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Abstract ZAP-70 is a protein tyrosine kinase (PTK) that plays
a critical role in T cell activation. To study the role of ZAP-70
catalytic activity in this process, a substrate capable of
distinguishing between the activities of ZAP-70 and other PTKs
would be useful, especially since it has recently been shown that
ZAP-70 interacts with another T cell PTK, Lck. We have thus
identified a site of phosphorylation on the cytoplasmic fragment
of the erythrocyte band 3 protein that is recognized by ZAP-70,
but not Lck. A synthetic peptide based on this site has been
demonstrated to be a good in vitro substrate for ZAP-70 and a
poor substrate for the T cell PTKs Lck and Itk. This peptide
molecule should thus prove useful to many investigators working
in the field of T cell activation.
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1. Introduction

ZAP-70 is a T cell specific protein tyrosine kinase (PTK)
known to play a critical role in the activation of T cells via
their antigen receptor (TCR). Upon TCR engagement, a num-
ber of PTKs become activated, and a wide range of cellular
substrates, including some of the TCR subunits, become tyr-
osine phosphorylated (for recent reviews of TCR structure,
function and its associated PTKs, see [1-3]). Notable among
these is the TCR { subunit, which contains 6 tyrosines in its
cytoplasmic domain. All six of these can potentially become
phosphorylated [4,5]. Collectively, these form three copies of
the so-called immunoreceptor tyrosine-based activation motif
(ITAM), which has the sequence Y-X-X-I/L-(Xg-g)-Y-X-X-I/
L (for recent reviews on ITAM-mediated signaling in cells of
the immune system, see [1,6,7]). ZAP-70 subsequently binds
specifically to the doubly phosphorylated forms of the TCR {
and CD3e ITAMs [8,9], events which require both of its phos-
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photyrosine-binding SH2 domains [10-12]. ZAP-70 subse-
quently becomes tyrosine phosphorylated on Y492 and
Y493 [13]. These events require another T cell PTK, possibly
Lck (a member of the Src PTK family), with phosphorylation
of ZAP-70 on Y493 being essential its catalytic activation
[14,15]. Should any of these events be blocked, or should a
loss of function mutation or deletion occur in either the ZAP-
70 or TCR { genes, T cell function is abrogated significantly
[16-24]. Such gene mutations/deletions are known to cause
impairment of thymic selection of T cells [16-20} as well as
severe combined immune deficiency disorders [21-23] in both
mice and humans. The elucidation of the roles played by
ZAP-70 and TCR { in TCR signaling is thus an essential
step towards the understanding of such diseases.

Besides ZAP-70 and Lck, two other T cell PTKs are acti-
vated via TCR or co-receptor stimulation, namely Fyn (an-
other Src-family PTK) and Itk (reviewed in [1-3]). The anal-
ysis of changes in the catalytic activities of these enzymes is
thus an important step in any investigation into the role of
these molecules in this process. Typically, such analyses are
performed by isolating the kinase via immunoprecipitation
from cell lysates prepared under different stimulation condi-
tions, and then assaying its activity towards an exogenous
(usually non-physiological) in vitro substrate. Unfortunately
to date, only very few in vitro substrates for ZAP-70 have
been identified, with none being exclusively phosphorylated
by this kinase [25]. Interpretation of such data is thus often
complicated by the co-precipitation of other kinases. ZAP-70
has been shown to associate with Lck in an activation-de-
pendent manner [26] and is active towards a much narrower
range of substrates than Lck [25]. Indeed, it has recently been
shown that ZAP-70 can also associate with Fyn in vivo [27]. It
thus seems clear that a substrate capable of distinguishing
between the activities of ZAP-70 and the other prominent T
cell PTKs would be useful.

