, respectively, in the Ig-like domains where they share
�20% identity in their amino acid sequences (12–15, 26). The
CD8� stalk region is 10–13 aa shorter than the CD8� stalk and is
highly glycosylated withO-linked carbohydrates. These carbohy-
drates on the�, but not the�, stalk region appear to be quite
heterogeneous due to complex sialylations, which are differentially
regulated during the developmental stages of thymocytes (27, 29–
31) and upon activation of T cells (32). Indeed, glycan adducts
have been shown to play regulatory roles in the functions of gly-
coproteins and in immune responses (reviewed in Ref. 33), and
glycans proximal to transmembrane domains can affect the orien-
tation of adjacent motifs (34). The unique biochemical properties
of the CD8�-chain stalk region make it a plausible candidate for
modulating the coreceptor function.

To determine whether the� stalk region is responsible for the
enhanced Ag recognition activity of CD8��, we created a chi-
meric CD8� protein whose stalk region is replaced by the� stalk
region and tested its coreceptor function in a T cell hybridoma
system. Our data indicate that the introduction of the� stalk region
alters the overall topology of CD8�-MHCI complexes and drasti-
cally enhances the coreceptor function of chimeric CD8��
homodimers.
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Materials and Methods
Monoclonal Abs

Anti-H-2Kb-specific mAbs 5F1-2-14 (5F1), EH144, Y3, and 28.13.3 were
used to monitor the expression level of H-2Kb on the R8 APCs as previ-
ously described (35). Anti-mouse CD8� mAbs 53.6.72, 19/178, H59,
YTS105, and YTS169 as well as anti-mouse CD8� mAb YTS156.7 were
used to monitor the expression of these CD8 proteins. Anti-mouse TCR
V�5.2 mAb MR9.4 were used to verify the surface expression of TCR
(36). Anti-mouse CD8� mAb 53.6.72 or anti-mouse CD8� mAb
YTS156.7 was used for immunoprecipitation of each CD8 subunit. Anti-
mouse CD3� 145.2C11 was used to stimulate the N15 hybridoma cells as
a positive control for IL-2 production (37).

Flow cytometric analysis

Indirect flow cytometric analysis was performed on the parental N15CD8�

cells (negative for CD8 expression), and N15 cells expressing CD8 variants
for the surface expression of TCR, CD8�, and CD8� molecules by incu-
bating each cell line with a specific Ab, followed by a secondary Ab (anti-
murine or anti-rat) conjugated with FITC (Caltag, San Francisco, CA). A
minimum of 5000 cells were analyzed by FACS for each sample.

Mutant H-2Kb APC

APC R8 is a pre-B lymphoma cell line that was transformed with Abelson
leukemia virus and was used to present the VSV8 peptide in the context of
wild-type H-2Kb. R8.161 is a cell line derived from the parental R8 line
that lacks the expression of H-2Kb (35); it was transfected with cDNAs
encoding H-2Kb variants to generate the corresponding APCs. To generate
alanine substitution mutations in H-2Kb, the H-2Kb cDNA was used as a
template for a PCR-based mutagenesis. A single alanine mutation was
introduced in the cDNA of H-2Kb corresponding to residues Lys198

(K198), Gln226 (Q226), or Asp227 (D227). Mutated cDNAs were ligated
into the pCRII vector (Invitrogen, San Diego, CA) for sequence confirma-
tion. The verified constructs were subcloned into the pSH-xs expression
vector, which carries the hygromycin resistance gene (37). The individual
cDNA construct was then transfected into the R8.161 line to generate
H-2Kb mutant lines, R8.K198A, R8.Q226A, or R8.D227A, as previously
described (35). These transfectants were sorted by FACS and selected for
clones whose H-2Kb expression levels are similar to that of parental R8
cells.

CD8� constructs

To generate the CD8�R8A mutant, mCD8� was subjected to mutagenesis
using a PCR method as described above. The cDNAs encoding the mutated
CD8� (CD8�R8A) were then subcloned into pSH-xs. The chimeric CD8�
(CD8�-�-�-�) construct was generated by ligation of three cDNA frag-
ments: the XbaI-BsrI fragment encoding the Ig-like domain of CD8�, the
BsrI-NspI fragment encoding the stalk region of the CD8�, and the NspI-
SacI fragment encoding the transmembrane segment (TM) and the cyto-
plasmic domain of CD8�. The XbaI-BsrI fragment and BsrI-NspI fragment
were obtained by restricted digestion of the cDNA construct encoding the
wild-type CD8�. The BsrI-NspI fragment was obtained by PCR from the
cDNA construct encoding the wild-type CD8� using a 5� primer, which
contains the BsrI site encoding the very C terminus of the CD8� Ig-like
domain fused with a small segment of DNA encoding the N-terminal por-
tion of the CD8� stalk region, and a 3� primer, which contains a small
DNA segment encoding the C-terminal portion of the CD8� stalk region,
followed by the NspI site-containing segment encoding for the N-terminal
portion of the TM domain of CD8�. The cDNA was sequence-verified and
subcloned into the pSH-xs vector. The construct encoding the chimeric
CD8�R8A (CD8�R8A-�-�-�) was similarly generated, except that the XbaI-
BsrI fragment encoding the Ig-like region was released by restriction di-
gestion from the cDNA construct of CD8�R8A.

