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ABSTRACT The {chain has emerged to be a key subunit
of the T-cell antigen receptor with central roles not only in
intracellular assembly of the multimeric receptor but also in
mediating signal transduction events. This subunit is present in
natural killer (NK) cells that lack the other subunits of the
T-cell antigen receptor. In NK cells, the {chain appears to be
associated with the NK Fc receptor [type 3 receptor for the Fc
portion of IgG (FcyR1II or CD16)] and may be necessary for
efficient cell surface expression of this receptor complex. In T
cells, the C chain is a prominent substrate that becomes
phosphorylated on tyrosine residues after occupancy of the
TCR; {chain phosphorylation was in fact the first evidence that
the TCR was coupled to a protein-tyrosine kinase as well as to
inositol phospholipid hydrolysis. To determine if FcRffl is
coupled to a protein-tyrosine kinase in a manner analogous to
the T-cell antigen receptor, we investigated ligand-dependent
i-chain phosphorylation in NK cells. We observed that acti-
vation of NK cells with an anti-FcyRll monoclonal antibody
induced tyrosine phosphorylation of the {chain whereas other
activating stimuli, such as the combination ofphorbol ester and
ionomycin or a lymphokine, interleukin 2, did not result in
phosphorylation ofthis protein. Perturbation ofFcyRIM by the
more physiological stimulus, incubation of NK cells with an-
tibody-coated target cells, also induced C-chain phosphoryla-
tion. Previous data have indicated that the NK-cell FcRMfl is
coupled to inositol phospholipid hydrolysis. This present find-
ing that FcRffl is coupled to a protein-tyrosine kinase illus-
trates that there are sicant smilarities in the signaling
pathways activated by Fc$UII in NK cells and the T-cell
antigen receptor in T cells; the {chain is acommon element that
may serve as a coupling protein for both of these receptors.

Natural killer (NK) cells are cytolytic effector lymphocytes
that mediate major histocompatibility complex-independent
killing of tumor- or virally infected-targets and are morpho-
logically identifiable as large granular lymphocytes (1, 2). In
addition, NK cells are capable of carrying out antibody-
dependent cellular cytotoxicity, by virtue ofthe occupancy of
their Fc receptors [type 3 receptor for the Fc portion of IgG
(FcyRIII or CD16)] with an antibody directed against targets
(2, 3). The molecular basis ofrecognition of target cells in the
absence of antibody and the mechanisms by which induction
of cytotoxicity is coupled to this recognition is poorly un-
derstood. Although the principal receptor(s) responsible for
recognition of target cells by NK cells have yet to be
delineated, it is clear thatNK cells do not express on their cell
surfaces either the T-cell antigen receptor (TCR) rearranged
gene products or CD3 proteins. Anderson et al. (4) have
recently shown that the Cchain is expressed in CD3- NK
cells. Previous studies in T cells have indicated that expres-
sion of the ; chain at the plasma membrane requires associ-

ation with other proteins (for review, see ref. 5). Lanier et al.
(6) demonstrated that the ; chain is associated with the
FcyRIII in NK cells and is required for plasma membrane
expression of this receptor. This role in surface expression
may be analogous to the role played by the ; chain in the
multisubunit TCR where it appears to be uniquely required
for conferring competency for transport of the receptor from
the Golgi apparatus to the cell surface (5).
The TCR is comprised of polypeptides encoded by rearr-

anging genes associated with the so-called invariant chains,
which include the CD3 proteins (y, 8, e) and the Cpolypeptide
(7-13). The proteins encoded by rearranging genes are re-
sponsible for recognition of ligand, whereas the invariant
chains appear to be important not only for optimal surface
expression of the TCR but also for mediating signal trans-
duction. The ; subunit is a critical component in this process.
Indeed mutant T cells that lack the normal complement of
receptors containing C homodimers and C-iq heterodimers
have impaired signaling capability (10, 14, 15). More recently,
the importance of the ; chain in receptor-mediated signaling
has been demonstrated by expressing truncated mutants of
the {chain; although surface expression ofthe TCR is normal
in these cells, antigen-mediated signaling is dramatically
impaired (16). Another feature of the C chain is that it is a
substrate of the protein-tyrosine kinase (PTK) that is acti-
vated after ligand binding to the TCR (17-22); in murine T-cell
hybridomas and in human peripheral blood T cells, the ;
chain undergoes multiple seemingly cooperative phosphory-
lations of its tyrosine residues upon perturbation ofthe TCR.
The functional significance of {-chain phosphorylation in
signal transduction has not been elucidated. Studies of TCR-
dependent tyrosine phosphorylated substrates indicate that
{-chain phosphorylation is not the earliest detectable phos-
phorylated species induced by receptor occupancy (23).
Because of the presence of the ; chain in NK cells in