In the few studies that have been performed on ZAP-70
activation in T cells, a preferred substrate has been an ex-
pressed form of the cytoplasmic fragment of the erythrocyte
band 3 ion-transport protein (cfb3) [14,15,24,28], a molecule
previously identified as a substrate for the ZAP-70-related
PTK, Syk [29]. Using a selection of expressed PTKs, we
have here determined that while both ZAP-70 and Lck can
phosphorylate cfb3 in vitro, they do so at different sites. We
went on to identify ZAP-70 and Lck specific sites of phos-
phorylation, both in the N-terminal region of cfb3. Based on
this information, we synthesized a peptide substrate which we
have shown to be well phosphorylated by ZAP-70, but not by
expressed versions of the T cell PTKs, Lck and Itk. This
peptide, which we have termed ZAPstrate, should thus prove
useful in the determination of the role played by ZAP-70 in
the process of T cell activation.
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2. Materials and methods

2.1. Materials

cfb3 protein was expressed and purified as previously described [30].
Synthetic peptides containing the Lck autophosphorylation site
(Y394) and the entire cytoplasmic domain (residues 52-164) of the
murine TCR { subunit have already been described [31], and were
provided by Dr. 1. Clark Lewis (University of B.C., Vancouver, Can-
ada). Peptides corresponding to residues 2-30 and 2-16 of cfb3
(EELQDDYEDMMEENLEQEEYEDPDIPESQKK and EELQD-
DYEDMMEENLKK, respectively), both with two additional C-
terminal lysine residues, were synthesized by the peptide synthesis
facility in the Dept. of Immunology, University of Washington. Mye-
lin basic protein (MBP) was purchased from Sigma.

Monoclonal antibodies were purified from the culture supernatant
of 9E10 hybridoma cells (ATCC) as described in [32], using protein-G
Sepharose (Pharmacia) in place of protein-A. Baculovirally expressed
wild-type Lck was partially purified from Sf9 cells as described [31],
and High Five cells expressing myc-tagged ZAP-70 were produced as
described [25]. A GST fusion protein of the Itk kinase domain (Itk-
KD-GST) was expressed in Sf9 cells according to the manufacturer’s
instructions, utilizing the BaculoGold baculovirus expression system
(Pharmingen), and purified on a glutathione agarose column (Phar-
macia) according to standard procedures.

All chemicals and solvents were purchased from J.T. Baker, unless
otherwise indicated. Reagents for peptide sequencing were purchased
from Applied Biosystems. Chemicals and equipment for gel electro-
phoresis was obtained from BioRad. Autoradiography was performed
using Kodak X-OMAT film and a Kodak X-OMAT 480 RA proces-
sor. Cerenkov and liquid scintillation counting was performed on a
Beckman LS 6500.

2.2. In vitro phosphorylation of cfb3 protein and cfb3 (2-30) with
ZAP-70 and Lck

Lysate from baculovirus-infected High Five cells expressing a myc-
tagged recombinant human ZAP-70 was produced as previously de-
scribed [13]. 50 pl of a cytosolic extract was diluted to 500 pul with 25
mM Tris pH 7.5, 10% glycerol, 2 mM EDTA, 0.1% Nonidet P-40, on
ice. The ZAP-70 was precipitated by the addition of 10 pg of 9E10
(which recognizes the C-terminal myc affinity tag) for 2 h at 4°C with
constant mixing, followed by 30 ul of a 50% slurry of protein-G
Sepharose for 1 h at 4°C. Precipitates were washed 3X with 1 ml
of cold 50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.5%
Triton X-100.

Phosphorylation was performed by adding 50 pl kinase assay buffer
(25 mM Tris pH 7.5, 10 mM MnCl,, 0.1% Nonidet P-40, | mM DTT,
1 mM ATP (Sigma), with [y-32P]JATP (NEN DuPont) added to 1100
dpm/pmol if required) to 25 pg of cfb3 (2-30) peptide and either the
ZAP-70 precipitates or 5 pl of partially purified baculovirally ex-
pressed Lck [31]. Kinase reactions were incubated for 1 h at 30°C
and phosphopeptides repurified by HPLC. For phosphorylation of
the full-length cfb3 protein, preparation of kinases and reaction con-
ditions were as described above, except that DTT was absent from the
kinase reaction, [y-**PJATP was added to 440 dpm/pmol and 10 ug of
substrate (cfb3) was added.

