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Alexander Steinle¶, and Joachim Koch‡§‡‡2

From the ‡Institute of Medical Microbiology and Hygiene, University of Mainz Medical Center, 55131 Mainz, Germany, the
§Institute for Tumor Biology and Experimental Therapy, Georg-Speyer-Haus, 60596 Frankfurt am Main, Germany, the ¶Institute for
Molecular Medicine, Goethe-University Frankfurt am Main, 60528 Frankfurt am Main, Germany, the �Institute for Microbiology,
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The natural cytotoxicity receptor (NCR) NKp30 (CD337) is a
key player for NK cell immunosurveillance of infections and
cancer. The molecular details of ligand recognition and its con-
nection to CD3� signaling remain unsolved. Here, we show that
the stalk domain (129KEHPQLGAGTVLLLR143) of NKp30 is
very sensitive to sequence alterations, as mutations lead to
impaired ligand binding and/or signaling capacity. Surprisingly,
the stalk domains of NKp30 and NKp46, another NCR employ-
ing CD3� for signaling, were not exchangeable without drastic
deficiencies in folding, plasma membrane targeting, and/or
ligand-induced receptor signaling. Further mutational studies,
N-glycosylation mapping, and plasma membrane targeting
studies in the absence and presence of CD3� suggest two inter-
convertible types of NCR-CD3� assemblies: 1) a signaling
incompetent structural NKp30-CD3� complex and 2) a ligand-
induced signaling competent NKp30-CD3� complex. Moreover,
we propose that ligand binding triggers translocation of Arg-
143 from the membrane interface into the membrane to enable
alignment with oppositely charged aspartate residues within
CD3� and activation of CD3�-signaling.

Natural killer (NK)3 cells belong to the family of innate
lymphoid cells and are of outstanding importance for immune

surveillance of infections and cancer (1–5). Unlike cytotoxic T
lymphocytes, NK cells kill without prior sensitization via the
polarized release of cytotoxic granules containing perforin and
granzymes (6, 7). NK cells are activated by target cells with low
or absent expression of MHC class I (“missing-self”) and/or
stress-induced expression of ligands for activating NK cell
receptors (“induced-self”) (3). Consequently, the activation
state of NK cells is governed by a predominance of signals from
germ line-encoded inhibitory or activating surface receptors.
Major activating receptors are NKG2D (also known as KLRK1
and CD314) (8) and the immunoglobulin-like NCRs, NKp30
(also known as NCR3, NCTR3, and CD337) (9), NKp44 (also
known as NCR2, NCTR2, and CD336) (10, 11), and NKp46
(also known as NCR1, NCTR1, and CD335) (12, 13). A large
number of pathogen-associated ligands have been identified for
the NCRs. However, the number of known cellular ligands and
knowledge about their mode of action is still scarce (2). NKp30
recognizes the tumor antigens B7-H6 (14) and BCL-2-associ-
ated athanogene 6 (BAG-6, also known as BAT3) (15, 16).
Recently galectin-3, which is released by many types of tumor
cells, was proposed as an inhibitory ligand for NKp30 (17). For
NKp44, the nuclear protein proliferating cell nuclear antigen
(PCNA) (18) and an isoform of the mixed lineage leukemia-5
(MLL-5) protein (19) were identified as ligands. So far, no cel-
lular ligands have been identified for NKp46. All NCRs are type
I membrane proteins composed of an ectodomain with one
(NKp30 and NKp44) or two (NKp46) immunoglobulin (Ig)-like
domains connected to a membrane-spanning �-helix via a stalk
domain, and a short cytosolic tail. For signaling, the NCRs asso-
ciate with immunoreceptor tyrosine-based activating motif
(ITAM)-bearing adaptor molecules, such as CD3�/Fc�RI�
(NKp30 and NKp46) or DAP12 (NKp44) (2). The functional
importance of this interaction is illustrated by the finding that
NK cells from knock-out mice lacking CD3� and Fc�RI�
showed reduced cytolytic activity toward a large number of
tumor cell lines (20). Moreover, previous studies showed a
reduced number of T cell receptor (TCR) molecules on the
surface of T cells due to intracellular retention of TCRs in the
absence of CD3� (21–23). The NMR structure of a disulfide-
stabilized transmembrane helix dimer of CD3� has been solved
(PDB code 2HAC; Ref. 24) demonstrating proximity of two
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aspartate residues to the outer membrane leaflet. These two
aspartate residues are believed to form an intramembrane
charge contact with positively charged residues in the trans-
membrane (TM) region of the TCR � chain, NKp30, and
NKp46 (2, 25).

