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Here, we present data suggesting a novel mechanism for regulation of natural killer (NK) cell cytotoxicity
through inhibitory receptors. Interaction of activation receptors with their ligands on target cells induces
cytotoxicity by NK cells. This activation is under negative control by inhibitory receptors that recruit tyrosine
phosphatase SHP-1 upon binding major histocompatibility class I on target cells. How SHP-1 blocks the
activation pathway is not known. To identify SHP-1 substrates, an HLA-C-specific inhibitory receptor fused to
a substrate-trapping mutant of SHP-1 was expressed in NK cells. Phosphorylated Vav1, a regulator of actin
cytoskeleton, was the only protein detectably associated with the catalytic site of SHP-1 during NK cell contact
with target cells expressing HLA-C. Vav1 trapping was independent of actin polymerization, suggesting that
inhibition of cellular cytotoxicity occurs through an early dephosphorylation of Vav1 by SHP-1, which blocks
actin-dependent activation signals. Such a mechanism explains how inhibitory receptors can block activating
signals induced by different receptors.

In many cell types, activation induced by cell contact is
controlled by inhibitory receptors that bind ligands on target
cells (41, 48). The importance of this type of negative regula-
tion is illustrated by the protection of normal cells from lysis by
NK cells, of red blood cells from ingestion by macrophages
(44), and of cardiomyocytes from immunoglobulin G (IgG)-
mediated autoimmunity (43). A common feature of the recep-
tors involved in these protective functions (i.e., CD158,
SIRP-�, and PD-1, respectively) and of many other receptors
that inhibit cellular responses is the presence of immunorecep-
tor tyrosine-based inhibition motifs (ITIMs) in the cytoplasmic
tail (12, 48). Upon Tyr phosphorylation, ITIMs bind to the
SH2 domains of protein tyrosine phosphatases (PTPases)
SHP-1 and SHP-2, thereby releasing the catalytic site from
autoinhibition (2, 12). Activation of human NK cell and T cell
cytotoxicity is controlled by several inhibitory receptors, in-
cluding the CD158 killer cell Ig-like receptors (KIR) and the
lectin-like CD94/NKG2A, which bind to major histocompati-
bility complex (MHC) class I molecules expressed on target
cells (5).

Whereas the functional consequence of SHP-1 recruitment
by ITIM-containing receptors in NK cells is well established,
the specific point at which SHP-1 blocks activation signals has
not been defined. Engagement of inhibitory receptors by li-
gands on target cells blocks conjugate formation (13), Ca2�

flux (38, 52), polarization of lipid rafts in NK cells (42), and
actin cytoskeleton rearrangement in T cells (26). As NK cell

cytotoxicity depends on the activity of Tyr kinases (40), a num-
ber of Tyr-phosphorylated proteins are potential substrates for
dephosphorylation by SHP-1. Two nonexclusive models, a
“promiscuous” and a “selective” model, can be proposed for
SHP-1-mediated inhibition. First, recruitment and activation
of SHP-1 by inhibitory receptors at the NK-target cell interface
lead to promiscuous dephosphorylation of multiple proteins at
various points within the activation pathway. Alternatively, a
single key substrate that controls activation is targeted for
dephosphorylation. In this selective model, the specific distri-
bution of inhibitory receptors and of signaling molecules
within the NK-target cell interface (23, 53) should contribute
to substrate selection by placing active SHP-1 in the proximity
of particular substrates.

Reduced Tyr phosphorylation of a large number of proteins
upon inhibitory receptor engagement is consistent with both
models because dephosphorylation of an early activation com-
ponent could prevent downstream phosphorylation events.
Antibody-mediated co-cross-linking of an inhibitory KIR with
the activation receptor CD16 resulted in a global reduction of
the Tyr phosphorylation induced by cross-linking CD16 alone
(7, 8). Specifically, Tyr phosphorylation of the FcεRI � chain,
ZAP70, PLC�1, PLC�2, and SLP-76 was reduced. Likewise,
co-cross-linking CD94/NKG2A with CD16 reduced the Tyr
phosphorylation of the FcεRI � chain, Syk, and Shc (45). How-
ever, in more physiological experiments, incubation of NK
clones with target cells expressing a ligand for inhibitory KIR
showed a more selective reduction in Tyr phosphorylation. In
this experimental context, the linkers for activation of T cells
(LAT) and Syk were identified as potential substrates of SHP-1
(11, 52). The linker SLP76 has also been proposed as a sub-
strate of SHP-1 based on a far-Western blot with a trapping
mutant of SHP-1 that bound to SLP-76 (7). These data sug-
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gested some selectivity in dephosphorylation by SHP-1 but did
not establish whether these proteins were direct substrates or
were downstream of another substrate of SHP-1. It is also
unclear how LAT, Syk, ZAP70, or SLP76 could be critical
targets for inhibition because NK cells from mice deficient in
any one of these molecules, and lacking both Syk and ZAP70,
have retained natural cytotoxic function (22, 47, 62).