2.3. Substrate comparisons for T cell PTKs ZAP-70, Lck and Itk

ZAP-70 precipitates were produced using 9E10 antibodies and pro-
tein-G Sepharose as outlined above, except that only 12 ul of lysate
was used per sample. Phosphorylation assay buffer was 50 mM Tris
pH 7.5, 10 mM MnCl,, 0.1% Triton X-100, 250 uM ATP, with [y-
32P]ATP added to 1760 dpm/pmol. Substrates were then added to
aliquots of assay buffer and kept on ice until required. TCR &,
cfb3, Lck Y394 and cfb3 (2-16) peptides were made to a final con-
centration of 0.8 mg/ml, MBP was made to 0.4 mg/ml.

For ZAP-70 kinase assays, 25 ul of each substrate was added to a
separate ZAP-70 precipitate (each substrate in triplicate) with the
control reaction containing no substrate (i.e. kinase and ATP only).
Reactions were performed at 30°C for 10 min with frequent mixing of
the beads. 22 pl of each reaction (supernatant) was transferred to
squares of p81 phosphocellulose paper (Whatman), dried in air for
1 min, and then washed extensively in 1% orthophosphoric acid. For
the other kinases, the substrate/assay buffer mixtures were split into
25 ul aliquots (three samples per kinase). 2.5 ul of partially purified
wild-type Lck or Itk-KD-GST was added to each set of substrates.
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Incubation was again at 30°C for 10 min, followed by transfer to p81
paper and washing with orthophosphoric acid. Radioactive incorpora-
tion was assessed by liquid scintillation counting of the p81 paper
squares [31].

2.4. Two-dimensional phosphopeptide mapping

Phosphopeptide mapping of phosphorylated cfb3 was performed on
electroblotted proteins essentially as described [13] with the following
modifications: Enzymatic cleavage was carried out overnight at 37°C
with 1 ug Asp-N endoprotease (Boehringer Mannheim) per sample, in
1% ammonium bicarbonate pH 7.5, and electrophoresis in the first
dimension was performed on a Hunter thin-layer peptide mapping
system (C.B.S. Scientific Co.) using an EC-555 power pack (E-C Ap-
paratus Corp.) at 750 V and 8°C for 55 min.

2.5. HPLC and MS analyses

Labeled peptide samples were acidified with 1/10th volume of 10%
triffuoroacetic acid (TFA) (Applied Biosystems) and injected into a
Waters 600E system equipped with a 490E detector. Separation was
performed on a Vydac C4 column (4.6 X250 mm) at a flow rate of 0.6
ml/min. UV absorbance was recorded at 214 nm. The column was
washed isocratically with buffer A (0.1% TFA). A 5 min gradient
from 0 to 25% buffer B (70% acetonitrile, 0.08% TFA) was performed,
followed by the main separating gradient of 25 to 45% buffer B over
30 min. The column was washed in 100% buffer B and re-equilibrated
in buffer A prior to subsequent analyses. Mass spectrometry (MS) was
performed on a prototype Sciex electrospray ionization (ESI) single
quadrupole mass spectrometer.

2.6. Radiosequencing
Radiosequencing via solid-phase Edman degradation was per-
formed essentially as described [33]. Briefly, following covalent cou-

+ - .