N15 transfectants expressing CD8� variants

To generate the cell line expressing homodimeric CD8�R8A�R8A, �107

parental N15CD8� cells were electroporated with 10 �g of SalI-linearized
pSH-CD8�R8A at 250 V and 800 �F using a cell electroporator (Life Tech-
nologies, Gaithersburg, MD). After 48 h the cells were plated in complete
RPMI 1640 medium containing 2 mg/ml of hygromycin at a density of 2 �
104 cells/well in 24-well plates and cultured for 2 wk. Hygromycin-resis-
tant clones were analyzed for CD8� expression by FACS. A minimum of
20 positive clones were pooled and sorted for similar levels of CD8 ex-
pression. To generate the cell lines expressing the CD8�R8A� heterodimer,
the same method was used, except the mutant CD8�R8A and wild-type

CD8� were cotransfected into the parental N15CD8� cells. The resulting
transfectants were tested for the cell surface expression of TCR, CD8�, and
CD8� by FACS. The coreceptor functions of these cell lines were exam-
ined by IL-2 production triggered by R8 APCs loaded with various con-
centrations of VSV8 peptide. The expression of functional TCR in each
N15 transfectant was positively verified by IL-2 production induced by
cross-linking of TCR with an anti-CD3� Ab, 2C11.

IL-2 production assay and inhibition of coreceptor function by
anti-CD8� mAb Abs

The IL-2 production of the CD8-expressing N15 transfectants was quan-
tified using the MTT assay (37). The parental R8 APC or mutant APCs
expressing H-2Kb variants R8.K198A, R8.Q226A, or R8.D227A were ir-
radiated (3300 rad) and loaded with VSV8 peptide at concentrations rang-
ing from 10�9 to 10�4 M at 37°C for 2 h. Approximately 1 � 105 trans-
fectants were then incubated with an equal number of APCs in a total
volume of 200 �l of complete RPMI supplemented with 10 ng/ml of PMA
in 96-well plates for 24 h. Supernatants were harvested and stored at
�70°C. CTLL-20 cells, an IL-2-dependent cell line, were incubated with
serially diluted supernatant in 96-well plates (104 cells/well) for 48 h. The
MTT substrate (3-[4,5-dimethylthiazol-z-yl]2–5-diphenyltetrazolium bro-
mide; Sigma-Aldrich, St. Louis) was added 4 h before harvesting by dis-
solving cells in SDS/isopropanol/HCl. The solubilized MTT product was
measured at 570 nm using the SpectraMax 250 spectrophotometer (Mo-
lecular Devices, Sunnyvale, CA). The IL-2 concentrations in the superna-
tants were determined based on the standard curve generated by purified
recombinant human IL-2 (Chiron, Emeryville, CA).

Inhibition of coreceptor function by anti-CD8� mAbs was analyzed
similarly to the IL-2 production assay, except that 10 �g/ml of affinity-
purified anti-CD8� mAb, 53.6.72, YTS169, or YTS169 Fab in RPMI me-
dium was added to 1 � 106 N15 cells expressing CD8� variants for 30 min
before incubation with peptide-loaded APCs.

SDS-PAGE analysis of CD8 proteins

The cell surface CD8 proteins were analyzed by immunoprecipitation of
lysates prepared from the CD8 transfectants (20). Briefly, �107 cells were
surface biotinylated and solubilized by lysis buffer containing TBS (10 mM
Tris and 150 mM NaCl, pH 7.6), 1% Triton X-100, 1% aprotinin, 1 mM
PMSF, 2 mM EDTA, and 5 �g/ml leupeptin. Postnuclear supernatants
were precleared and immunoprecipitated using anti-CD8� mAb, 53.6.72;
anti-CD8� mAb, YTS156; or control mAb, 2H11, prebound to � Bind Plus
beads (Amersham Pharmacia Biotech, Arlington Heights, IL). After wash-
ing the beads four times with lysis buffer, beads were treated with Laemmli
sample buffer, boiled, and resolved by a 12.5% SDS-PAGE under reducing
conditions. Proteins were blotted onto nitrocellulose membranes and
probed with HRP-conjugated streptavidin, followed by visualization using
the ECL substrates (Amersham Pharmacia Biotech).