Recently, we have shown that the stalk domain of NKp30
increases the affinity for binding of its cognate ligands B7-H6
and BAG-6 (26, 27) presumably involving stalk-dependent
clustering of NKp30 (28). In the current study we have investi-
gated the contribution of individual amino acids within the
stalk domain of NKp30 to ligand binding and formation of a
signaling-competent NKp30-CD3� complex. Based on these
studies, we propose a mechanistic model of how ligand binding
to the ectodomain of NKp30 is communicated across the
plasma membrane via CD3� to enable cellular signaling.

Results

The Stalk Domains of NKp30 and NKp46 Are Functionally
Non-equivalent—In a previous study we showed that the stalk
domain of NKp30 contributes to ligand binding and represents
a functional domain of NKp30 (27, 28). Even though NKp30
and NKp46 differ in the number of Ig domains and the
sequence and length of their stalk domains, they both signal via
CD3� (2) (supplemental Fig. S1). Based on these data, we first
asked whether the ectodomains of NKp30 and NKp46 repre-
sent individual functional entities. Therefore, we generated
NKp30/NKp46 chimera with exchanged Ig domains or
exchanged stalk domains (Fig. 1A). These chimera or their wild
type counterparts were stably expressed in A5-GFP-signaling
reporter cells, which constitutively express CD3� and allow for
quantification of ligand induced signaling based on propor-
tional GFP expression (supplemental Fig. S2). First, we investi-
gated expression and plasma membrane targeting of the NCR
chimera by flow cytometry. All of the NCR constructs were
expressed; however, besides the wild type (WT) NCRs, only
chimera containing the Ig domain of NKp30 and the stalk
of NKp46 (NKp30Ig/46Stalk/46TM and NKp30Ig/46Stalk/
30TM) were targeted to the plasma membrane (Fig. 1, B and C).
These data suggest that although the stalk domain of NKp46
is compatible with NKp30 maturation, the stalk domain of
NKp30 is unable to maintain folding, plasma membrane target-
ing, and retention of NKp46. Next, we investigated the signaling
capacity of the different receptor mutants. Therefore, A5-GFP
cells transduced with NCR variants were stimulated with plate-
bound NKp30- or NKp46-specific antibodies and subsequently
analyzed for GFP expression by flow cytometry. Strikingly, both
chimera containing the Ig domain of NKp30 (NKp30Ig/
46Stalk/46TM and NKp30Ig/46Stalk/30TM) showed receptor
signaling comparable with NKp30 WT (Fig. 1D). These data
show principal functionality of these chimera with respect to
signaling via CD3�. As expected, no signaling was observed for
NKp46Ig/30Stalk/30TM and NKp46Ig/30Stalk/46TM, which
were not present on the cell surface (Fig. 1E). Next, we asked
whether the NCR chimera containing the Ig domain of NKp30
display ligand-induced signaling. Therefore, NCR-transduced
A5-GFP cells were co-cultured with Ba/F3 B7-H6 cells accord-
ing to previously published procedures (26, 27). Surprisingly,
the NKp30 ligand B7-H6 was unable to induce CD3� signaling

and related GFP expression of the two chimera containing the
Ig domain of NKp30 (NKp30Ig/46Stalk/46TM and NKp30Ig/
46Stalk/30TM) (Fig. 1F). These data demonstrate that the Ig
domain and the stalk domain of NKp30 and presumably of
NKp46 are a functional unit that mediates ligand-induced con-
formational changes required for CD3� signaling. Moreover,
these data suggest that the stalk domain of NKp30 contains
specific sequence motifs required for its function.

Functionality of NKp30 Is Impaired by Alterations in the
Amino Acid Sequence of the Stalk Domain—To investigate the
individual contribution of specific amino acids within the stalk
domain of NKp30 to ligand binding and ligand-induced signal-
ing, we performed systematic alanine scanning mutagenesis in
the context of NKp30::hIgG1-Fc (NKp30-Fc) fusion proteins
(27).