Fig. 1. 2D phosphopeptide mapping of cfb3 phosphorylated with
Lck and ZAP-70. cfb3 protein was phosphorylated with either Lck
or ZAP-70 (as indicated), as described under Section 2. Samples
were subjected to SDS-PAGE, transferred to nitrocellulose and
phospho-cfb3 identified via autoradiography. Following in situ
cleavage with Asp-N, phosphorylated peptides were resolved on 2D
phosphopeptide maps and visualized via autoradiography. The loca-
tion of the sample origin (O) and the position of the positive (+)
and negative (—) electrodes during electrophoresis are indicated.
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pling to arylamine discs (Millipore) of peptide peaks recovered from
the HPLC, the Edman degradation was performed on an Applied
Biosystems 477A peptide sequencer, with eluate emerging from the
sequencer following each cleavage cycle being diverted to a fraction
collector, followed by analysis by liquid scintillation counting.

3. Results and discussion

3.1. Hdentification of a ZAP-70-specific phosphorylation site on
cfb3

Previous observations had shown that while both ZAP-70
and Lck were capable of phosphorylating cfb3, it was a better
substrate for ZAP-70 [25]. Thus ZAP-70 may be recognizing a
site(s) on cfb3 not recognized by Lck, and if so, its identifica-
tion could form the basis of a ZAP-70-specific substrate. To
investigate this possibility, cfb3 was phosphorylated in the
presence of [y-?P]JATP with either recombinant ZAP-70 or
Lck, and subjected to phosphopeptide mapping (Fig. 1). Since
previous reports had shown that the ZAP-70-related PTK,
Syk, was capable of phosphorylating cfb3 at its N-terminus
[29], and since cfb3 has a very acidic N-terminus with no
tryptic cleavage sites, we chose to perform digests with Asp-
N. As can be seen in Fig. 1, the ZAP-70- and Lck-derived
maps produced several spots which were either unique, or
significantly more intense with one kinase over the other (ar-
rowheads). In particular, ZAP-70 phosphorylation of cfb3
produced one very intense spot that was only weakly apparent
when using Lck.
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We knew that a peptide derived from the C-terminus of o-
tubulin was a good in vitro substrate for ZAP-70 [25]. The
sequence around the phosphorylated tyrosine in this peptide
(ALEKDYEEVGY) is similar to that surrounding the two N-
terminal tyrosines at Y8 and Y21 of cfb3 (ELQD-
DYEDMME and LEQEEYEDPDI, respectively). Previous
reports had also identified the N-terminus of cfb3 as contain-
ing the primary phosphorylation site(s) of Syk [29]. We thus
utilized a synthetic peptide corresponding to residues 2-30 of
cfb3 as a potential substrate for Lck and ZAP-70. The peptide
was phosphorylated with either ZAP-70 or Lck, and phospho-
peptides and unphosphorylated peptide species separated by
HPLC.

As can be seen in Fig. 2A, ZAP-70 and Lck phosphoryla-
tion of cfb3 (2-30) produced different HPLC profiles. Peak 1
had the same retention time as unphosphorylated peptide run
alone (not shown), whereas peaks 2 and 3 were products of
the kinase reaction. We thus subjected all three peaks to elec-
trospray ionization mass spectrometry (ESI-MS) (Fig. 2B).
Peak 1 yielded a major ion species at a mass to charge ratio
(m/z) of 1284. This correlated with the expected value for the
triply charged ((M+3HJ**) ion of the non-phosphorylated
peptide (M, =3849). ESI-MS analyses of peaks 2 and 3
gave essentially the same result (m/z=1311 and 1310.5, re-
spectively) which correlated to the expected [M+3H]?* value
for a singly phosphorylated form of the cfb3 (2-30) peptide
(M,, =3929). Peaks labeled 1 and 3 had essentially identical
ESI-MS spectra when generated by either kinase (not shown),
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Fig. 2. HPLC and ESI-MS analyses of cfb3 (2-30) peptide phosphorylated with Lck and ZAP-70. (A) cfb3 (2-30) peptide was phosphorylated
with either baculovirally expressed ZAP-70 or Lck and phosphopeptides were then separated from non-phosphorylated peptide via HPLC on a
C4 column (4.6 X250 mm) as described under Section 2. Absorbance traces (at 214 nm) for the region of the gradient where peptides eluted
are shown, along with the acetonitrile buffer concentrations recorded at the pump heads. (B) ESI-MS data for the peptide peaks labeled 1-3 in
(A) were recorded. Only triply charged ((M+3HJ**) peptide species were observed. Only the region of the spectra is shown where cfb3 (2-30)
peptide peaks would be observed (m/z=900-1500) and signal intensities are given relative to the largest observed signal present in the full spec-

