population eruptions in the northwestern
Atlantic, there were great difficulties in
finding an underlying cause (5). We have
added the possibility of another “cause,”
namely, that population eruptions may be
an underlying feature of the dynamics with-
out any change in physical or biological
conditions.

Efforts to detect density dependence are
likely to fail precisely for those species with
strong density-dependent recruitment (22—
24) if they are spatially distributed in the
fashion we have examined here. We have
shown that long transient behavior is more
likely to result when local density depen-
dence is strong rather than weak. Thus,
ironically, problems in detection of density
dependence are most likely to occur for
those species for which the underlying den-
sity-dependent mechanisms are in fact the
strongest. Just this effect has been observed
in studies of the viburnum whitefly (24).
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Sequential Interactions of the TCR with Two
Distinct Cytoplasmic Tyrosine Kinases

Makio Iwashima, Bryan A. Irving, Nicolai S. C. van Oers,
Andrew C. Chan,* Arthur Weisst

The T cell antigen receptor (TCR) initiates signals by interacting with cytoplasmic protein
tyrosine kinases (PTKSs) through a 17-residue sequence motif [called the antigen recog-
nition activation motif (ARAM)] that is contained in the TCR{ and CD3 chains. TCR
stimulation induces the tyrosine phosphorylation of several cellular substrates, including
the ARAMs. Lck kinase activity is required for phosphorylation of two conserved tyrosine
residues in an ARAM. This phosphorylation leads to the recruitment of a second cyto-
plasmic PTK, ZAP-70, through both of the ZAP-70 Src homology 2 domains and its
phosphorylation. Thus, TCR signal transduction is initiated by the sequential interaction of

two PTKs with TCR ARAMs.

The multisubunit TCR is composed of
the TCRap heterodimer, a { family
homo- or heterodimer (¢{-{, {-n, or {-v),
and the CD3 chains (y, 8, and €) (I).
With the use of chimeric receptors, the
signal transduction functions of the TCR
have been localized to a common motif,
here called the ARAM, that contains the
sequence YXXLX sy YXXL (2) and is
present in the cytoplasmic domains of {
and each of the CD3 chains (3-6). One of
the earliest events associated with TCR
signal transduction is tyrosine phosphoryl-
ation of cellular proteins that include the
ARAMs of the TCR{ and CD3 chains (4,
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5, 7). Three PTKs have been implicated
in TCR signal transduction: Lck, Fyn, and
ZAP-70. Lck is not generally found direct-
ly associated with the TCR but interacts
with the coreceptors CD4 and CDS,
which colocalize with the TCR during
antigen recognition (8). Studies of Lck-
deficient cells indicate that Lck is essential
for TCR signal transduction, including
tyrosine phosphoprotein induction (9,
10). Fyn associates, albeit at low stoichi-
ometry, with the TCR{ chain (11). Stud-
ies of Fyn-deficient mice reveal a TCR
signal transduction defect in the most
mature thymocyte subsets, but mature pe-
ripheral T cells are not as affected (12).
After TCR stimulation, the cytoplasmic
PTK ZAP-70 rapidly associates with the {
and CD3 chains and undergoes tyrosine
phosphorylation (4, 13-15). A 72-kD ty-
rosine phosphoprotein, presumably the re-
lated PTK Syk (16), associates with mem-
brane immunoglobulin (Ig) on B cells and
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with the IgE Fc receptor on mast cells
(17). Studies of chimeric transmembrane
proteins that have included ZAP-70, Syk,
Lck, or Fyn suggest that ZAP-70 or Syk
can regulate the function of downstream
signal transduction molecules (18).