Therefore, binding of 14 alanine mutants of NKp30-Fc
fusion proteins to immobilized biotinylated B7-H6-Fc fusion
proteins was analyzed by surface plasmon resonance and
kinetic parameters (Ka and Kd) as well as equilibrium dissocia-
tion constants (KD) were determined (Table 1 and supplemen-
tal Fig. S3). As both, NKp30 and B7-H6 were present as Fc
fusion proteins, data were fitted with the bivalent analyte
model. In this model one analyte molecule (A) can bind to one
or two ligand molecules (B), and both analyte binding sites are
assumed to be equivalent.

A � BL|;
Ka1

Kd1

AB (Eq. 1)

AB � BL|;
Ka2

Kd2

AB2 (Eq. 2)

where Ka1 is the association rate constant for the formation of
AB, Ka2 is the association rate constant for formation of AB2,
Kd1 is the dissociation rate constant for complex AB, and Kd2 is
the dissociation rate constant for complex AB2.

KD values were determined from the initial NKp30/B7-H6
interaction, as binding to the second site does not change the
refractive index and, therefore, does not give rise to a response.

KD �
Kd1

Ka1
(Eq. 3)

According to �2 values, bivalent analyte fit was sufficient for
all sensograms (Table 1). A KD value of 84 nM was obtained for
NKp30 WT, which was in accordance with previous measure-
ments (27). Comparison of the alanine mutants showed that
mutation of the amino acids close to the Ig fold had the most
dramatic effect, leading to KD values in the micromolar range.
The greater the distance between the alanine mutation and the
Ig fold, the less prominent was the effect on KD values. Alanine
mutations of the membrane-proximal amino acids showed KD
values similar to NKp30 WT except for the Arg-143 alanine
mutant (R143A), which displayed a slightly higher KD value.

Additionally, equilibrium dissociation constants (KD) of the
14 alanine mutants were determined by ELISA with a fragment
of the NKp30 ligand BAG-6 (BAG-6686 –936) according to pre-
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viously published procedures (26, 27). Interestingly, most of the
alanine substitutions were tolerated without loss of binding
affinity to BAG-6686 –936 as indicated by similar KD values of the
mutated and wild type NKp30-Fc fusion proteins (supplemen-
tal Table S1). However, substitution of the first (K129A) or either

one of the last three amino acids (L141A, L142A, R143A) of the
stalk domain led to lower binding affinity to BAG-6686–936 as indi-
cated by increased KD values (supplemental Table S1).

Because all of the receptor fusion proteins were expressed in
a human cell line and purified from culture supernatant after

FIGURE 1. Expression and receptor signaling of NKp30/NKp46 chimera. A, schematic representation of NKp30 WT (red, PDB code 3NOI), NKp46 WT (blue,
PDB code 1P6F), and NKp30/NKp46 chimera (NKp30 domains in red, NKp46 domains in blue) in the plasma membrane. B and C, surface (B) and intracellular (C)
expression of the receptors and the corresponding NKp30/NKp46 chimera in transduced A5-GFP cells analyzed by flow cytometry. Gray, mock control; red,
anti-NKp30; blue, anti-NKp46. One representative experiment of three is shown. D–F, signaling reporter assays of transduced A5-GFP cells after stimulation with
plate-bound NKp30-specific (D) or NKp46-specific antibodies (E) and after co-incubation with Ba/F3 B7-H6 cells (F). GFP expression was analyzed by flow
cytometry of CD4�/SytoxBlue� A5-GFP cells. The percentage of GFP-positive cells normalized to NKp30 WT is indicated as the mean � S.E. of three indepen-
dent experiments measured in duplicate. Statistical significance of flow cytometry experiments was assessed by one-way ANOVA and Dunnett’s multiple
comparisons test with Prism 6 software. n.s., not significant (p � 0.05); **, p � 0.001– 0.01; ***, p � 0.0001– 0.001; ****, p � 0.0001.
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secretion, they have passed cellular quality control. Moreover,
the constructs show preserved Bmax values in the ELISA setting,
demonstrating equivalent numbers of binding receptive mole-
cules in the different samples. Therefore, the differences in KD
values can be attributed to differences in ligand binding affinity
for cognate ligand.