We devised an experimental system to directly identify
SHP-1 substrates targeted for dephosphorylation during KIR-
mediated inhibition of NK cells that were in contact with re-
sistant target cells. A chimeric receptor that contains SHP-1 in
place of the KIR cytoplasmic tail was generated in order to
restrict the analysis to SHP-1 substrates that were specifically
targeted by KIR. While it is possible that the bypass of ITIM
phosphorylation with a KIR–SHP-1 fusion could result in in-
hibition of earlier signals than those blocked by an ITIM-
dependent SHP-1 recruitment, this scenario is unlikely because
ITIM phosphorylation and that of SHP-1 occur rapidly as a
result of KIR binding to its ligand on target cells, indepen-
dently of actin polymerization and of integrin-mediated adhe-
sion (29). The KIR/SHP-1 chimeric receptor behaved like
wild-type KIR and inhibited adhesion of NK cells to target
cells and Tyr phosphorylation of the activation receptor 2B4
(13, 58). A trapping mutation (30) was introduced in the cat-
alytic site of KIR/SHP-1 in order to isolate substrates in NK
cells. Expression of a trapping mutant of SHP-1 had been used
to identify SIRP-1� as a substrate in activated macrophages
(51). We show that the KIR/SHP-1-trapping mutant bound
Tyr-phosphorylated Vav1 selectively in NK cells that were in-
cubated with target cells expressing an HLA-C ligand of the
inhibitory KIR.

MATERIALS AND METHODS

Cell lines and reagents. HLA-Cw3, -Cw4, and -Cw15 transfectants of the cell
line 721.221 were obtained from J. Gumperz and P. Parham (Stanford Univer-
sity). The human NK cell line YTS-ecoR, expressing a mouse ecotropic receptor,
was obtained from G. Cohen (Massachusetts General Hospital) and was cultured
in Iscove’s medium supplemented with 10% fetal calf serum, L-glutamine, and 50
�M 2-mercaptoethanol. The anti-KIR2DL1 (CD158a) antibody EB6 was from
Immunotech. The anti-2B4 antibody C1.7 was from Coulter Pharmaceutical
(Miami, Fla.). Rabbit anti-2B4 was used for Western blotting as described pre-
viously (58). The anti-Lck antibody sc-13 and the anti-SLP76 antibody sc-9062
used for Western blotting were from Santa Cruz Biotechnology (Santa Cruz,
Calif.). The antiphosphotyrosine (anti-p-Tyr) monoclonal antibody (mAb) 4G10,
4G10 agarose, and the anti-Vav1 mAb (ascites) were from Upstate Biotechnol-
ogy (Lake Placid, N.Y.). The KT3 mAb was from Babco (Richmond, Calif.).
Cytochalasin D was from Sigma (Saint Louis, Mo.). The mAb VV1-IG10, specific
for the A33 early and intermediate vaccinia virus protein, was a gift of A.
Schmaljohn (United States Army, Fort Detrick, Frederick, Md.).

Expression of KIR–SHP-1 chimeric molecules in YTS cells. The Arg at posi-
tion 459 in the SHP-1 cDNA (a gift of T. Yi, Cleveland Clinic) was changed to
Met by site-directed mutagenesis to produce the mutant SHP-1(RM). The Asp
at position 419 was changed to Ala to produce the mutant SHP-1(DA). The
chimeric 2DL1/SHP-1 molecules and the YTS transductants were produced as
described previously (13).

Cytotoxicity assays. A total of 5 � 105 721.221 cells were labeled with bis(ace-
toxymethyl)2,2�:6�,2�-terpyridine-6,6�-dicarboxylate reagent (Wallac) for 30 min
at 37°C. Cells were washed twice in medium containing 1 mM sulfinpyrazone
(Sigma) and resuspended at 5 � 104 cells/ml. Cells were plated at 5,000 targets/
well. YTS effector cells were mixed with labeled target cells in a V-bottom
96-well plate. Maximum release was determined by incubation in 1% Triton
X-100. For spontaneous release, targets were incubated without effectors in
medium alone. All samples were done in triplicate. After a 1-min centrifugation
at 188 � g, plates were incubated for 2 h at 37°C. Plates were then shaken for 30
s and centrifuged again for 1 min at 188 � g. Twenty microliters of supernatant

was harvested and mixed with 200 �l of Europium solution in a flat-bottom
microtiter plate by shaking for 5 min. Plates were measured using a time-resolved
fluorometer (Wallac).

NK-target cell mixing experiments. For target cell mixing experiments, 30 �
106 effector (i.e., YTS) cells and 30 � 106 target (i.e., 221-Cw3 or 221-Cw15) cells
were incubated on ice for 15 min. Target and effector cells were mixed, pelleted,
and incubated for 15 min on ice to allow cells to form contacts. Cells were then
incubated at 37°C for 5 min before lysis. In some experiments, the YTS cells were
preincubated with 10 �M cytochalasin D in dimethyl sulfoxide (DMSO) for 30
min at 37°C. In other experiments, activated sodium orthovanadate (32) (Sigma)
was added at the indicated concentrations to the cells either during the incuba-
tion on ice and at 37°C or at the time of lysis.

Vaccinia virus infection. Recombinant vaccinia virus encoding a dominant-
negative mutant of Rac1 (N17-Rac1) (4) was used to infect YTS cells for 3 h as
previously described (55). Vaccinia virus infections were monitored by flow
cytometry with mAb VV1-IG10. Infected cells were used for cell mixing exper-
iments as described above or treated with 0.1 mM pervanadate for 10 min at
37°C.

Immunoprecipitations, SDS-PAGE, and Western blotting. Cells were lysed in
ice-cold lysis buffer (0.5% Triton X-100, 20 mM Tris-HCl [pH 7.4], 150 mM
NaCl, 2 mM EDTA, and 1 mM phenylmethylsulfonyl fluoride) for 15 min on ice.
Lysates were cleared by centrifugation at 20,000 � g at 4°C for 15 min. Super-
natants were incubated with the anti-2DL1 antibody EB6 and protein G-agarose
(Invitrogen, Carlsbad, Calif.) for 2 h at 4°C. Agarose was washed three times and
boiled in reducing sodium dodecyl sulfate (SDS) sample buffer. In some cases,
agarose was boiled in lysis buffer with 2% SDS. These samples were diluted with
lysis buffer to a final SDS concentration of less than 0.1% and then reprecipitated
with 10 �l of packed 4G10 agarose (Upstate Biotechnology). The agarose was
washed and boiled in SDS sample buffer as above. SDS-polyacrylamide gel
electrophoresis (PAGE) and Western blotting were performed as previously
described (58).