Results
Comparison of the stalk regions of CD8� and CD8�

Both CD8� and CD8� contain a stalk region that is directly ad-
jacent to the Ig-like domain and may therefore play a role in me-
diating CD8-MHCI interaction. To investigate the role(s) of the
stalk region, we compared the polypeptide sequences of both
CD8� and CD8� stalk regions of murine, rat, and human proteins.
In Fig. 1A, polypeptide sequences are aligned by a pair of con-
served cysteine residues. The Cys151 and Cys166 of the murine
CD8� are aligned with Cys137 and Cys150 of the murine CD8�.
This alignment reveals that for the region before the first cysteine
residue (Asn123 to Asp150 in murine CD8� and Asp116 to Gln136 in
murine CD8�) CD8� is less conserved than CD8�, with 28% (8 of
28) and 66% (14 of 21) identity, respectively. For the region be-
tween the aligned cysteine residues, CD8� and CD8� have a sim-
ilar degree of conservation between species, but have no obvious
homology to each other within the same species. Overall, com-
pared with CD8�, CD8� has a shorter (35 vs 44 residues for mu-
rine proteins) and more conserved (66 vs 28%, among murine, rat,
and human proteins) stalk region. Differences revealed by this
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alignment suggest that the stalk region of CD8� may have a role
distinct from the stalk region of CD8�.

Stalk region of CD8� subunit enhances the coreceptor function
of CD8��

To examine the role of the CD8� stalk, we created a chimeric CD8�
(CD8�-�-�-�) subunit by replacing the stalk region of wild-type
CD8� (CD8�-�-�-�) with the stalk region of CD8� (Fig. 1B). The
chimeric CD8� is now nine residues shorter than the wild-type CD8�
and lacks the N-linked and a cluster of O-linked carbohydrates present
in the wild-type protein directly following the Ig-like domain. The
chimeric CD8� was then transfected into a T cell hybridoma
N15TCRCD8� cell line whose TCR is specific for the VSV8 peptide
Ag (vesicular stomatitis virus nucleocapsid protein residues 52–59,
RGYVYQGL) in the context of H-2 Kb, but lacks the expression of

the CD8 protein (37). As shown in Fig. 1C, the chimeric CD8� is able
to express, on the cell surface, a comparable level of N15TCR as
detected by MR 9.4, and CD8� molecules, detected by 53.6.72, and
H59 Ab to the CD8��, or CD8�� wild-type cell lines. Only CD8��
wild type has detectable CD8� on the surface, as detected by CD8�
Ig domain-specific Ab, YTS156 (36). With the introduction of the
chimeric CD8� coreceptor, this cell can be triggered by VSV8 pep-
tide Ag to produce IL-2 (Fig. 1D). Interestingly, at concentrations of
peptide Ag �10�6 M, the chimeric CD8�-expressing cells are
40–100 times more sensitive than the wild-type CD8�-expressing
cells, while at higher Ag concentrations such a difference was no
longer observed. The IL-2 production curve of chimeric CD8� is
almost identical with that of CD8�� wild type (Fig. 1D). Thus, the
CD8� stalk region alone is capable of enhancing the coreceptor
function of CD8�.

FIGURE 1. The � stalk region enhances the Ag sensitivity of the CD8�� coreceptor. A, Comparison of the protein sequences of the stalk regions of
mouse (m), rat (r), and human (h) CD8� and -�. The alignment is based on the conserved cysteine residues amino terminal to the TM domains of CD8�
and -�, with identical residues among the species boxed. Note the remarkable conservation of the amino acids between 116–150 (m) of the �-chain, which
contains five conserved potential O-linked glycosylation sites (open circle lollipop). Known sites of O-linked glycosylation in rat CD8� and proposed
glycosylation in human CD8� are circled (45, 46). A potential N-linked glycosylation site in murine CD8� is marked as a triangle lollipop, and a potential
O-linked glycosylation site is marked as open circle lollipop. Note that the potential glycosylation sites of CD8� among the species are not well conserved.
No sequence homology between the CD8� and -� stalks is evident in this comparison. B, Schematic representation of wild-type CD8� and chimeric CD8�.
Wild-type CD8�� is composed of two � subunits held together by two disulfide bonds at the stalk regions. Each � subunit includes four domains: one
Ig-like domain (aa 1–122) containing two N-linked glycosylation sites (open triangle lollipop), one 44-residue (aa 123–166) long stalk region containing
one potential N-linked glycosylation site and multiple O-linked sites, one TM (aa 167–192), and one cytoplasmic tail (Cyto; aa 193–220) containing an
lck-binding motif. The chimeric CD8�, (�-�-�-�)2, is phenotypically a CD8�� homodimer, but has a � stalk region instead of an � stalk region. The most
notable difference is that one potential N-linked and a cluster of O-linked glycosylation sites are missing immediately adjacent to the Ig-like domain. C,
FACS analysis of the N15 CD8 transfectants. The surface expression of TCR, CD8�, and CD8� epitopes on the transfectants was detected by indirect
fluorescence staining with specific mAbs, and species-specific secondary Abs. The filled curve represents specific staining with mAb, and the open curve
corresponds to background staining (FITC-labeled secondary Ab alone). Histograms were compiled from a minimum of 5000 cells. In these cells only
CD8�� wild type expresses the CD8� Ig domain on the cell surface. D, IL-2 production assay of the transfectants expressing CD8 variants. CD8�
transfectants were activated with H-2Kb R8 APC pulsed with 10�9–10�4 M VSV8 peptide. IL-2 production curves of the transfectants are shown as an
open circle for CD8��-wt, a triangle for CD8��-wt, and a filled circle for the chimeric CD8�.
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Wild-type CD8� restores the Ag sensitivity of a functionally
inactive CD8� mutant, Arg8Ala