association with FcyRIII, we sought to determine if this
receptor, like the TCR, is coupled to a PTK. Specifically, we
asked ifthe {chain serves as a substrate ofa receptor-coupled
PTK in NK cells. We observed that occupancy of the NK
FCyRIII either by anti-receptor monoclonal antibody (mAb)
orby antibody-coated target cells resulted in phosphorylation
ofthe {chain. In contrast, activation ofthe cells with phorbol
esters and ionomycin or interleukin 2 (IL-2) failed to induce
this modification. This finding is consistent with a signaling
pathway in which the FcyRIII is coupled to a nonreceptor
PTK for which the C chain may serve as a substrate. Previous
studies have indicated that perturbation of the FcyR1II
results in inositol phospholipid metabolism (24). Thus it
appears that the NK FcyRIII is strikingly similar to the TCR
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in that both receptors couple to at least two kinase pathways
(PTK and protein kinase C) and the ; chain may potentially
subserve an analogous signal transducing role in both cell
types.

MATERIALS AND METHODS
Reagents and Antibodies. Anti-CD16 mAb (3G8), anti-CD2

mAb (9.6), and anti-CD3 mAb (OKT3) were prepared as
ascites fluid and were used at a final immunoglobulin con-
centration of %30 pug/ml. The anti-i peptide antiserum 387
was provided by David Orloff, National Institute of Child
Health and Human Development (25). Affinity-purified anti-
phosphotyrosine antibodies were provided by Lawrence
Samelson, National Institute of Child Health and Human
Development. The antibody used to coat tumor cells was a
rabbit polyclonal antiserum prepared against Raji cells and
was used at a dilution of 1:250. In separate experiments, this
concentration was shown to be optimal for inducing cytolysis
of Raji cells by large granular lymphocytes (data not shown).

Isolation of NK Cells and Cell Lines. NK cells and T
lymphocytes were obtained from buffy coats of blood do-
nated by normal volunteers, as described (26). Briefly, mono-
nuclear cells were separated on a Ficoll/Hypaque gradient
and were passed sequentially over plastic and nylon to
remove adherent cells. The nonadherent cells were then
fractionated on a seven-step discontinuous Percoll gradient
ranging from 40 to 60%6. NK cells were collected from the
low-density fractions whereas T cells were collected from the
high-density bottom fractions. NK cells were further de-
pleted of contaminating T cells by rosette formation with
sheep erythrocytes, as described. The resulting NK cells
typically were found to be 80-90%o large granular lympho-
cytes by histochemical staining and morphological analysis.
These NK cell preparations were noted to be 70-75%
CD11b+, -82% CD56+, %72% CD16+, <2% LeuM3+, and
-5% CD3+, as determined by flow cytometry. The T cells
that contaminated the NK cell populations were demon-
strated to be <1% CD16+.
Phosphorylation Assay, Immunoprecipitation, and Electro-

phoresis. Isolated NK and T cells were washed three times
with phosphate-free RPMI 1640 medium, resuspended in the
same medium with 10%6 (vol/vol) dialyzed fetal calf serum at
1 X 107 cells per ml, and incubated with [31P]orthophosphate
(ICN) (1-2 mCi/ml; 1 Ci = 37 GBq) for 2 hr at 370C. The cells
(=107 cells per condition) were then stimulated as indicated
for 1 hr at 370C. After stimulation, the cells were washed
three times with ice-cold phosphate-buffered saline contain-
ing 1 mM EDTA, 10mM sodium fluoride, and 0.4mM sodium
orthovanadate to inhibit phosphatases and lysed in 0.5%
Triton X-100 containing 300 mM NaCl, 50 mM Tris HCl (pH
7.6), 2 mM EDTA, 1 mM sodium orthovanadate, 10 mM
sodium fluoride, leupeptin (10 pg/ml), aprotinin (10 pg/ml),
and 2.5 AM p-nitrophenyl p'-guanidinobenzoate (lysis buff-
er). The lysates were immunoprecipitated with anti-;peptide
antiserum or control antiserum bound to staphylococcal
protein A-agarose. After washing and eluting the beads in
nonreducing sample buffer, the samples were subjected to
SDS/polyacrylamide gel electrophoresis (13% gel) in tubes.
The tubes were then equilibrated in 0.5% dithiothreitol,
overlaid on 13% slab gels, and electrophoresed in the second
dimension. The gels were fixed, dried, and exposed to film for
2-5 days as indicated.
Anti-Phosphotyrosine Immunoblot Analysis. Approxi-