RESULTS

Trapping SHP-1 substrates with a mutant KIR2DL1/SHP-1
chimeric receptor expressed in NK cells. An Asp-to-Ala sub-
stitution at position 419 in SHP-1 (mutant DA) drastically
reduces catalytic activity without impairing substrate binding
(30, 51). To identify SHP-1 substrates in NK cells during inhi-
bition by MHC class I on target cells, the DA trapping mutant
was expressed in the cell line YTS as a KIR/SHP-1 fusion
protein (Fig. 1A and B). A second mutant with an Arg-to-Met
substitution at position 459 (mutant RM) that eliminates sub-
strate binding (30, 51) served as a negative control. The KIR/
SHP-1 fusion protein carrying wild-type (wt) SHP-1 was also
expressed in YTS cells (Fig. 1B). All three KIR/SHP-1 recep-
tors contain a C-terminal KT3 epitope tag. The KIR2DL1
receptor is specific for HLA-Cw4 and HLA-Cw15 but not for
HLA-Cw3. The chimeric receptor 2DL1/SHP-1(wt) inhibited
lysis of 221-Cw4 and 221-Cw15 but not 221-Cw3 (Fig. 1C and
data not shown). YTS cells expressing 2DL1/SHP-1(DA) or
2DL1/SHP-1(RM) killed 221-Cw4 and 221-Cw3 cells equally
well (Fig. 1C), showing that the two catalytically inactive
SHP-1 mutants were unable to inhibit cytotoxicity.

To identify proteins associated with 2DL1/SHP-1(DA) dur-
ing NK-target cell interaction, clones of YTS 2DL1/SHP-
1(DA) cells were mixed with 221-Cw15 cells. After lysis and
immunoprecipitation of 2DL1/SHP-1, Western blotting with
an anti-p-Tyr Ab revealed two proteins with molecular masses
of �125 and �100 kDa, which were absent without KIR en-
gagement (221-Cw3) (Fig. 2A and B, center). The two phos-
phorylated proteins were also detected after mixing with 221-
Cw4 cells (data not shown). The more intense band at �125
kDa was also detected—but at a reduced intensity—after mix-
ing YTS 2DL1/SHP-1(RM) cells with 221-Cw15 cells. The
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band at �100 kDa was not detectable in the 2DL1/SHP-1(RM)
immunoprecipitation, consistent with the expected property of
a SHP-1 substrate. Three independent clones of YTS 2DL1/
SHP-1(DA) were tested. In each one, bands at �125 and �100
kDa were detected in immunoprecipitates of 2DL1/SHP-
1(DA) after mixing with 221-Cw4 or 221-Cw15 cells (data not
shown).

The predominant Tyr-phosphorylated protein in anti-
KIR2DL1 immunoprecipitations had the expected size of the
2DL1/SHP-1 chimeric receptor itself (103 kDa plus about 20
kDa accounted for by KIR2DL1 glycosylation). Reprobing the
same membrane with an anti-KT3 tag Ab revealed comigration
of the 2DL1/SHP-1(DA) and 2DL1/SHP-1(RM) receptors
with the �125-kDa protein (Fig. 2B, left). Phosphorylation of
the chimeric receptors upon ligand binding was not surprising,
as SHP-1 becomes Tyr phosphorylated when recruited by KIR
during the inhibition of NK cells (58).

Association of Vav1 with 2DL1/SHP-1(DA) induced by re-
ceptor binding to HLA-C on target cells. The size of the 90- to
100-kDa Tyr-phosphorylated protein detected in immunopre-
cipitates of 2DL1/SHP-1(DA) after incubation with 221-Cw15
cells was compatible with that of Vav1, a 95-kDa guanine
nucleotide exchange factor (GEF) that regulates actin cy-
toskeletal rearrangements and receptor clustering through the
GTPase Rac1 (46). The GEF activity of Vav1 is positively
regulated by phosphorylation of several Tyr residues (1, 14).
As Vav1 contributes to natural cytotoxicity (4, 18, 21, 31), its
dephosphorylation could potentially prevent natural cytotoxic-
ity. Reprobing the membrane with an anti-Vav1 mAb revealed
a marked increase of Vav1 in the 2DL1/SHP-1(DA) immuno-
precipitation from cells incubated with 221-Cw15 cells and also
demonstrated that Vav1 was superimposable with the �95-
kDa Tyr-phosphorylated band (Fig. 2B, right). Some constitu-
tive association of Vav1 with 2DL1/SHP-1(DA) may also
occur, given the band detected in immunoprecipitates from
cells incubated with 221-Cw3 cells (Fig. 2B, right). The spe-
cific association of Vav1 with 2DL1/SHP-1(DA) induced by

FIG. 1. Expression and function of chimeric 2DL1/SHP-1 mole-
cules. (A) Chimeric 2DL1/SHP-1 molecules. Wild-type KIR2DL1
(2DL1) and SHP-1 are shown with the SH2 domains of SHP-1 aligned
with the cytoplasmic ITIMs of 2DL1. The catalytic domain (CAT) of
SHP-1 and the KT3 tag are boxed. (B) Staining of YTS cells expressing
these chimeric constructs. Shaded profiles represent fluorescein iso-
thiocyanate-labeled goat anti-mouse Ab only. Dark lines represent
staining with the anti-2DL1 mAb EB6. (C) Lysis of 221-Cw3 (■ ) or
221-Cw4 (F) by YTS-2DL1/SHP-1(wt), YTS-2DL1/SHP-1(RM), and
YTS-2DL1/SHP-1(DA) cells at the effector-to-target ratios (E:T) in-
dicated.