The x-ray structure of the H-2Kb/mCD8�� or HLA-A2/hCD8��
complex revealed that Arg8 (R8) of murine CD8� or Arg4 (R4) of
human CD8� forms multiple hydrogen bonds and salt bridges with
the �2-microglobulin (�2M) (38, 39). To verify that these interac-
tions between Arg8 and �2M are functionally relevant, we gener-
ated a murine CD8� carrying an alanine residue in this position
(CD8�R8A) and tested for its coreceptor function in the N15 T cell
hybridoma. Fig. 2A, upper panel, shows that the N15 cells ex-
pressing CD8�R8A require �1000-fold higher concentrations of
peptide Ag to induce a level of IL-2 production similar to that of
wild-type CD8�-expressing cells, indicating that the Arg8-�2M
interaction is important for the coreceptor function of CD8�� ho-
modimers. Interestingly, coexpression of CD8� rescues the core-
ceptor function of CD8�R8A (Fig. 2A, lower panel). This result
suggests that the interaction between Arg8 located within the Ig-
like domain of CD8� and �2M is not required for the coreceptor
function of CD8�� heterodimers.

Stalk region of CD8� restores the Ag sensitivity of a
functionally defective CD8�R8A Ig-like domain

The results in Fig. 2A raise the question of whether the Ig-like
domain and/or the stalk region of CD8� are responsible for re-
storing the function of CD8�R8A. The availability of the chimeric
CD8� allows us to test whether the stalk region of CD8� plays a
role in the function of this CD8�R8A mutant. We introduced the
Arg8Ala mutation into the chimeric CD8� to generate the chi-
meric CD8�R8A. Cells expressing the wild-type CD8�, the chi-
meric CD8�, the chimeric CD8�R8A, or the wild-type CD8��
were compared for their sensitivities to peptide Ag. To eliminate

the possibility that the difference in IL-2 production is due to a
difference in the expression of TCR and/or CD8 proteins, cells
were analyzed by FACS for surface expression of these proteins.
Fig. 2B shows that the N15TCR expression is quite comparable in
these cell lines, as monitored by the V�5-specific Ab, MR9.4.
Expression levels of CD8� on these cell lines were evaluated by
staining with five anti-CD8� Abs: 53.6.72, 19/178, H59, YTS105,
and YTS169. Fig. 2B shows that the staining patterns of all Abs,
except H59, are very similar, indicating comparable expression
levels of CD8� proteins. H59 detects the wild-type CD8�, but not
the CD8�R8A mutant or the chimeric CD8�R8A. It appears that
Arg8 is part of the epitope for H59 Ab. Thus differential staining
detected by H59 and other Abs also allow us to verify the identity
of the CD8�R8A variant. Importantly, since chimeric CD8�R8A

retains antigenic epitopes of all four anti-CD8� Abs, it appears that
the introduction of the CD8� stalk region did not alter the overall
structure of the Ig-like domain of the chimeric CD8� protein.

The functional impact of the replaced � stalk in the context of
CD8�R8A was evaluated by IL-2 production triggered by peptide
Ag. Fig. 2C shows that, to our surprise, the N15 cells expressing
chimeric CD8�R8A are �1000-fold more sensitive to peptide Ag
than those expressing CD8�R8A with the � stalk. The peptide Ag
sensitivity of chimeric CD8�R8A-expressing N15 cells is actually
comparable to that observed in cells expressing either chimeric
CD8�� homodimers or wild-type CD8�� heterodimers (Fig. 2C).
Thus, not only can the functional defect caused by the Arg8Ala
mutation in the CD8� Ig-like domain be fully rescued by the re-
placement of the � stalk region, but it can also enhance sensitivity
to a level similar to that of CD8�� wild type. These results suggest
that the introduction of the CD8� stalk region enhanced the core-
ceptor function of CD8�, presumably by altering the interaction