mately 1 x 107 isolated NK cells were stimulated or not with
the anti-FcyRIII mAb for 1 hr at 370C as indicated, washed
with phosphate-buffered saline containing phosphatase in-
hibitors, lysed, immunoprecipitated with anti-i antibodies,
electrophoresed on a 13% polyacrylamide gel containing
SDS, transferred to nitrocellulose, and immunoblotted with

affinity-purified anti-phosphotyrosine antibodies, as de-
scribed (17-23). To normalize for the amount of chain
immunoprecipitated, the filter was sequentially probed with
an anti-;peptide antiserum. Analysis oftotal cellular tyrosine
phosphorylated substrates was assessed as described (23).
Briefly, 1 x 107 NK cells, unstimulated or stimulated for 15
min at 370C, were washed, lysed, electrophoresed on a 10.5%
polyacrylamide gel containing SDS, transferred to nitrocel-
lulose, and immunoblotted with anti-phosphotyrosine anti-
bodies.

RESULTS AND DISCUSSION
Ligand binding to the TCR or engagement of other receptors
that transmit a mitogenic signal in T cells results in the
tyrosine phosphorylation of the {chain, presumably through
the activation of a TCR-coupled PTK. Based on these
observations in T cells, we hypothesized that engagement of
a receptor that activates NK cells might also induce tyrosine
phosphorylation ofthe Cchain and thus would imply a role for
a receptor-coupled tyrosine kinase in these cells. Activating
receptors in NK cells include the FcyRIII, the IL-2 receptor
(27), and an as-yet-undetermined receptor or group of recep-
tors responsible for non-major-histocompatibility-complex-
dependent binding and cytolysis oftargets recognized by NK
cells. In addition, pharmacologic agents such as phorbol
esters can activate NK cells (27). To assess ligand-dependent
phosphorylation ofthe {chain, isolatedNK cells were loaded
with [32P]orthophosphate to label cellular ATP pools and
stimulated as indicated. Phosphorylated {chain was detected
by immunoprecipitation and then two-dimensional electro-
phoresis. Monomeric C chain has a molecular weight of
16,000. It exists in T cells primarily as a disulfide-linked
homodimer and so migrates with a molecular weight of32,000
prior to reduction. In two-dimensional nonreduced-reduced
gels, the Cchain is, therefore, visualized below the diagonal
as aMr 16,000 species that can be extrapolated to a molecular
weight of 32,000 on the diagonal. However, in activated T
cells, the tyrosine-phosphorylated form of the Cchain mi-
grates aberrantly with a molecular weight of 21,000 under
reducing conditions. Under nonreducing conditions, the mi-
gration of phosphorylated C chain is not aberrant and so
migrates with a molecular weight of 32,000. In two-
dimensional gels, phosphorylated Cchain is visualized as aMr
21,000 reduced protein that can be extrapolated to a molec-
ular weight of 32,000 on the diagonal. In NK cells, i-chain
expression is more complicated; it exists as two forms: a C-C
homodimer and a C-pl2 heterodimer (4). In NK cells that
were stimulated with an anti-FcyRllI mAb, enhanced phos-
phorylation of the C chain was evident (arrow, Fig. lb). This
species migrated with a molecular weight of =21,000 after
reduction. By extrapolation, it is evident that this species was
derived from a Mr 32,000 nonreduced polypeptide and thus is
consistent with representing the homodimeric form of C.
Anderson et al. (28) have reported preferential physical
association of homodimeric C with FcyRIII. The finding that
the phosphorylated form of the C chain seen after activation
ofNK by FcyRIII was the homodimeric form of the Cchain
suggests that this species of C chain is functionally as well as
physically associated with this receptor. The inability to
detect phosphorylation of C-pl2, however, may be a reflec-
tion of the sensitivity of the assay or the inability of the
antipeptide antiserum to efficiently immunoprecipitate phos-
phorylated heterodimer. The migration of phosphorylated C
chain was confirmed by showing that the species seen in
anti-CD16 mAb-stimulated NK cells comigrated with the
form of phosphorylated ; chain seen in anti-CD3-stimulated
T cells (data not shown). The finding that anti-CD16 mAb
induced {-chain phosphorylation in NK cells was confirmed
using five donors. In contrast to NK cells that had been
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FIG. 1. Anti-Fc'yII antibody induced {-chain phosphorylation. Fifteen million isolated NK cells were labeled with [32P]orthophosphate (a)
and then stimulated with anti-FcylRII antibody (b), anti-CD3 mAb (c), phorbol 12-myristate 13-acetate (PMA; 50 ng/ml) and ionomycin (1 uM)
(d), or IL-2 (1000 units/ml) (e). The cells were washed, lysed, immunoprecipitated with anti-C antibody, and subjected to two-dimensional
nonreducing-reducing electrophoresis in 13% polyacrylamide gels. The gels were then dried and autoradiography was performed for 4 days at
-700F. Labeled NK cells used in a-c were from one donor and cells used in d and e were from another donor; however, comparable levels
of anti-CD16-induced C chain were evident in cells from both donors (not shown). The arrow indicates phosphorylated C chain migrating below
the diagonal as discussed in detail in the text.