FIG. 2. Specific association of molecules with 2DL1/SHP-1(DA) after incubation with 221-Cw15 cells. 2DL1/SHP1(DA) and 2DL1/SHP1(RM)
cells were mixed for 5 min with either 221-Cw3 or 221-Cw15 cells as indicated at the top. (A) Anti-2DL1 immunoprecipitates were separated by
4 to 20% SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane and Western blotted with antiphosphotyrosine mAb 4G10.
Arrowheads point to two bands that are selectively enhanced in the DA-Cw15 combination. (B) Anti-2DL1 immunoprecipitates separated by 6%
SDS-PAGE, transferred to a PVDF membrane, and subjected to Western blotting with antiphosphotyrosine mAb 4G10 (middle panel). After
being stripped, the blot was reprobed with either an anti-Vav1 mAb (right panel) or an anti-KT3-tag mAb (left panel). Arrowheads point to the
positions of tyrosine-phosphorylated proteins.
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KIR2DL1 binding of HLA-Cw15 was quite pronounced, con-
sidering that the recovery of 2DL1/SHP-1(DA) was lowest in
the sample incubated with 221-Cw15 cells, as shown in the KT3
tag reblot (Fig. 2B, left).

The Vav1 immunoblot in Fig. 2B does not imply that Vav1
associated with 2DL1/SHP-1(DA) is tyrosine phosphorylated.
To test whether Vav1 was included in the 95-kDa phospho-
protein associated with 2DL1/SHP-1(DA) after incubation
with 221-Cw15 cells, the immunoprecipitates of 2DL1/SHP-
1(DA) were boiled in 2% SDS, diluted to a 	0.1% concentra-
tion of SDS, and reprecipitated with the anti-phosphotyrosine
mAb 4G10. The data obtained prior to dissociation in SDS
confirmed results from previous experiments, namely, that the
appearance of Tyr-phosphorylated bands at 125 and 95 kDa
increased Vav1 association after incubation with target cells
expressing HLA-Cw15 (Fig. 3A, left). After reprecipitation of
Tyr-phosphorylated proteins, the 125- and 95-kDa bands were
still detectable in a 4G10 blot (Fig. 3A, right). Furthermore,
Western blotting for Vav1 after reprecipitation with anti-p-Tyr
mAb revealed a clear band at �95 kDa, implying that the
Tyr-phosphorylated 95-kDa band contained Vav1 (Fig. 3A,
right). The identity of the 125-kDa band as the 2DL1/SHP-
1(DA) receptor was confirmed by reprecipitation with the anti-
KT3 tag mAb (data not shown). Western blotting for p-Tyr
after reprecipitation with anti-p-Tyr mAb gave cleaner results
than p-Tyr blotting directly after 2DL1/SHP-1(DA) immuno-
precipitation, due to a marked reduction of nonspecific bands
(Fig. 3A, right), in particular, those in the 10- to 50-kDa region
of the gel, yet no Tyr-phosphorylated protein other than the
95-kDa band appeared to associate with 2DL1/SHP-1(DA)
specifically after incubation with target cells expressing HLA-
Cw15 (Fig. 3A [right] and data not shown). A direct reprecipi-
tation of Vav1 after boiling in SDS was precluded by the poor
performance of the anti-Vav1 Ab in immunoprecipitation. For
the same reason, and because of the large amount of Vav1
contributed by target cells, it has not been possible to detect
2DL1/SHP-1(DA) in immunoprecipitates of Vav1. Neverthe-
less, our data strongly suggest that Tyr-phosphorylated Vav1
bound specifically to the trapping 2DL1/SHP-1 mutant during
inhibition of YTS cells by HLA-C on target cells.

Proteins previously proposed as substrates of SHP-1 during
inhibition by KIR include LAT, SLP76, Syk, and 2B4 (7, 11, 52,

58). Lck was also dephosphorylated by SHP-1 when both were
coexpressed transiently in 293 cells (19). Antibodies to these
proteins were used for Western blotting of 2DL1/SHP-1(DA)
immunoprecipitates in order to test whether they were trapped
but not detected in the p-Tyr blots. Western blots for SLP76,
Lck, and 2B4 showed no difference between immunoprecipi-
tates of 2DL1/SHP-1(DA) and 2DL1/SHP-1(RM) after incu-
bation of those transfected cells with 221-Cw15 cells (Fig. 3B).
Similar blots for LAT, Cbl, Syk, PI-3K p85, Grb2, and Shc
showed no specific association with 2DL1/SHP-1(DA) (data
not shown). Therefore, Vav1 remained the only detectable
Tyr-phosphorylated protein specifically associated with 2DL1/
SHP-1(DA) during engagement of KIR by HLA-C on target
cells.

Vav1 association with 2DL1/SHP-1(DA) could be due to
several different types of interaction with SHP-1. First, the
catalytic site of SHP-1 may bind directly to a p-Tyr of Vav1.
Second, the SH2 domains of SHP-1 may bind to p-Tyr in Vav1.
Third, the SH2 domain of Vav1 may bind to p-Tyr in SHP-1.
Such an interaction has been detected in the mouse cell line
P815 (39). Fourth, Vav1 may bind to 2DL1/SHP-1(DA)
through a p-Tyr-independent interaction. Finally, Vav1 may
bind indirectly by association with another protein that is itself
a SHP-1 substrate. The lack of Vav1 association with 2DL1/
SHP-1(RM) argued against the second and fourth possibilities.