The mechanism by which the TCR
interacts with these distinct families of
PTKs is not understood. Studies have
shown that ZAP-70 associated only with
tyrosine-phosphorylated { (14). In addi-
tion, the association of ZAP-70 with the
CD8-{ chimera in a COS cell that stably
expresses a CD8-{ chimera (COS-18) re-
quires the co-expression of either Lck or
Fyn with ZAP-70 (14, 19). In J.CaM1.6,
a Jurkat-derived mutant line (20), TCR
stimulation does not increase tyrosine
phosphoproteins or activate the phospha-
tidylinositol pathway because of the loss of
functional Lck (10, 20). TCR stimulation
of Jurkat cells, but not of J.CaM1.6,
resulted in { phosphorylation (Fig. 1A,
upper panel) although both cells have
equivalent amounts of ZAP-70, TCR, and
{ chain protein (Fig. 1B) (20, 21). Unlike
Jurkat cells, neither a phosphorylated nor
an unphosphorylated form of ZAP-70 as-
sociated with { in TCR-stimulated
J.CaM1.6 cells (Fig. 1A, upper and lower
panels, respectively). These results pro-
vide genetic evidence that Lck function is
required for tyrosine phosphorylation of {
and for the recruitment and tyrosine phos-
phorylation of ZAP-70.

The requirement for Lck was further
analyzed in COS-18 cells. As we have
already shown (14, 19), cotransfection of
Lck with ZAP-70 results in the association
of ZAP-70 with CD8-{, as well as in the
tyrosine phosphorylation of ZAP-70 and
CD8-{ (Fig. 2). However, a kinase-inac-




tive Lck mutant that had a mutation of
Lys?™ to Ala [Lck(A273)] (22) could not
substitute for the wild-type Lck. In con-
trast, a mutation in the phosphotyrosine-
binding site of the Src homology 2 (SH2)
domain of Lck [Arg!®* to Lys; Lck(K154)]
(22, 23) had no effect on the association
of ZAP-70 with CD8-{ or on the phos-
phorylation of CD8-{ or ZAP-70. Thus,

o
A Jurkat J.CaM1.6 B 5 %
TCR - + - + s <

B 110
- -
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Fig. 1. The association of ZAP-70 with { is
dependent on the expression of Lck. (A) The ¢
chain was immunoprecipitated from unstimu-
lated (=) or TCR-stimulated (+) Jurkat cells
(35). The immunoprecipitates were analyzed
by immunoblotting with a mAb to phosphoty-
rosine, 4G10 (upper panel), or polyclonal anti-
serum to ZAP-70 (lower panel). The positions of
ZAP-70, the immunoprecipitating antiserum
heavy chain (H), phosphorylated { (¢-PO,), and
molecular size standards (at right in kilodal-
tons) are shown. (B) We immunoblotted total
cell lysates from each cell line with an antise-
rum to ZAP-70 to quantitate the amount of
expression of ZAP-70 protein.

A

kD

Fig. 2. Loss of Lck kinase activity, but not SH2
function, abrogates the Lck-dependent induc-
tion of ZAP-70-CD8-{ association. The ZAP-70
construct epitope-labeled on its COOH-termi-
nus (22) was transfected into COS-18 cells with
vector, wild-type Lck, SH2 mutant Lck(K154),
or kinase-inactive mutant Lck(A273) as indicat-
ed (22). The CD8-¢ chimera was immunopre-
cipitated with a mAb to CD8 (OKT8). The im-
munoblot was analyzed with a mAb to the
epitope (A) or a mAb to phosphotyrosine (B).
Lck(A273) had impaired kinase activity (27).
The Lck(K154) mutation corresponds to a crit-
ical residue in the phosphotyrosyl-binding
pocket of the Lck SH2 domain (23). Markers
are indicated as in Fig. 1.

Lck kinase activity, but not its SH2 do-
main, is required for CD8-{ tyrosine phos-
phorylation and ZAP-70-CD8-{ associa-
tion in COS cells. These data, however,
do not exclude a role for the Lck SH2
domain in T cell activation, as has been
shown (24).

The preferred association of ZAP-70
with the tyrosine-phosphorylated form of {
(14) suggested that ZAP-70 may be recruit-
ed to the { chain through its SH2 domains.
The two SH2 domains contained in ZAP-
70, here called SH2(N) and SH2(C), have
divergent sequences (14). Mutation at each
phosphotyrosine-binding site (23) of either
the SH2(N) (Arg® to Lys; K37) or the
SH2(C) (Arg'® to Lys; K190) domain (25)
eliminated the ability of ZAP-70 to associ-
ate with the CD8-{ chimera in the presence
of Lck (Fig. 3). Moreover, both SH2 mu-
tants were tyrosine-phosphorylated to a
lesser extent than wild-type ZAP-70 (21).
Therefore, the function of both SH2 do-
mains is necessary for the stable binding of
ZAP-70 to { sequences. These observations
are consistent with a study with fusion
proteins encompassing both SH2 domains
of ZAP-70 (26). This suggests that the
affinity of each SH2 domain with its target
is low and that the stable association of
ZAP-70 with phosphorylated { requires
both ZAP-70 SH2 domains and two sepa-
rate phosphotyrosine residues.