FIGURE 2. The � stalk region restores the Ag sensitivity of a functionally defective mutant, CD8�R8A. A, R8 residue of CD8�1 subunit is critical for
coreceptor function of CD8��, but not CD8��. Upper panel, IL-2 production curves of cell lines expressing wild-type CD8�� and CD8�R8A�R8A. Lower
panel, IL-2 production curves of the wild-type CD8�� and CD8�R8A�. Units of IL-2 production include the mean � SD of triplicate samples. B, FACS
analysis of the CD8� and chimeric CD8� N15 T cell transfectants. The surface expression of TCR and CD8� epitopes on the transfectants was detected
by indirect fluorescence staining as described previously. The cells express a comparable level of TCR and CD8� molecules. The R8A mutation abolishes
H59 Ab binding. C, IL-2 production curves of transfectants expressing chimeric CD8 variants. IL-2 production curves are represented with a filled circle
for CD8�R8A, an open circle for chimeric CD8�R8A, a filled triangle for chimeric CD8�, and an open triangle for CD8��-wt. IL-2 production was detected
at 10�9 M VSV8 peptide in the cell line CD8�R8A-�-�-�, which is a 1000-fold decrease, in terms of the amount of peptide concentration required, relative
to the CD8�R8A-�-�-� mutant.
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with MHCI such that the Arg8-�2M interaction is no longer re-
quired for the coreceptor function. Importantly, these results ex-
tend our previous observation and show that, without formally
eliminating the role of the Ig-like domain of the CD8�, the stalk
region of CD8� is sufficient for rescuing the functional defect in
CD8�R8A.

MHCI employs similar structural determinants to interact with
CD8� and chimeric CD8�R8A

Since the CD8�Arg8-�2M interaction is no longer needed for co-
receptor function of the chimeric CD8� homodimer, we ques-
tioned whether MHCI employs different structural determinants to
interact with the chimeric CD8�. To address this, we mutated three
key residues (Lys198 on the AB loop, Gln226 and Asp227 on the CD
loop) in the �3 domain of H-2Kb which, based on the crystal
structure of CD8��/Kb complex (Fig. 3A), form hydrogen bonds
with wild-type CD8� (39). We reasoned that if the Ig-like domains
of wild-type CD8� and chimeric CD8�R8A are oriented differ-
ently, their interactions with the �3 domain of H-2Kb are likely to
be different. It is conceivable that a change(s) in the CD8�-H-2Kb

interaction will affect the efficiency of peptide Ag presentation and,
hence, IL-2 production. APCs expressing each of these H-2Kb mu-
tants were generated and used to present VSV8 peptide in the IL-2
production assay. Fig. 3B, upper panel, shows the response of N15
cells expressing wild-type CD8� to peptide Ag presented by wild-
type or mutant H-2Kb. APC expressing Gln226Ala H-2Kb are �10
times less efficient than APC expressing wild-type H-2Kb, and
APC expressing Asp227Ala H-2Kb exhibit activity similar to APC
expressing wild-type H-2Kb. Interestingly, APC expressing
Lys198Ala H-2Kb exhibit a subtle change in Ag presentation; at
lower concentrations of peptide Ag they are more efficient, but at
higher concentrations they are less efficient, than the APC-express-
ing, wild-type H-2Kb. Most importantly, very similar profiles were
observed when APC cells expressing each of these three MHCI
variants were used to present peptide Ag to N15 cells expressing
chimeric CD8�R8A (Fig. 3B, middle panel), including the unique
profile observed in the APC expressing Lys198Ala H-2Kb (a char-
acteristic crossing over between Kb-wild type (wt) and Kb

Lys198Ala). Besides the similar profile of dose-response curves,
the Ag sensitivity of chimeric CD8�R8A is enhanced by �10- to
40-fold when stimulated by APC expressing wild-type Kb or by
Lys198Ala or Asp227Ala Kb variants compared with that of
CD8��-expressing cells (Fig. 3B, middle panel). When wild-type
CD8�� transfectants were stimulated with these APCs expressing
Kb variants, similar profiles of IL-2 production curves were ob-
served, except that greater amounts of IL-2 were produced and
higher sensitivities of Ag recognition were observed at peptide
concentrations �10�6 M (Fig. 3B, lower panel). These observa-
tions are in agreement with our findings that the � subunit, or �
stalk region, enhances the coreceptor function of CD8. Mutations
at residues where MHCI contacts the CD8 Ig-like domain have a
similar impact on the coreceptor function of all three cells, wild
type CD8�, chimeric CD8�R8A, and CD8��-wt. These results
strongly suggest that the H-2Kb employs similar structural deter-
minants for its interactions with these CD8� variants.