Vav1 association with 2DL1/SHP-1(DA) is inhibited by com-
petition for binding to the catalytic site of SHP-1. Vanadate
binds with high affinity to the catalytic site of PTPases (35, 36).
We exploited this property of vanadate to test whether it would
elute Vav1 bound to the catalytic site of SHP-1(DA) by adding
it at the time of lysis. The amount of Vav1 associated with
2DL1/SHP-1(DA) was indeed reduced by the addition of van-
adate (Fig. 4A). As expected from the inhibitory effect of
vanadate on PTPases, the recovery of tyrosine-phosphorylated
receptor was greatly increased. Similar results were obtained
by treating cells with vanadate prior to cell mixing (Fig. 4B and
C). In that case, a reduced association of Vav1 with 2DL1/
SHP-1(DA) was observed, despite the great enhancement of
overall Tyr phosphorylation in the cells. No association of
Vav1 with 2DL1/SHP-1(RM) was detected, even though Tyr
phosphorylation of 2DL1/SHP-1(RM) was greatly increased
(Fig. 4C). A weak 95-kDa band in the Vav1 Western blot of

FIG. 3. Vav1 is the only detectable tyrosine-phosphorylated protein associated with 2DL1/SHP-1(DA) after incubation with 221-Cw15 cells.
2DL1/SHP-1(DA) and 2DL1/SHP-1(RM) cells were mixed for 5 min with 221-Cw3 or 221-Cw15 cells as indicated at the top. (A) One-fourth of
the immunoprecipitations with EB6 was analyzed exactly as described in the legend of Fig. 2. The remaining three-fourths was boiled in 2% SDS,
diluted with lysis buffer to 0.1% SDS, reimmunoprecipitated with 4G10-agarose, and separated on a 4 to 20% SDS-polyacrylamide gel. After
transfer to PVDF membranes, Western blotting was performed sequentially with anti-p-Tyr mAb 4G10 and anti-Vav1 mAb (right panels).
(B) 2DL1 immunoprecipitates separated by SDS-PAGE were transferred to a PVDF membrane and subjected to Western blotting with antibodies
specific for SLP76, Lck, and 2B4. The left lane is a lysate (L) of YTS cells.
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2DL1/SHP-1(RM) immunoprecipitates was also present in the
immunoprecipitation of wild-type, nonchimeric KIR2DL1 ex-
pressed in YTS cells mixed with 221-Cw15 cells, thus suggest-
ing that it was nonspecific (Fig. 4C).

The decreased association of Vav1 with 2DL1/SHP-1(DA)
in vanadate-treated cells rules out a p-Tyr-independent Vav1–
SHP-1 interaction because neither vanadate nor Tyr-phos-
phorylated proteins would have competed with such an inter-
action. The increase in the level of Vav1 Tyr phosphorylation
after vanadate treatment of either intact cells or cell lysates
was only modest compared to that of 2DL1/SHP-1(DA), even
after correction for the loss of associated Vav1 (Fig. 4). This
result is consistent with direct binding of Vav1 to the catalytic
site because a p-Tyr bound by SHP-1(DA) is already protected
from dephosphorylation and does not benefit from the inhibi-
tion of phosphatases as much as an exposed p-Tyr does. These
results show that association of Vav1 with 2DL1/SHP-1(DA)
requires the catalytic site of SHP-1 and is not due solely to an
interaction between p-Tyr and SH2 domains.

Actin cytoskeleton rearrangement is upstream of 2B4 phos-
phorylation and downstream of Vav1 trapping by 2DL1/SHP-
1(DA). Our data suggest a model for the activation of NK cell
cytotoxicity and for its inhibition by KIR (Fig. 5). In this model,
early signals lead to a Tyr phosphorylation of Vav1 that pre-
cedes and controls Vav1-dependent actin cytoskeleton rear-
rangement. After formation of an actin-dependent interface
with the target cell, receptor clustering occurs, thus resulting in
an amplification of the activating signal. Binding of KIR to
HLA-C on target cells induces rapid phosphorylation of KIR
and of SHP-1 (29), and recruited SHP-1 dephosphorylates
Vav1. Two testable predictions of this model are that dephos-
phorylation of Vav1 should not depend on actin polymeriza-
tion, whereas phosphorylation of an activation receptor that is
sensitive to KIR inhibition should depend on actin polymer-
ization induced by a Vav1 signal.

Tyr phosphorylation of activation receptor 2B4 induced by
NK-target cell contact requires actin polymerization and lipid
rafts (57) and is blocked by KIR binding to HLA-C on target
cells (58). As shown here, 2B4 did not emerge as a direct
substrate of SHP-1 during inhibition (Fig. 3B). A Vav1 inac-
tivation by SHP-1 upon binding of KIR2DL1 to HLA-C on
target cells that precedes Vav1-dependent actin polymeriza-
tion could explain the block in 2B4 phosphorylation. We there-
fore tested—in the context of NK-target cell interactions—
whether Vav1 trapping by 2DL1/SHP-1(DA) could occur
independently of actin polymerization by using 2B4 receptor

FIG. 4. Competition for substrate binding with VO3. (A) 2DL1/SHP-1(DA) cells were incubated with 221-Cw15 cells and lysed in the presence
of the indicated concentrations of vanadate. (B and C) 2DL1/SHP-1(DA), 2DL1/SHP-1(RM), and YTS-2DL1 cells were incubated with 221-Cw15
cells in the presence of indicated concentrations of vanadate (VO3). The cells were treated with 1 or 10 mM vanadate for 30 min prior to being
mixed with 221-Cw15 cells. Immunoprecipitates with anti-2DL1 mAb EB6 were separated by SDS-PAGE, transferred to PVDF membranes, and
subjected to Western blotting for phosphotyrosine (top) and Vav1 (bottom).