ZAP-70
ZAP-70 + Lck
ZAP-70(K190)
ZAP-70(K190) + Lok

Vector
| ZAP-70(K37) + Lok

EEneReE .

Fig. 3. Impairment of ZAP-70-CD8-{ associa-
tion by the mutation of either of the ZAP-70 SH2
domains. The indicated forms of ZAP-70 [wild-
type ZAP-70, SH2(N) mutant (K37), and SH2(C)
mutant (K190)], epitope-labeled on their
COOH-termini, were transfected into COS-18
cells in the presence or absence of Lck (22,
25). CD8-¢ was immunoprecipitated with OKT8
and analyzed by immunoblotting with a mAb
to the epitope (upper panel). For each SH2
mutation, the Arg contained in the FLVRE (2)
sequence involved in phosphotyrosyl binding
was changed to Lys (23, 25). We analyzed total
cell lysates from the same transfectants by
immunoblotting with a mAb to the epitope to
quantitate the amount of ZAP-70 expression
(lower panel). The upper two bands represent
nonspecific reactivity of the mAb with cellular
proteins.
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To determine the structural features in
the phosphorylated { chain required for the
ZAP-70 interaction, we used four synthetic
peptides encompassing the { ARAM closest
to the NH,-terminus (Fig. 4A). We could
not detect binding of ZAP-70 to the un-
phosphorylated peptide (M1) or to peptides
singly phosphorylated at either tyrosine res-
idue (P1 or P2) (Fig. 4B). However, ZAP-
70 bound, in a dose-dependent manner, to
the doubly phosphorylated P1,2 peptide.
An equimolar mixture of P1 and P2 (P1 +
P2) did not bind ZAP-70, which suggests
that ZAP-70 binds only to an individual
doubly phosphorylated ARAM. Stimula-
tion of the TCR did not influence the
ability of ZAP-70 to bind to the peptides,
and the P1,2 peptide bound unphosphoryl-
ated and phosphorylated ZAP-70 equally
well (21). Neither phospholipase Cyl
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I |
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i
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Fig. 4. Binding of ZAP-70 to a peptide encom-
passing a doubly tyrosine-phosphorylated
ARAM. (A) Amino acid sequence of peptides
used here (2, 36). Tyrosine and leucine resi-
dues of the ARAM are shaded in each line. M1
is unphosphorylated; P1 is phosphorylated
(PO,) at the more NH,-terminal Tyr; P2 is phos-
phorylated at the more COOH-terminal Tyr; and
P1,2 is phosphorylated at both places. The
binding site of biotin is indicated. (B) Total cell
lysates from unstimulated (—) or TCR-stimulat-
ed (+) Jurkat cells were mixed with the indicat-
ed peptides. The amount of peptide is shown in
micrograms. Peptides were isolated with avi-
din-conjugated beads, and the complexes
were analyzed by immunoblot analysis with the
antibodies shown at left. The binding of ZAP-70
from 5.0 x 107 cells could be detected with as
low a concentration as 120 nM (0.25 pg) but not
30 nM (0.06 ug) P1,2. The lane at right repre-
sents the total cell lysate and demonstrates the
integrity of the blotting antibodies (arrows).
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(PLCvy1) nor Lck bound the singly or dou-
bly phosphorylated peptides (Fig. 4B), and
no other tyrosine phosphoproteins were
detected bound to doubly phosphorylated
peptides (21). In addition, a fusion protein
with both SH2 domains of ZAP-70 ex-
pressed in bacteria bound to the doubly
phosphorylated peptide (21), suggesting
that ZAP-70 binds directly to the phos-
phorylated ARAM.