Introduction of CD8� stalk compromises the blocking activity of
an anti-CD8� Ab

Since the CD8� Arg8-�2M interaction is not required for the co-
receptor function of chimeric CD8�, but structural determinants of
MHCI employed to interact with the Ig-like domain of CD8� and
chimeric CD8� remained the same, we questioned whether intro-
duction of the � stalk leads to a topological alteration in the com-
plex of �2M and the Ig-like domain of chimeric CD8�. To inves-

tigate such a possibility, we analyzed the inhibitory effects of a
series of anti-CD8� Abs that were used previously for the evalu-
ation of surface expression of CD8� (Fig. 2B). Each of these Abs

FIGURE 3. Chimeric CD8�R8A contacts the same key Kb residues to
mediate coreceptor function as CD8��-wt. A, The crystal structure-based
model of mCD8��/H-2Kb. The mCD8��/H-2Kb is a RASTER three-di-
mensional-rendered MOLSCRIPT drawing (47, 48) In the figure the Kb

heavy chain is in blue, �2M is in green, CD8�1 is in yellow, and CD8�2
is in red. The side chains of the R8 residue on both subunits of CD8� are
labeled, and the positions of K198, Q226, and D227 in the Kb molecule are
indicated. B, IL-2 production curves of transfectant expressing wild-type
CD8�� (upper panel), chimeric CD8�R8A (middle panel), and wild-type
CD8�� (lower panel) that were stimulated with mutant APC loaded with
the indicated amounts of VSV8.
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recognizes an epitope within the Ig-like domain, and several of
them are capable of blocking the coreceptor function of CD8��
and CD8�� (data not shown). We reasoned that if the overall
topology of the CD8�-MHCI complexes were altered due to in-
troduction of the � stalk, the inhibitory activity of one or more of
these blocking Abs might be compromised. As shown in Fig. 4A,
upper panel, in cells expressing wild-type CD8� homodimer, anti-
CD8� mAbs 53.6.72 and YTS169 completely block IL-2 produc-
tion within a comparable range. However, in the cell line express-
ing chimeric CD8�R8A homodimer (Fig. 4A, lower panel), the anti-
CD8� mAb 53.6.72 blocks IL-2 production completely, but Ab
YTS169 blocks IL-2 production 10- to 100-fold less effectively.
Furthermore, this result is similar to the Ab blocking experiment
performed on the cells expressing CD8��-wt heterodimer (Fig.
4B). Since the differential sensitivity to the YTS169 Ab blocking
is not due to any difference in the expression levels of these CD8�
variants (Fig. 2B, anti-CD8� staining) or TCR (Fig. 2B, anti-TCR
staining), nor is it due to a loss of the antigenic epitope of Ab
YTS169 in chimeric CD8�R8A (Fig. 2B, YTS169 staining), we
hypothesized that the less bulky Fab of YTS169 should have more
profound differential effects in blocking these two cell lines. Based
on the results of these experiments, as shown in Fig. 4A, the Fab
of YTS169 is 100 times more effective in blocking the coreceptor
function of wild-type CD8� than chimeric CD8�R8A. Since the
antigenic epitope is present in the Ig-like domain of CD8� (36),
the lesser effectiveness of YTS169 Ab in blocking IL-2 production
on chimeric CD8�-expressing cells suggests that the introduction
of the � stalk leads to a change in the interaction between the
Ig-like domain of CD8� and MHCI, such that the binding of
YTS169 is better tolerated with respect to the coreceptor function.

This is consistent with the observation that Arg8Ala is not critical
for CD8�� coreceptor function. These results indicated that intro-
duction of the � stalk does not affect the overall structure of the
CD8� Ig-like domain, but does alter the topology of the CD8�-
MHCI complex.

Chimeric CD8�R8A retains the glycosylation patterns of the
CD8� subunit

The stalk regions of CD8� and CD8� exhibit different glycosyl-
ation patterns. The O-linked glycosylation of CD8� is regulated
upon differentiation or activation, suggesting that these carbohy-
drates may play a role in the function of CD8�. We therefore
investigated whether the characteristic glycosylation pattern of
CD8� is retained in the chimeric CD8�. We showed that surface-
expressed CD8� migrates as a set of bands with apparent molec-
ular mass ranging from 30–36 kDa on SDS-PAGE (Fig. 5, lanes
2 and 5), and CD8� migrates as a more discrete band with an
apparent molecular mass of �42 kDa (Fig. 5, lanes 1 and 2). These
patterns are consistent with previous reports, which showed that
the glycosylation on CD8� and CD8� is significantly different (20,
32). The cell surface-expressed chimeric CD8�R8A migrates as a
series of bands similar to those of CD8� proteins observed in the
CD8�� complexes (Fig. 5, lane 4 vs lane 2). Thus, the replaced �
stalk lowers the apparent overall molecular mass of chimeric

FIGURE 4. Anti-CD8� Abs block the chimeric CD8�R8A homodimer
differently. A, IL-2 production curves of cell lines expressing homodimer
wild-type CD8�� (upper panel) or chimeric CD8�R8A (lower panel) in the
presence or the absence of anti-CD8� mAbs or Fab. B, IL-2 production
curves of cell lines expressing heterodimer CD8��-wt in the presence or
the absence of the blocking Abs.