FIG. 5. A model for the inhibition of NK cell cytotoxicity by KIR.
Early activation signals lead to Vav1-dependent actin polymerization
and formation of a tight NK-target cell interface. Engagement of an
inhibitory KIR by MHC class I on target cells results in rapid recruit-
ment of SHP-1 and in Vav1 dephosphorylation prior to actin polymer-
ization. Signals for cytotoxicity that depend on a tight interface are
prevented by the inactivation of Vav1.
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phosphorylation in the same cells as a reporter for an actin-
dependent, KIR-sensitive process. Tyr phosphorylation of 2B4,
strongly induced by a 5-min incubation of YTS cells with 221-
Cw3 cells, was completely inhibited by pretreatment with cy-
tochalasin D (Fig. 6A), consistent with recent data (57). Inhi-
bition was comparable to that mediated by KIR engagement in
YTS-2DL1 cells incubated with 221-Cw15 cells (Fig. 6B). En-
gagement of the two mutants 2DL1/SHP-1(DA) and 2DL1/
SHP-1(RM) lacking catalytic activity did not inhibit 2B4 phos-
phorylation. Pretreatment with cytochalasin D inhibited 2B4
phosphorylation in all three YTS transfectants incubated with
221-Cw15 cells (Fig. 6B). Vav1 trapping by 2DL1/SHP-1(DA)
in the same cells was therefore evaluated to test whether Vav1
trapping could be independent of actin polymerization. No
decrease in Vav1 association with 2DL1/SHP-1(DA) after in-
cubation with 221-Cw15 cells was detected in the presence of
cytochalasin D, even though phosphorylation of 2B4 was in-
hibited in the same cells (Fig. 6B). The weaker band detected
in the 2DL1/SHP-1(RM) immunoprecipitate may be nonspe-
cific, as it was also present in the immunoprecipitate of the
nonchimeric, wild-type KIR2DL1 (Fig. 6B), as shown in Fig. 4.
These data establish that Vav1 trapping by 2DL1/SHP-1(DA)
occurs prior to, or at least independently of, actin polymeriza-

tion and 2B4 phosphorylation. Furthermore, Vav1 trapping in
the presence of cytochalasin D showed that early activation
signals leading to Vav1 phosphorylation were not globally
blocked by this inhibitor.

The second prediction was that a KIR-sensitive activation
receptor should depend on actin polymerization induced by a
Vav1-Rac1 signal (Fig. 5). Activation of the small GTPase
Rac1 induces the formation of lamellipodiae (33), and expres-
sion of a dominant-negative Rac1 mutant (N17-Rac1) in NK
cells blocks natural cytotoxicity (4, 37). A recombinant vaccinia
virus was used to express N17-Rac1 in YTS-2DL1 cells (Fig.
7A and B) in order to test its effect on 2B4 phosphorylation. As
a control, cells were infected with a wild-type vaccinia virus.
Infected cells were mixed with 721.221 cells, and the phosphor-
ylation of 2B4 was monitored by immunoprecipitation and
Western blotting (Fig. 7C). For comparison, uninfected cells
were treated with cytochalasin D prior to mixing with 721.221
cells. 2B4 phosphorylation was strongly inhibited in cells ex-
pressing dominant-negative Rac1 compared to cells infected
with a control vaccinia virus (Fig. 7C). The inhibitory effect of
dominant-negative Rac1 was specific to the Tyr phosphoryla-
tion induced by target cell interaction because it did not inhibit
2B4 phosphorylation induced by pervanadate (Fig. 7D). These
data implicate the Vav1 effector Rac1 in the Tyr phosphory-
lation of 2B4.

DISCUSSION

Identification of the molecules dephosphorylated by SHP-1
during inhibition of natural cytotoxicity by an ITIM-containing
receptor had the potential to not only illuminate the inhibitory
mechanism but to also reveal important steps in the NK cell

FIG. 6. Cytochalasin D blocks Tyr phosphorylation of 2B4 but not
trapping of Vav1 by 2DL1/SHP-1(DA). YTS-2DL1, 2DL1/SHP1(DA),
and 2DL1/SHP1(RM) cells were mixed with 221-Cw3 or 221-Cw15
cells as indicated at the top. Some YTS cells were treated with cy-
tochalasin D (Cyto D) or carrier (DMSO) only. (A) 2B4 immunopre-
cipitates (IP) with mAb C1.7 were separated by SDS-PAGE, trans-
ferred to PVDF membranes, Western blotted with the anti-p-Tyr mAb
4G10, and reprobed with an anti-2B4 rabbit antiserum. For controls,
some cells were kept on ice during mixing (time zero). (B) 2B4 immu-
noprecipitates probed with 4G10 as in panel A (top panels). 2DL1
immunoprecipitates with mAb EB6 from the same cells were probed
with anti-Vav1 mAb and reprobed with anti-KT3 mAb (bottom pan-
els).