To determine if the kinase activity of
ZAP-70 is required for ARAM phosphoryl-
ation, we transfected wild-type or the ki-
nase-inactive form of ZAP-70 either alone,
or together with Lck, into COS-18 cells
(Fig. 5, A and B). Both the wild-type and
the kinase-inactive mutant of ZAP-70
(Lys*®® to Ala; A369) (27) coprecipitated
with the CD8-{ chimera in a Lck-dependent
manner. This observation, together with
data in Fig. 2, demonstrates that the kinase
activity of Lck, but not ZAP-70, is required
for ARAM phosphorylation. Because { is a
substrate for Lck in vitro (21, 28), it is likely
that Lck directly phosphorylates the
ARAM. Tyrosine phosphorylation of CD8-{
is increased in the presence of Lck, but the
amount of tyrosine phosphorylation, partic-
ularly of the slower mobility forms, is further
increased in the presence of the wild-type or
the kinase-deficient form of ZAP-70. This

Fig. 5. A kinase-inactive form of

ZAP-70 associates with CD8-{ but A
does not induce tyrosine phos-
phorylation of cellular proteins. (A)
As indicated, wild-type and kinase-
inactive forms of NH,-terminal la-
beled ZAP-70 were expressed in
COS-18 cells in the presence or
absence of Lck (22, 27). CD8-{
was immunoprecipitated  with
OKT8, and the immune complex
was analyzed by immunoblotting 4 &
with a mAb to the epitope (A) or to win &
phosphotyrosine (B). The mutant
ZAP-70 essentially had no kinase
activity (27). (C) COS-7 cells were
transfected with the indicated
combinations of constructs ex-
pressing Lck, ZAP-70, and CD8-¢.
ZAP-70 was labeled with an epi-
tope at its COOH-terminus. From
each transfectant, ZAP-70 was im-
munoprecipitated with a mAb to
the epitope and analyzed by im-
munoblotting with a mAb to phos-
photyrosine. We reblotted the
same filter with a mAb to the epi-
tope to confirm that the amount of
ZAP-70 protein in each lane was
equivalent (27). (D) COS-18 cells
were transfected with the same
constructs as described in (A). To-
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latter effect may be due to the protection of
phosphotyrosine residues from cellular pro-
tein tyrosine phosphatases by the ZAP-70
SH2 domains, similar to that observed in
other systems (29).

The CD8-{-associated wild-type or ki-
nase-inactive ZAP-70 molecules were ty-
rosine-phosphorylated equivalently. Thus,
the phosphorylation of ZAP-70 does not
require its own kinase function, although
the sites of phosphorylation in the kinase-
inactive form may differ from those in the
wild type. Such phosphorylation could oc-
cur directly between Lck and ZAP-70 or
could occur after the recruitment of ZAP-
70 to {. To test these hypotheses, we
expressed Lck and ZAP-70 in COS-7 cells,

which do not express CD8-{. Expression of

ZAP-70 alone results in a small amount of
basal tyrosine phosphorylation of ZAP-70
(Fig. 5C). In the presence of Lck, there was
a small increase in tyrosine phosphorylation
of ZAP-70. However, tyrosine phospho-
rylation of ZAP-70 increased with co-ex-
pression of Lck and the CD8-{ chimera,
which suggests that ZAP-70 phosphoryl-
ation is facilitated by the recruitment of
ZAP-70 to phosphorylated .

One proposed function of the kinase
domain of ZAP-70 is the tyrosine phospho-
rylation and activation of downstream mol-
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tal cell lysates were analyzed by immunoblotting with a mAb to phosphotyrosine. The amount of
ZAP-70 expression in each transfectant was detected with a mAb to epitope and is shown in the
lower panel. The two upper bands in the lower panel are derived from COS cells because they are
also detected in cells transfected only with vector.
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ecules involved in TCR signal transduction
(14, 18, 19). We have reported (14), and
confirm here, that an increase in cellular
tyrosine phosphoproteins was observed in
COS-18 cells cotransfected with Lck and
wild-type ZAP-70. However, a reduction
was observed in cells cotransfected with Lck
and the kinase-inactive mutant of ZAP-70
(Fig. 5D). A similar reduction was found
for each of the ZAP-70 SH2 mutants (21).
These results indicate that the kinase activ-
ity of ZAP-70 contributes to the induction
of cellular phosphoproteins after its recruit-
ment to {.