FIGURE 5. SDS-PAGE analysis of surface CD8� and chimeric
CD8�R8A on T cell transfectants. After surface biotinylation, the CD8� or
CD8� subunits were immunoprecipitated from the designated cell lines
using mAb 53.6.72 for CD8� or YTS 156 for CD8�. The immunoprecipi-
tates were run on 12.5% SDS-PAGE gels under reducing conditions and
blotted onto nitrocellulose membranes, and proteins were detected with
ECL. The � subunits of the wild-type homodimer CD8�� and
CD8�R8A�R8A were run at 40 kDa as indicated (lanes 1 and 3). Anti-CD8�
Ab immunoprecipitated both CD8� and CD8� from transfectants express-
ing CD8�� (lane 2). Under reducing conditions, � and � subunits migrate
at 40 and 30–36 kDa, respectively. The heterogeneous migration of the
CD8� subunit is due to variable glycosylation at O-linked sites on the �
stalk region. The same result is observed on the anti-CD8� IP (lane 5). In
lane 4, the immunoprecipitation of surface chimeric CD8�R8A-�-�-� mol-
ecules using the anti-CD8� mAb reveals at least two major bands and one
minor band with a molecular mass range of 32–38 kDa. This result indi-
cates that the chimeric CD8�R8A coreceptor shows the heterogeneous mo-
bility of the wild-type � stalk region in SDS-PAGE.
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CD8�R8A. Importantly, the broad range of its apparent molecular
mass suggests that the � stalk retains its glycosylation patterns in
the chimeric CD8�R8A. Similar heterogeneous bands are observed
on the surface of cells expressing chimeric CD8� (data not
shown). These results indicate that the chimeric CD8�R8A is gly-
cosylated similarly to the wild-type CD8�.

Discussion
In the search for the structural element in CD8�-chain that is re-
sponsible for the better coreceptor function of CD8��, we com-
pared CD8� and CD8� and found that the stalk regions of these
two subunits are quite different in primary sequence, physical
length, and general glycosylation patterns. These distinctions
prompted us to investigate the role of the � stalk region in the
coreceptor function of CD8. Our results showed that with the re-
placed � stalk region, the chimeric CD8� dimer exhibits CD8��
heterodimer-like coreceptor efficiency. The observation that the
coreceptor function of CD8� can be enhanced by introduction of
the � stalk region was unexpected. This led us to search for po-
tential structural alterations in the Ig-like domain of chimeric
CD8� that might be brought about by the introduction of the �
stalk. Since comparable staining of four anti-CD8� Ig-like domain
Abs was observed in chimeric CD8��- and CD8��-expressing cells,
it appears that no major structural alteration results from the introduc-
tion of the � stalk region. We reasoned that if the CD8� stalk region
and CD8� stalk region “present” the Ig-like domain of CD8� differ-
ently, then the corresponding Ig-like domain contact residues on the
MHCI are likely to be different. Yet, while the Ag titration profiles
obtained from the three H-2Kb variants are quite different, the titration
profiles obtained from wild-type CD8�- and chimeric CD8�-express-
ing cells in response to each H-2Kb variant are virtually identical.
Thus, the stalk region of CD8� is capable of modulating the core-
ceptor function of chimeric CD8� without altering the apparent struc-
ture of the adjacent Ig-like domain or causing the MHCI to use dif-
ferent residues to interact with the Ig-like domain.

Most importantly, we found that binding of YTS169 or its Fab to
the Ig-like domain has less inhibitory effect on the coreceptor function
of chimeric CD8� or CD8��-wt than on that of CD8�-wt. This is
despite the fact that YTS169 binds to all three types of CD8 mole-
cules. Thus, the inability of YTS169 to block the coreceptor function
of chimeric CD8�R8A is not due to the loss of its antigenic epitope on
these proteins. The fact that chimeric CD8� and wild-type CD8� (in
the context of CD8�� homodimer and CD8�� heterodimer) share the
antigenic epitopes of all five mAbs indicates they share a similar over-
all structural conformation. Together with the fact that Kb is employ-
ing the similar structural determinants for its interaction with chimeric
CD8� and wild-type CD8, we reasoned that the complexes of chi-
meric CD8�R8A�R8A/Kb and wild-type CD8��/Kb must be topolog-
ically so different such that the former, but not the latter, is capable of
accommodating the occupancy of YTS169. Thus, the introduction of
the � stalk region leads to a change in the overall topology of the
CD8�/MHCI complexes. This is consistent with our own observation,
which showed that the CD8� Arg8 (this report), Glu27 or Asn107 (X.
Wang, K. Tang, Y. Le, T. Witte, J. Wong, and H. C. Chang, unpub-
lished observations) are not essential for the coreceptor function in the
context of the CD8�� heterodimer. It seems plausible that CD8� is
capable of employing at least two sets of residues to interact with the
classical MHCI molecule in the context of the CD8�� homodimer vs
CD8�� heterodimer. Indeed, this idea is further supported by a recent
study that reported that critical residues in CD8�� have a different impact
on tetramer binding of H-2Kb vs TL, thymic leukemia Ag (40).