FIG. 7. Expression of dominant-negative Rac1 blocks tyrosine
phosphorylation of 2B4. A total of 5 � 106 YTS-2DL1 cells were
infected with the WR strain of vaccinia virus (WR) or recombinant
vaccinia virus expressing a dominant-negative Rac1 mutant (Rac1-
DN) for 3 h at 10 PFU/cell. Infection was monitored by staining with
the mAb VV1-IG10 (A) and expression of the FLAG-tagged Rac1-DN
by anti-FLAG Western blotting (B). (C) YTS cells were treated with
10 �M cytochalasin D (CytoD) or carrier (DMSO) only or were in-
fected with the indicated vaccinia viruses and mixed with an equal
number of 721.221 cells for 0 or 5 min. Cells were lysed and immuno-
precipitated with a control antibody (IgG1), followed by anti-2B4 im-
munoprecipitation. Samples were analyzed by anti-p-Tyr Western blot-
ting (upper panel) and reprobed using an anti-2B4 antibody (lower
panel) to show equal loading. (D) The same cells as described for
panel C were treated with pervanadate; 2B4 was immunoprecipitated
and analyzed as described for panel C.
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activation pathway. Furthermore, elucidating the mechanism
by which KIR inhibits NK cells may provide relevant informa-
tion about the many other ITIM-containing receptors that
regulate various cell types.

Expression of a trapping mutant of SHP-1 in NK cells made
it possible to study the interaction of SHP-1 with substrates
encountered during inhibition by KIR when engaged by MHC
class I on target cells. As receptors and signaling molecules
segregate into discrete domains during the interaction of NK
cells with target cells (16, 23, 53, 54), it was necessary to
develop a trapping protocol that would be effective during
NK-target cell interactions. The data obtained by our approach
suggest that the inhibition of NK cell cytotoxicity is achieved by
a selective dephosphorylation of Vav1 by the PTPase SHP-1.
The trapping 2DL1/SHP-1 chimeric receptor bound specifi-
cally to Tyr-phosphorylated Vav1 upon engagement by HLA-
Cw15 on target cells. Vav1 trapping was sensitive to vanadate
being added either to cell lysates or to intact cells—implying
that the SHP-1 catalytic site was essential for Vav1 binding.
Vav1 trapping was resistant to cytochalasin D, placing it up-
stream of actin cytoskeletal rearrangement. The activation of
the Vav1 GEF domain by Tyr phosphorylation (1, 14), the
established importance of a Vav1-Rac1 signaling pathway in T
cells for actin cytoskeleton-dependent membrane reorganiza-
tion, receptor clustering, phosphatidylinositol 4-phosphate
5-kinase activation (27, 46), and the role of Vav1 in NK cell
cytotoxicity (4, 18, 21, 31) all point to the dephosphorylation of
Vav1 by SHP-1 as a viable mechanism for the inhibition of NK
cell cytotoxicity.

It is possible that the use of a chimeric KIR/SHP-1 receptor
in the cell line YTS led to the identification of a substrate that
is not normally dephosphorylated during inhibition of NK cells
by KIR. However, the inhibitory function of the chimeric KIR/
SHP-1 receptor was comparable to that of a wild-type KIR.
Dephosphorylation of Vav1 by SHP-1 can also explain how
engagement of an ITIM-containing receptor blocked actin po-
lymerization in T cells (26) as well as the actin-dependent Tyr
phosphorylation of the NK cell activation receptor 2B4 (57).
One of the primary regulatory tyrosines (Tyr174) in Vav1 is
within a sequence context (DEIpYEDL) that closely matches
two sequence motifs [(D/E)X(L/I/V)XpYXX(L/I/V) and
(D/E)XpY, respectively] recently determined to be favored for
dephosphorylation by SHP-1 in vitro (56, 61).

No change in overall tyrosine phosphorylation of Vav1 was
detected in NK cells that were inhibited by KIR2DL1 or by the
chimeric 2DL1/SHP-1 receptor when engaged by HLA-C on
target cells (data not shown). Several reasons can account for
this result. Target cells contribute a good amount of their own
phosphorylated Vav1, which is not affected by SHP-1 in the NK
cells. Furthermore, SHP-1 may dephosphorylate only a frac-
tion of total cellular Vav1 during inhibition and only one out of
the several phosphorylated tyrosines in each active Vav1. Full
activation of Vav1 is known to require phosphorylation on
multiple tyrosines (14).

The intact SHP-1 inserted in place of the KIR cytoplasmic
tail is probably still autoinhibited by its own SH2 domains, as
occurs in wild-type SHP-1 (49). A constitutively “open” SHP-1
carrying the trapping mutation would likely be blocked by
constitutive occupancy of the catalytic site. Indeed, a chimeric
KIR/SHP-1(DA) receptor that lacked the SH2 domains (and

thereby lacked autoinhibitory regulation), which was expressed
in YTS cells, failed to inducibly trap tyrosine-phosphorylated
proteins upon binding to HLA-C on target cells under the
same conditions that led to Vav1 trapping by 2DL1/SHP-
1(DA), even though the KIR/SHP-1(wt) without SH2 domains
was inhibitory (unpublished data). A possible mechanism for
the activation of full-length SHP-1 in the 2DL1/SHP-1 chi-
meric receptor is through intramolecular binding of the N-
terminal SH2 domain to a C-terminal tyrosine that is phos-
phorylated in SHP-1 (63).