To investigate whether ligand binding of the individual
NKp30 mutants is correlated with their capacity to promote
ligand-induced CD3� signaling, we performed A5-GFP signal-
ing reporter assays by stimulation with Ba/F3 B7-H6 cells. Sig-
naling capacity of NKp30 was reduced by alanine mutation at

any of the amino acids within the stalk domain. Most drastic
loss of function was seen for the two amino acids at the transi-
tion of the N-terminal Ig-domain and the stalk domain of
NKp30 (K129A and E130A) and the three C-terminal leucine
residues at the transition of the stalk domain to the transmem-
brane domain (L140A, L141A, and L142A) (Fig. 2A). As
expected, mutation of Arg-143, which is believed to mediate an
intramembrane charge contact with CD3�, led to a complete
loss of signaling capacity (Fig. 2A). Notably, signaling reporter
assays were performed at saturating conditions for �12 h,
therefore excluding that slight differences in expression levels

FIGURE 2. Contribution of individual amino acids of the NKp30 stalk to signaling. A–C, A5-GFP cells transduced with the different NKp30 alanine mutants
or a lysine mutant of Arg-143 were analyzed for their signaling capacity after co-incubation with Ba/F3 B7-H6 cells (A and C) or after stimulation with
plate-bound NKp30-specific antibodies (B). GFP expression was analyzed by flow cytometry of CD4�/SytoxBlue� A5-GFP cells. The percentage of GFP-positive
cells normalized to wild type is indicated as the mean � S.E. of three independent experiments measured in duplicate. Statistical significance of flow cytometry
experiments was assessed by one-way ANOVA and Dunnett’s multiple comparisons test with Prism 6 software. *, p � 0.01– 0.05; **, p � 0.001– 0.01; ***, p �
0.0001– 0.001; ****, p � 0.0001.

TABLE 1
Kinetic parameters and equilibrium dissociation constants for binding of NKp30 variants to B7-H6 as determined by SPR
RU, response units.

NKp30 variant Ka1 Kd1 KD Ka2 Kd2 Rmax �2

1/ms 1/s 1/RUs 1/s RU
WT 1.848 � 105 0.01568 84.8 nM 1.695 � 10�4 4.747 � 10�4 29.51 0.0450
K129A 3.983 � 103 0.01024 2.6 	M 1.010 � 10�4 3.565 � 10�4 82.87 0.200
E130A 1.067 � 104 0.02601 2.4 	M 2.819 � 10�4 1.754 � 10�4 151.4 0.266
H131A 4.317 � 103 0.007382 1.7 	M 1.251 � 10�4 2.043 � 10�4 92.42 0.141
P132A 2.239 � 105 0.01715 76.6 nM 2.038 � 10�4 7.947 � 10�4 79.02 0.819
Q133A 2.672 � 103 0.02109 7.9 	M 2.927 � 10�4 2.683 � 10�4 36.05 0.0672
L134A 1.854 � 105 0.02435 131.3 nM 2.622 � 10�4 6.582 � 10�4 82.98 1.5
G135A 7.102 � 103 0.005343 752.3 nM 3.222 � 10�4 2.295 � 10�4 178.6 0.0825
G137A 8.123 � 104 0.005512 67.9 nM 0.002121 0.004202 71.58 3.16
T138A 9.709 � 103 0.006610 680.8 nM 4.297 � 10�4 4.354 � 10�4 13.13 0.274
V139A 4.008 � 105 0.01453 36.3 nM 1.432 � 10�4 0.001044 68.01 0.414
L140A 4.527 � 105 0.01768 39.1 nM 2.254 � 10�4 0.001179 19.99 0.0296
L141A 1.930 � 105 0.01538 79.7 nM 1.855 � 10�4 5.017 � 10�4 25.05 0.0224
L142A 3.830 � 105 0.01705 44.5 nM 1.894 � 10�4 5.507 � 10�4 23.29 0.0466
R143A 3.622 � 104 0.009299 253.9 nM 2.068 � 10�4 3.115 � 10�4 46.95 0.0075
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of the NKp30 variants (supplemental Fig. S4) might affect
determination of their signaling capacity. To evaluate whether
the loss of signaling capacity of the mutants was due to a failure
of NKp30 to mediate ligand-induced conformational changes
or to a lack of specific motifs generally needed for communica-
tion with CD3�, we performed signaling reporter assays after
receptor stimulation with plate-bound NKp30-specific anti-
bodies. Interestingly, the L141A and L142A mutants showed
reduced signaling capacity, demonstrating that both residues
with particular emphasis on Leu-142 are important for CD3�
signaling (Fig. 2B). As expected, again the NKp30 variant
devoid of Arg-143 (R143A) showed no CD3� signaling. Nota-
bly, Leu-140, Leu-141, Leu-142, and Arg-143 are highly con-
served among species (supplemental Fig. S5). These data dem-
onstrate that several steps might be needed to communicate
ligand binding of the ectodomain of NKp30 to CD3�. To inves-
tigate whether ligand-induced NKp30 signaling requires the
side chain of Arg-143 or only a positively charged residue at
position 143, we performed signaling reporter assays with a
lysine variant of NKp30 (R143K) after stimulation with Ba/F3
B7-H6 cells. Surprisingly, the signaling capacity of the R143K
mutant was maintained or even improved when compared with
NKp30 WT, demonstrating that a positive charge at position
143 is essential and sufficient for NKp30 function (Fig. 2C).