It should be noted that a previous report (41) showed the coex-
pression of human CD8� Arg4Lys mutant (the counterpart of
Arg8Ala in mouse CD8�) with human CD8� in COS-7 cells com-

pletely abolishes the adhesion capacity of human CD8�R4K� to
HLA-A2-expressing cells. These observations led to the conclu-
sion that wild-type CD8� subunits are not able to rescue the ad-
hesion function of the defective CD8�R4K. The reason why Arg4

is required in the context of human CD8�� is not clear. It is con-
ceivable that one or more differences in the origin of CD8 (mouse
vs human), the expression systems (established cell line vs tran-
sient expression system), the assay methods (IL-2 production vs
cell-cell adhesion), and the nature of the mutation (Arg to Ala vs
Arg to Lys) may account for such a discrepancy. Additional in-
vestigations will be needed to resolve this inconsistency.

The idea that residues on H-2Kb involved in the interaction with
CD8�� or chimeric CD8� appear to be similar is based on the
analysis of IL-2 production triggered by APCs expressing H-2Kb

variants, differing in one key residue involved in direct contact
with CD8�. Both mutagenesis and crystallographic data indicated
that the �3 CD loop of the MHCI molecule (residues 220–228) is
key for the interaction with the CDR-like loops of CD8� (2, 3, 38,
39). Specifically, the side chain of Gln226 extends between two of
the CDR-like loops and forms hydrogen bonds with Ser108 in the
�1 subunit and Ser27 in the �2 subunit of CD8�� (39). This struc-
tural information is consistent with our observation that the
Gln226Ala mutation compromises IL-2 production. In addition, the
crystal structure revealed that the AB loop of H-2Kb is pointing
toward the CDR2-like domain of CD8� and is stabilized by hy-
drogen bonds between Lys198 of H-2Kb and Ser59 of CD8�2 as
well as Glu196 of H-2Kb and Asn61 of CD8�2 (39). Even though
the effect of the Lys198Ala mutation is not drastic, it leads to a
characteristic profile of IL-2 production. We were, however, sur-
prised by the observation that the Asp227A mutation on H-2Kb has
little impact on these CD8 variants. Prior studies on the H-2 Kb or
Db molecules showed that mutation of Asp227Lys or Glu227Lys
abrogates the Ag recognition by CD8-dependent CTL (4, 42, 43).
It is possible that the Asp227Lys and Glu227Lys mutations each
introduce a bulky positively charged side chain, which may have
caused an additional structural perturbation(s) that did not occur in
the Asp227Ala mutation.

Besides the distinct polypeptide backbones and the different
physical lengths, the stalk regions of CD8� and CD8� also dras-
tically differ from each other in their glycosylation patterns. The
glycan adducts associated with these regions can conceivably gov-
ern their ability to orient the Ig-like domain and ultimately lead to
a differential efficiency in coreceptor function. In fact, it was
shown that the oligosaccharides proximal to the transmembrane
region tend to be evolutionarily conserved and appeared to be able
to restrict the orientation of certain cell adhesion molecules (33).
Similarly, it was proposed that lacking N-linked carbohydrates
might directly enhance the TCR clustering and lead to a lower
threshold for T cell activation (44). These observations are con-
sistent with our working model, in that additional carbohydrates on
the stalk of the CD8�-chain may effectively restrict the possible
orientations of the adjacent Ig-like domains and interaction with
the MHCI-peptide Ag complexes and may ultimately lead to a
lower efficiency in Ag presentation.

It appears that even though mouse CD8� is capable of forming
dimers intracellularly, its expression on the cell surface requires
association with CD8� and presentation as a heterodimer. It has
been our ongoing interest to search for the structural element(s)
that prevents the surface maturation of the CD8�-chain. While this
is not directly related to the current study reported here, we should
mention that our results show that the introduction of � stalk did
not affect the ability of the chimeric CD8� to express on the cell
surface, indicating that the � stalk region is not responsible for the
inability of CD8� to be expressed on the cell surface. Together
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with the observation that deletion of the �-chain cytoplasmic do-
main did not rescue the surface expression of CD8�, it appears that
the mouse �-chain Ig-like domain may play a critical role in the
intracellular retention of CD8�. Additional experiments using chi-
meric proteins containing the �-chain Ig-like domain in the context
of CD8� should help to verify such a possibility.

In summary, our observation implicates that the stalk regions of
CD8� and CD8� are capable of delivering the Ig-like domain of
either CD8� or -� to interact with the MHCI molecule. The shorter
length and regulated glycosylation modifications and glycan moi-
eties in the CD8� stalk make CD8�� a more effective coreceptor
even at low peptide Ag concentrations, while CD8�� is only func-
tional in the presence of a high abundance of peptide Ag.
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