activated by anti-FcyRIII mAb, isolated NK cells that were
not further stimulated showed little basal phosphorylation of
the chain (Fig. la). Although the basal level of C phosphor-
ylation is not apparent in this exposure, upon longer expo-
sures, basal phosphorylation of the C chain was evident (data
not shown). In one donor the basal level of C-chain phos-
phorylation was higher than others relative to the level of
C-chain phosphorylation induced by anti-FcyRIII mAb. Sev-
eral factors could potentially contribute to this finding in-
cluding individual variation or perturbing the cells in the
process of purification. Indeed, T cells isolated from periph-
eral blood have substantial levels of constitutive C-chain
phosphorylation immediately after purification that dimin-
ishes upon culturing the cells (21). Since isolated human NK
cells were utilized in this study, one potential artifact was that
the phosphorylation seen might be due to contaminating T
cells. We controlled for the presence ofT cells by incubating
the NK fraction of cells with a stimulatory anti-CD3 mAb
(Fig. ic). We observed that even under conditions that result
in optimal phosphorylation of the C chain in T cells, C-chain
phosphorylation due to activation of T cells maximally ac-
counted for <10o of the signal generated by anti-FcyRIII
antibodies (as assessed by two-dimensional densitometric
scanning). A further potential confounding factor is that T
cells may express the CD16 molecule under certain circum-
stances (29, 30). However, we excluded this possibility by
analyzing the T-cell expression of CD16 by using flow
cytometry and finding that the T cells used in this study were
negative for this marker. Thus these data indicate that the
phosphorylation seen was not due to T-cell contamination but
was rather a measure of C-chain phosphorylation in NK cells.
In contrast to stimulation ofcells by FcyRIII, other activating
stimuli in NK cells such as phorbol 12-myristate 13-acetate,
ionomycin, and IL-2 failed to induce C-chain phosphorylation

(Fig. 1 d and e). A below-the-diagonal species is noted in
IL-2-stimulated NK cells; however, this does not correspond
to the expected nonreduced molecular weight of phosphor-
ylated C chains. We believe that this species is unrelated to
the C chain as phosphorylated C chain is also not detected in
IL-2-activated NK cells by anti-phosphotyrosine immuno-
blot analysis (data not shown). The nonstimulating anti-CD2
mAb (9.6) was also used as a control antibody that bound to
NK cells but this also did not result in enhanced C-chain
phosphorylation (data not shown).
The finding that phorbol esters did not stimulate C-chain