Our model of inhibition through Vav1 dephosphorylation
differs from previous models of inhibition on the part of ITIM-
containing receptors. Rather than promiscuous dephosphory-
lation of multiple components of signals from activation
receptors, it is the selective dephosphorylation of a primary
molecule not associated with any given activation receptor that
blocks target cell killing. The reduced Tyr phosphorylation of
several different proteins upon coligation of inhibitory recep-
tors with activation receptors using antibodies had suggested
that SHP-1 dephosphorylated multiple substrates. In the more
physiological setting of NK cells or T cells incubated with
target cells, Syk and ZAP70, respectively, showed reduced Tyr
phosphorylation during inhibition (11, 15). Phosphorylation of
LAT in NK cells was probably also reduced by KIR engage-
ment, as it no longer bound Grb2 (52). These data were con-
sistent with an inhibition by KIR-associated SHP-1 that cen-
tered on early components of the ITAM activation pathway.
Our data support a new model that can account for these
earlier findings.

The selective dephosphorylation of Vav1 by SHP-1 during
inhibition by KIR leads to some predictions about the mech-
anism of NK cell activation as well (Fig. 5). Upon initial con-
tact with a target cell, early signals lead to Tyr phosphorylation
and activation of Vav1. The GEF activity of Vav1 promotes a
Rac1-dependent rearrangement of the actin cytoskeleton. En-
gagement of KIR by MHC class I on target cells leads to early
ITIM phosphorylation and SHP-1 recruitment (29). Vav1 and
KIR have both been reported to be phosphorylated by the
Src-family kinase p56-Lck (8, 34). Only after formation of a
tight actin-dependent NK-target cell interface do receptors
cluster, thereby leading to amplification of early signals and
binding of additional receptors to their ligand on target cells.
Vav1 dephosphorylation by SHP-1 is independent of actin
polymerization, as its trapping by the 2DL1/SHP-1(DA) recep-
tor was not sensitive to cytochalasin D. In contrast, Tyr phos-
phorylation of the activation receptor 2B4 was inhibited by
cytochalasin D and by a dominant-negative Rac1 to the same
extent as it was by KIR binding to HLA-C on target cells.
Therefore, the block of 2B4 phosphorylation by KIR (58) oc-
curs upstream of receptor phosphorylation and not by direct
dephosphorylation of 2B4 by SHP-1. Consistent with this in-
terpretation, we have recently shown that engagement of in-
hibitory KIR by HLA-C on target cells prevents the movement
of 2B4 to lipid rafts, thereby blocking 2B4 phosphorylation
(57).

The early clustering and phosphorylation of KIR predicted
by our model are consistent with recent data. The striking
propensity of KIR to cluster at the site of contact with target
cells expressing a KIR ligand (23, 29, 54), which occurs inde-
pendently of actin polymerization (28), may contribute to an
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early phosphorylation of the ITIMs. Indeed, we have recently
shown that ITIM phosphorylation induced by the binding of
KIR to HLA-C on target cells occurs independently of actin
polymerization (29). Specific localization of KIR within the
“NK immune synapse” and its proximity to other molecules
may contribute to the selectivity in Vav1 dephosphorylation by
KIR-associated SHP-1.

Upon contact of T cells with antigen-presenting cells,
early signals from the T-cell receptor precede adhesion
through LFA-1, Vav1-dependent actin polymerization, and
formation of the immune synapse (10, 60). Recruitment to
the membrane and phosphorylation of Vav1 constitute a
very proximal event in T-cell activation, as Vav1-dependent
actin polymerization precedes Ca2� flux induced by contact
with an antigen-presenting cell (24). Upon T-cell receptor
stimulation, Vav1 is recruited to a signaling complex
through a LAT-Gad-SLP76-Vav1 set of interactions (9, 20).
However, as LAT and SLP76 are dispensable for NK cyto-
toxicity (47, 62), and as overexpression of a PH domain-
deleted Vav1 still resulted in enhanced lysis of K562 cells by
NK cells (6), what signals and what molecular interactions
recruit Vav1 during NK cell activation are unclear. The
early activation signal(s) in NK cells that leads to Vav1
phosphorylation may be delivered by specialized receptors
or, alternatively, by the same activation receptors that in-
duce cytotoxicity once signal amplification through Vav1-
dependent receptor clustering has taken place.

A test of our model would be to express a Tyr phosphory-
lation-independent form of Vav1 in NK cells and to show that
it can overcome inhibition by KIR. Such a regulated, Tyr phos-
phorylation-independent Vav1 has not been developed yet.
Constitutively active forms of Vav1 and Rac1 are no substitute,
because actin polymerization is under stringent temporal and
spatial regulation (50). The model suggests that ITIM-based
inhibitory signals in NK cells could be bypassed by a Vav1-
independent activation of actin polymerization. It will be in-
teresting to see if the lysis of MHC class I-positive tumor cell
lines by NK cells expressing the NKG2D/DAP10 receptor,
which is apparently resistant to inhibition by ITIM-containing
receptors (3, 17, 25), could be explained by a DAP10/phospha-
tidylinositol 3-kinase-dependent (59) but Vav1-independent
signal.

The main conclusion from our work is that an early, actin
polymerization-independent dephosphorylation of Vav1 by
SHP-1 during engagement of KIR by MHC class I on target
cells may block activation signals that depend on actin cy-
toskeleton rearrangements. Such a mechanism is possible be-
cause of the unique ability of KIR to cluster and become Tyr
phosphorylated in the absence of actin polymerization and of
cell adhesion (29). Whether Vav1 dephosphorylation alone can
account for the full inhibitory effect of KIR and if this pro-
posed mechanism accounts for inhibition of normal NK cells
by a wild-type KIR remains to be seen. A selective dephos-
phorylation of Vav1 by SHP-1 is consistent with the known
inhibition of early NK activation signals upon KIR binding to
its ligand on target cells and suggests that other ITIM-based
inhibitory pathways may also rely on a selective dephosphory-
lation of substrates by SHP-1.
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