trum.
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Fig. 3. Radiosequencing of cfb3 (2-30) peptide phosphorylated with
Lck and ZAP-70. cfb3 (2-30) peptide was phosphorylated with
either baculovirally expressed ZAP-70 or Lck and repurified by
HPLC exactly as shown in Fig. 2, except for the addition of [y-
32PJATP to the kinase reactions. The ZAP-70 and Lck-derived sin-
gly phosphorylated peptide species (Fig. 2, peaks 2 and 3, respec-
tively) were covalently attached to arylamine membrane discs and
subjected to radiosequencing via solid-phase Edman degradation as
described [33]. Total eluate emerging from the sequencer following
each cleavage cycle was diverted to a fraction collector and analyzed
by liquid scintillation counting. The results are displayed graphically
against the sequence of the cfb3 (2--30) peptide.

those shown in Fig. 2B being from the Lck phosphorylation
reaction.

The results shown in Fig. 2 strongly suggested that ZAP-70
and Lck were selectively phosphorylating different tyrosines in
cfb3 (2-30). To determine which kinase was phosphorylating
which tyrosine, cfb3 (2-30) was again phosphorylated by the
two PTKs, only additionally in the presence of [y-*2P]JATP.
The singly phosphorylated peptides were again purified by
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HPLC as shown in Fig. 2, and subjected to solid-phase Ed-
man degradation. Sequencing reaction products resulting
from each cycle were collected and analyzed by liquid scintil-
lation counting (Fig. 3). The ZAP-70-phosphorylated peptide
(Fig. 2, peak 2) showed a significant burst in extracted radio-
active counts at cycle 7 (corresponding to Y8 of cfb3) with no
counts above background extracted at cycle 20 (Y21 of cfb3).
The Lck-phosphorylated peptide (Fig. 2, peak 3) yielded no
radioactivity above background at cycle 7, giving an increase
instead at cycle 20. Thus, it was clear that ZAP-70 can phos-
phorylate cfb3 at Y8, a residue not phosphorylated by Lck.
These data are in agreement with previous observations that a
principal site of phosphorylation on cfb3 in vivo is on Y8
[34,35] and is likely attributable to the ZAP-70-related Syk
PTK, which is expressed in erythrocytes [29].

3.2. Evaluation of a cfb3-derived peptide as a ZAP-70-specific
substrate

We already knew that the whole cfb3 protein could be
phosphorylated by both ZAP-70 and Lck [25], though it
was a relatively poor substrate for Lck. However, in light of
recent observations that ZAP-70 can associate in vivo with
Lck and the Lek-related PTK Fyn [26,27), cfb3 is not an ideal
substrate for the evaluation of changes in the activity of ZAP-
70 following T cell activation. Since such assays for ZAP-70
activity would normally involve immunoprecipitation fol-
lowed by an in vitro kinase assay, the concurrent activation
of both Lck and/or Fyn and their association with ZAP-70
could make such data misleading. Although not known to
associate with either ZAP-70, Lck or Fyn, the Itk T cell
PTK becomes activated [36] and might also be capable of
interfering in such assays. The inability of Lck to phosphor-
ylate Y8 of cfb3 might enable the construction of a peptide
substrate specific for ZAP-70.