Our studies demonstrate that the TCR
interacts with two classes of PTKs in a

- sequential manner. The initial interaction

involves ARAM tyrosine phosphorylation
and is dependent on Lck kinase activity.
During antigen recognition, the CD4 or
CD8 coreceptors colocalize with the TCR by
binding to major histocompatibility complex
(MHC) molecules (8). Because CD4 and
CD8 stably associate with Lck, they could
deliver Lck into close proximity with
ARAMs and induce ARAM phosphoryl-
ation. Coreceptor colocalization with the
TCR by the use of monoclonal antibodies
(mAbs) increases { phosphorylation and
other manifestations of TCR signal trans-
duction (30). However, on the basis of
studies of J.CaM1.6, Lck dependence in
TCR signal transduction does not require
coreceptor function, suggesting that Lck can
also directly interact with the TCR to phos-
phorylate the ARAMs (10). Recruitment of
ZAP-70 to phosphorylated ¢ facilitates ZAP-
70 phosphorylation, which is likely to be
regulated by Lck as well. In some T cells,
Fyn may provide the functions mediated by
Lck (11, 12, 31). The association of a
ZAP-70 with {, as well as the tyrosine
phosphorylation of ZAP-70, correlates with
an increase in cellular tyrosine phosphopro-
teins. This is consistent with the correlation
found between ZAP-70 association and the
signaling function of truncations of a CD8-{
chimera (4). An explanation is that ZAP-70
function is activated as a result of its inter-
action with Src family PTKs through
transphosphorylation. The coordinated in-
teraction between the TCR and cytoplasmic
PTKs may provide a paradigm for the inter-
actions of other ARAM-containing recep-
tors with cytoplasmic PTKs.
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T Cell Deletion in High Antigen Dose Therapy of
Autoimmune Encephalomyelitis

Jeffrey M. Critchfield,* Michael K. Racke,
Juan Carlos Zuniga-Pfliicker, Barbara Cannella,
Cedric S. Raine, Joan Goverman, Michael J. Lenardot

Encounters with antigen can stimulate T cells to become activated and proliferate, become
nonresponsive to antigen, or to die. T cell death was shown to be a physiological response
to interleukin-2—stimulated cell cycling and T cell receptor reengagement at high antigen
doses. This feedback regulatory mechanism attenuates the immune response by deleting
a portion of newly dividing, antigen-reactive T cells. This mechanism deleted autoreactive
T cells and abrogated the clinical and pathological signs of autoimmune encephalomyelitis
in mice after repetitive administration of myelin basic protein.

Despite the role of acquired immunity in
mounting a defensive reaction against infec-
tious agents, it is known that high doses of
antigen can paradoxically suppress immune
responses in adult animals (1-3). This type
of antigen-specific tolerance, termed high
dose suppression or high zone tolerance,
involves extrathymic mechanisms in mature
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T lymphocytes (4, 5). In other experimental
settings, mature T lymphocytes have been
shown to die after T cell receptor (TCR)
stimulation by processes that may involve
the Fas antigen, interferon-y or T cell
growth lymphokines, and cytolytic mecha-
nisms, but it is not understood what role
these processes play in high dose suppression
(6-11). To better understand the paradox of
high dose suppression, we studied its mech-
anism in two in vitro models: a CD4* T
lymphocyte clone, A.E7, that is suppressed
at high doses of a pigeon cytochrome ¢
peptide containing amino acids 81 to 104
(PCC) (12) and primary lymph node T cells
(LNTCs) from a mouse line that is trans-
genic for a TCR (V,2.3, V;8.2) that recog-
nizes myelin basic protein (MBP) peptide
(Acl-11) and confers susceptibility to ex-
perimental allergic encephalomyelitis (EAE)
(13). EAE is an autoimmune disease model
in which axon sheaths of the central nervous
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