phosphorylation suggested that the phosphorylation ob-
served was not due to the serine/threonine kinase protein
kinase C. Previous studies in T cells have demonstrated that
the phosphate incorporated into the C chain after cell activa-
tion is solely on tyrosine residues, as determined by anti-
phosphotyrosine immunoblot analysis and phospho amino
acid analysis (17, 18). To assess whether tyrosine phosphor-
ylation of the C chain occurred in NK cells stimulated with
FcyRIII, we utilized anti-phosphotyrosine immunoblot anal-
ysis. We observed that stimulation of NK cells with anti-
FcyRIII mAb resulted in a >10-fold increase in tyrosine
phosphorylation of the C subunit (Fig. 2a). This estimate of
phosphorylation was even greater if corrected for amount of
Cprotein present (Fig. 2b), though the slight reduction in total
C-chain expression in activated NK cells was not a consistent
finding. In contrast, anti-CD2 mAb (9.6), anti-CD3 mAb, or
IL-2 did not induce detectable increase in C-chain phosphor-
ylation (data not shown). The experiment shown does not
exclude the possibility that residues other than tyrosine are
also phosphorylated, though based on previous studies (17,
18) this is not likely. If perturbation of FcyRIII activates a
PTK, one would predict that a number of substrates might be
evident after perturbation of this receptor. As can be seen in

c. Anti-CD3
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FIG. 2. Immunoblot analysis of C chains in NK cells depicting
anti-phosphotyrosine immunoblot analysis of stimulated NK cells
(a), immunoblot analysis with anti-C antibodies (b), and immunoblot
analysis ofwhole cell lysates (c). (a) NK cells (107 cells per lane) were
used unstimulated or were stimulated with anti-FcyRIII mAb for 1 hr
at 37°C. The cells were washed with phosphate-buffered saline
containing phosphatase inhibitors, lysed, immunoprecipitated with
an anti-C peptide serum (387), and electrophoresed on a 13% poly-
acrylamide gel containing SDS. The gel was transferred to nitrocel-
lulose and immunoblotted with affinity-purified anti-phosphotyro-
sine antibodies. The filter was exposed to film for 6 days. (b) The
quantity of C chain precipitated was determined by immunoblot
analysis of the samples with anti-C antibody. The filter was exposed
to film for 2 days. (c) NK cells, unstimulated (lane 1) or stimulated
with anti-CD16 mab (lane 2) or with a control mAb (lane 3) were
washed, lysed, and analyzed by immunoblotting with anti-
phosphotyrosine antibodies.

Fig. 2c, stimulation ofNK cells with anti-CD16 mAb results
in enhanced phosphorylation of a variety of substrates in
addition to the Mr 21,000 protein that corresponds to phos-
phorylated Cchain. A control mAb did not have this effect nor
did an anti-CD11b mAb (data not shown).
To determine the physiologic relevance of the effect of

anti-receptor antibodies, we investigated if C-chain phosphor-
ylation also occurred as a consequence of recognition by NK
cells of antibody-coated targets, since the phenomenon of
antibody-dependent cellular cytotoxicity is also mediated by
theNK FcyRIII. Incubation ofNK cells with Raji cells in the
absence of an antibody directed against surface molecules of
these cells, resulted in little C-chain phosphorylation (Fig.
3a). In contrast, engagement of FcyRIII on NK cells by
stimulating with antibody-coated targets induced an increase
in the C-chain phosphorylation (Fig. 3b). In T cells, anti-
receptor antibodies appear to be a more potent inducer of

{-chain phosphorylation relative to the physiologic ligand,
antigen (19), and it is possible that the anti-FcyRIII mAb was
a more potent stimulus of {-chain phosphorylation relative to
antibody-coated targets as well. However, more detailed
dose-response and time-course experiments need to be per-
formed to establish this point with certainty. Because of the
difficulties in isolating large numbers of NK cells from
donors, these issues were not addressed in the present study.
No phosphorylated ; chain was detected if orthophosphate-
labeled NK cells were stimulated with antibody-coated Raji
cells and were immunoprecipitated with a control antiserum
(Fig. 3c). The lysis of some tumor targets by NK cells does
not require antibody though the recognition structures are not
well characterized. To determine if {-chain phosphorylation
occurred as a consequence of recognition of tumor cells,
isolated NK cells were also incubated with K562 cells, a
typical NK target, and this failed to induce {-chain phos-
phorylation (data not shown). To exclude the possibility that
the phosphorylation seen was due to {-chain phosphorylation
in the target cells, Raji cells and K562 cells were assayed for

' chain by immunoblot analysis. The target cells were found
to lack ; chains by this technique (data not shown).