We thus used a synthetic peptide based around Y8 of cfb3,
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Fig. 4. Comparison of cfb3 (2-16) peptide with other PTK substrates using the T cell PTKs Lck, Itk and ZAP-70. MBP, TCR {, cfb3, Lck
Y394 peptide and cfb3 (2-16) peptide were phosphorylated in the presence of [y-*’P]JATP with either wild-type Lek (w.t. Lek), a GST fusion
protein of the Itk kinase domain (Itk-KD-GST), or ZAP-70 as indicated. Autophosphorylation controls (no added substrate) were also per-
formed for each kinase. Phosphorylation was for 10 min at 30°C, reactions being stopped by spotting onto p81 paper and washing in 1%
orthophosphoric acid. Radioactive incorporation into the substrate was determined via liquid scintillation counting and is represented relative
to the largest peak for each kinase. Data shown are the mean of three measurements, with the standard deviation given as the error.
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with two additional C-terminal lysine residues added (desig-
nated cfb3 (2-16)) to facilitate binding to the phosphocellu-
lose paper frequently used in protein kinase assays. We tested
a selection of known PTK substrates, namely MBP, TCR {
(residues 52-164, containing all three ITAMs), cfb3, a peptide
based on the Lck autophosphorylation site (Y394) and the
cfb3 (2-16) peptide, as potential substrates for a selection of
baculovirally expressed T cell PTK-derived molecules. We
used the myc-tagged ZAP-70, wild-type Lck and a GST fusion
protein containing the Itk kinase domain (Itk-KD-GST),
which represent three of the major classes of non-receptor
PTKSs involved in T cell signaling. We screened the three ki-
nases against each substrate, with an autophosphorylation
control (no added substrate) for each (Fig. 4).

In agreement with our previous observations, MBP, TCR {
and Lck Y394 were phosphorylated by Lck and Itk, but not
ZAP-70 [25]. Also in agreement with our previous observa-
tions, cfb3 was phosphorylated relatively well by ZAP-70,
weakly by Lck, and very poorly by Itk-KD-GST. However,
the cfb3 (2-16) peptide was a good substrate for ZAP-70, and
was barely phosphorylated at all by the other PTKs over
respective controls. We observed increased variation between
the individual data points for the ZAP-70 reactions, which
can likely be attributed to additional experimental steps, re-
quired for the immunoprecipitation of the kinase, over the
other molecules, which were used in purified form.

It is possible that the PTKSs isolated from T cells will exhibit
different substrate specificities to their expressed counterparts
used here. However, the baculovirus system, in contrast to
bacterial expression systems, has proven itself to be the super-
ior system for the expression of active PTKs, and in the cases
of ZAP-70 and Lck, the numerous studies to date on their
catalytic activities have shown the in vivo-derived and ex-
pressed kinases to behave very similarly. It should also be
noted here that while previous reports have shown that the
epidermal growth factor receptor (EGFR) PTK will also
phosphorylate cfb3 at Y8 [37,38], T cells do not express trans-
membrane PTKs of the EGFR family. Thus under typical
ZAP-70 immunoprecipitation conditions, the co-precipitation
of such receptor PTKs should not be a cause for concern in
the use of the cfb3 (2-16) peptide as an assay for ZAP-70
activity in T cells.

With the identification of immunodeficiency disorders in
both mice and humans correlated to mutations in the ZAP-
70 gene or its promoter, the elucidation of ZAP-70 regulation
and function is thus a critical step on the path to the deter-
mination of treatments for such disorders. Indeed, we have
already shown that blocking normal ZAP-70 function with a
peptide analog that disrupts its natural in vivo interaction
with TCR { severely impairs TCR-mediated signaling [24].
The availability of the cfb3 (2-16) peptide, or ZAPstrate as
we have named it, should thus be a useful tool in the deter-
mination of the role played by this important PTK in TCR-
mediated signaling.

Acknowledgements.: The authors wish to thank Dr. Steve Levin (Dept.
of Immunology, University of Washington), and Dr. Roopa Ramma-
moorthi and Ding-Ren Shen (Dept. of Molecular Biotechnology, Uni-
versity of Washington) for the provision of 1tk-KD-GST fusion ba-
culovirus vectors, and their expression and purification respectively.
We also thank Dr. Ian Clark-Lewis (University of British Columbia)
for the provision of synthetic peptides. This work was supported by
the National Science Foundation Science and Technology Center for

221

Molecular Biotechnology at the University of Washington. T.B. was
supported by an NIH touring grant (RR07019).

References

[1]1 Gold, M.R. and Matsuuchi, L. (1995) Int. Rev. Cytol. 157, 181—
276.

[2] Samelson, L.E., Donovan, J.A., Isakov, N., Ota, Y. and Wange,
R.L. (1995) Ann. N.Y. Acad. Sci. 766, 157-172.

[3] Zenner, G., Dirk-zur-Hausen, J., Burn, P. and Mustelin, T.
(1995) Bioessays 17, 967-975.

[4] Affolter, M., Watts, J.D., Krebs, D.L. and Aebersold, R. (1994)
Anal. Biochem. 223, 74-81.

[5] Watts, J.D., Affolter, M., Krebs, D.L., Wange, R.L., Samelson,
L.E. and Aebersold, R. (1996) in: Biochemical and Biotechno-
logical Applications of Electrospray Ionization Mass Spectrome-
try (Snyder, A.P. ed.) ACS Symp. Ser. vol. 619, pp. 381407,
ACS Press, Washington, DC.

[6] Shaw, A.S., Gauen, L.K. and Khu, Y. (1995) Semin. Immunol. 7,
13-20.

[7] Flaswinkel, H., Barner, M. and Reth, M. (1995) Semin. Immu-
nol. 7, 21-27.

[8] Wange, R.L., Kong, A.N. and Samelson, L.E. (1992) J. Biol.
Chem. 267, 11685-11688.

[9] Straus, D.B. and Weiss, A. (1993) J. Exp. Med. 178, 1523-1530.

[10] Wange, R.L., Malek, S.N., Desiderio, S. and Samelson, L.E.
(1993) J. Biol. Chem. 268, 19797-19801.

[11] Isakov, N., Wange, R.L., Burgess, W.H., Watts, J.D., Aebersold,
R. and Samelson, L.E. (1995) J. Exp. Med. 181, 375-380.

[12] Hatada, M.H., Lu, X.D., Laird, E.R., Green, J., Morgenstern,
J.P., Lou, M.Z,, Marr, C.S., Phillips, T.B.,, Ram, M.K., The-
riault, K., Zoller, M.J. and Karas, J.1.. (1995) Nature 377, 32-38.

[13] Watts, J.D., Affolter, M., Krebs, D.L., Wange, R.L., Samelson,
L.E. and Aebersold, R. (1994) J. Biol. Chem. 269, 29520-29529.

[14] Wange, R.L., Guitian, R, Isakov, N., Watts, J.D., Aebersold, R.
and Samelson, L.E. (1995) J. Biol. Chem. 270, 18730-18733.

{15] Chan, A.C., Dalton, M., Johnson, R., Kong, G., Wang, T.,
Thoma, R. and Kurosaki, T. (1995) EMBO J. 14, 2499-2508.

[16] Love, P.E., Shores, EW., Johnson, M.D., Tremblay, M.L., Lee,
E.J., Grinberg, A., Huang, S.P., Singer, A. and Westphal, H.
(1993) Science 261, 918-921.

[17] Ohno, H., Aoe, T., Taki, S., Kitamura, D., Ishida, Y., Rajewsky,
K. and Saito, T. (1993) EMBO J. 12, 4357-4366.

[18] Liu, C.P., Ueda, R., She, J., Sancho, J., Wang, B., Wedell, G.,
Loring, J., Kurahara, C., Dudley, E.C., Hayday, A., Terhorst, C.
and Huang, M. (1993) EMBO J. 12, 4863-4875.