In the present study, we provide evidence that in NK cells
the ; chain is phosphorylated on tyrosine residues after
perturbation of FcyRIII, whether by an anti-receptor anti-
body or by engagement of the receptor by its physiologic
ligand, immunoglobulin bound to a target. The data suggest
that FcyRIII couples to a nonreceptor PTK in a manner
similar to the TCR.
Recent studies in T cells indicate that at least two PTKs are

candidates for the TCR-coupled PTK, the lck and fyn PTKs
(29-33), and the latter has been shown to be specifically
coprecipitated with the TCR. It will be important to deter-
mine what kinase is associated with FcyRIII in NK cells. In
this regard it is of interest that NK cells have been shown to
express at least two PTKs encoded by the ick andfgr genes
(34, 41). Activation of NK cells by targets independent of
antibody did not induce {-chain phosphorylation. This indi-
cates that the recognition oftargets in the absence ofantibody
and the biochemical pathways involved in lysis by this
mechanism are distinct from the pathways activated by
FcyRIII. This contrasts with signaling in T cells in which
many surface molecules that activate these cells result in
i-chain phosphorylation and suggests a convergence of sig-
naling mechanisms. Interestingly, although it has been shown
that ligand binding to the IL-2 receptor results in tyrosine
phosphorylation of a number of substrates in T cells and NK
cells (35, 36), the ; chain appears not to be a substrate of the
putative tyrosine kinase activated by this receptor. This
implies that this pathway too is divergent from those involved

a. Raji + LGL b. Raji+Ab+LGL

:I

c. Raji + Ab + LGL
Control Immunoprecipitate

.

FIG. 3. Assessment of C-chain phosphorylation in NK cells activated by incubation with antibody-coated target cells. Isolated NK cells were
labeled with [32P]orthophosphate (107 cells per condition) were incubated with 107 Raji cells (a) or Raji cells that had been precoated with antibody
for 1 hr at 37°C (b). Phosphorylated C chain was detected as described above. No phosphorylated C chain was detected if labeled NK cells were
stimulated with antibody-coated Raji cells but immunoprecipitated with a control antiserum (c). The arrow indicates phosphorylated chain.
LGL, large granular lymphocytes.
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in FcyRIII signaling. Perturbation ofFcyRIII has been shown
to induce inositol phospholipid metabolism (24) and thus, in
turn, may lead to activation of protein kinase C. Like the
TCR, the NK FcyRIII may couple to two kinase pathways:
protein kinase C and a PTK. Recent studies have indicated
the importance of the C chain both as a homodimer ({-O and
as a heterodimer (;-iq) in coupling the TCR to both of these
pathways. It remains to be determined if a species of {-linked
iq chain exists in NK cells and if it is responsible for coupling
the FcyRIII to inositol phospholipid metabolism. Also proof
of the importance of the ; chain in coupling FcyRIII to kinase
pathways must await the generation of NK cells bearing
mutated receptors. The finding that the ; chain undergoes
tyrosine phosphorylation in these cells, as it does in T cells,
supports the hypothesis that these phosphorylation events
may play a role in lymphocyte function. However, at this
time the nature of this function has yet to be determined.
The invariant chains of the TCR also function in the

transport of the multimeric receptor complex to the cell
surface. Recent studies indicate that FcyRIII may utilize the
; chain for transport of the receptor to the plasma membrane
(6); it appears that the principles that govern the assembly of
this putative multimeric receptor complex may be the same
as that of the TCR. Thus the C chain seems to have highly
analogous roles in both T cells and NK cells, since the {chain
is not only involved in signaling but also in assembly of the
multimeric receptor. One of the subunits of the Fc E receptor
on mast cells, the y subunit, is homologous to the {chain (37).
As the y subunit present in NK cells allows surface expres-
sion of Fc'yRIII and can pair with the ; chain, it might be that
the low molecular weight species of the ; chain seen in NK
cells represents C-y (38-40). The functional significance of
this species of the r chain is unclear at the present time.
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