[19] Arpaia, E., Shahar, M., Dadi, H., Cohen, A. and Roifman, C.M.
(1994) Cell 76, 947-958.

[20] Negishi, I., Motoyama, N., Nakayama, K., Nakayama, K., Sen-
ju, S., Hatakeyama, S., Zhang, Q., Chan, A.C. and Loh, D.Y.
(1995) Nature 376, 435-438.

[21] Elder, M.E., Lin, D., Clever, J., Chan, A.C., Hope, T.J., Weiss,
A. and Parslow, T.G. (1994) Science 264, 1596-1599.

[22} Elder, M.E., Hope, T.J., Parslow, T.G., Umetsu, D.T., Wara,
D.W. and Cowan, M.J. (1995) Cell. Immunol. 165, 110-117.

[23] Chan, A.C., Kadlecek, T.A., Elder, M.E., Filipovich, A.H., Kuo,
W.L., Iwashima, M., Parslow, T.G. and Weiss, A. (1994) Science
264, 1599-1601.

[24] Wange, R.L., Isakov, N., Burke, T.R., Jr,, Otaka, A., Roller,
P.P., Watts, J.D., Aebersold, R. and Samelson, L.E. (1995)
J. Biol. Chem. 270, 944-948.

[25] Isakov, N., Wange, R.L., Watts, J.D., Aebersold, R. and Samel-
son, L.E. (1996) J. Biol. Chem. 271, 15753-15761.

[26] Duplay, P., Thome, M., Hervé, F. and Acuto, O. (1994) J. Exp.
Med. 179, 1163-1172.

[27) Fusaki, N., Matsuda, S., Nishizumi, H., Umemori, H. and Ya-
mamoto, T. (1996) J. Immunol. 156, 1369-1377.

[28] Madrenas, J., Wange, R.L., Wang, J.L., Isakov, N., Samelson,
L.E. and Germain, R.N. (1995) Science 267, 515-518.

[29] Harrison, M.L., Isaacson, C.C., Burg, D.L., Geahlen, R.L. and
Low, P.S. (1994) J. Biol. Chem. 269, 955-959.

[30] Wang, C.C., Badylak, J.A., Lux, S.E., Moriyama, R., Dixon,
J.E. and Low, P.S. (1992) Protein Sci. I, 1206-1214.

[31] Watts, J.D., Wilson, G.M., Ettehadieh, E., Clark-Lewis, 1., Ku-



222

banek, C.-A., Astell, C.R., Marth, J.D. and Aebersold, R. (1992)
J. Biol. Chem. 267, 901-907.

[32] Watts, J.D., Sanghera, J.S., Pelech, S.L. and Aebersold, R.
(1993) 1. Biol. Chem. 268, 23275-23282.

[33] Aebersold, R., Watts, J.D., Morrison, H.D. and Bures, E.J.
(1991) Anal. Biochem. 199, 51-60.

[34] Dekowski, S.A., Rybicki, A. and Drickamer, K. (1983) J. Biol.
Chem. 258, 2750-2753.

{35] Yannoukakos, D., Vasseur, C., Piau, J.P., Wajcman, H. and
Bursaux, E. (1991) Biochim. Biophys. Acta 1061, 253-266.

J.D. Watts et alIFEBS Letters 398 (1996) 217-222

[36] Gibson, S., August, A., Kawakami, Y., Kawakami, T., Dupont,
B. and Mills, G.B. (1996) J. Immunol. 156, 2716-2722.

[37] Shiba, T., Akiyama, T., Kadowaki, T., Fukami, Y., Tsui, T.,
Osawa, T., Kasuga, M. and Takaku, F. (1986) Biochem. Bio-
phys. Res. Commun. 135, 720-727.

[38] Guyer, C.A., Woltjer, R.L., Coker, K.J. and Staros, J.V. (1994)
Arch. Biochem. Biophys. 312, 573-578.