Transmembrane Residues Other Than Arg-143 Are Dispen-
sable for NKp30 Signaling—Based on our results, we hypothe-
sized that ligand binding initiates a stalk-dependent shift of the
transmembrane domain of NKp30 to push Arg-143 more
deeply into the membrane for association with CD3� and pre-
sumably to expose residues from the lipid interface to second-
ary effector molecules in the cytoplasm. Therefore, we investi-
gated the contribution of conserved amino acids (Ala-144,
Gly-145, Tyr-161, Tyr-162, and Tyr-165) in the proximity of
Arg-143 and the transition of the transmembrane domain and
the cytosolic domain of NKp30 (Fig. 3). First, we tested whether
the tyrosine residues (Tyr-161 and Tyr-162) close to the tran-
sition of the transmembrane domain and the cytosolic domain
of NKp30 contribute to CD3� signaling (Fig. 3A). The single
mutants Y161F and Y162F and the double mutant Y161F/
Y162F were expressed equally well in transduced A5-GFP cells
(Fig. 3B). However, mutation of these residues did not alter
receptor signaling after stimulation with Ba/F3 B7-H6 target
cells (Fig. 3C), suggesting no specific requirement of Tyr-161
and Tyr-162 for CD3� signaling.

Relocation of Arg-143 within the membrane during CD3�
signaling might require strong forces to overcome charge repel-
lence of the hydrophobic membrane interface. This might be
achieved by ligand-induced oligomerization (28, 29) and an
unpolar “lid” generated by Leu-140, Leu-141, and Leu-142 pre-
ceding Arg-143. This hypothesis is supported by the finding
that these leucine residues were intolerant to alanine substitu-
tion without loss of NKp30 signaling capacity (Fig. 2, A and B).
Therefore, we tested whether leucine substitution of the two
amino acids succeeding Arg-143 and, thus, reduction of charge
repellence of Arg-143, could render NKp30 signaling indepen-
dent of ligand binding (Fig. 3). Even though the double mutant
A144L/G145L was expressed equally well as NKp30 WT (Fig.
3B), it showed no increase in signaling capacity (Fig. 3D) and no

GFP expression (signaling) without ligand stimulation (Fig. 3E).
In the next step we tried to uncouple receptor signaling from
ligand binding by systematically shifting Arg-143 toward the C
terminus of NKp30 while otherwise preserving the sequence
order of NKp30. We expected that in one of these constructs
the arginine residue would permanently align with a cognate
aspartate residue of CD3�. Surprisingly, none of the constructs
was expressed on the cell surface, demonstrating that a positive
charge might not be tolerated permanently within the inner
core of NKp30’s transmembrane domain. Finally, prediction of
the location of the transmembrane domain of NKp30 based on
TMpred (30) implies that the transmembrane domain is
anchored between two flanking positive charges (Arg-143 and
Tyr-165). Therefore, we tried to uncouple CD3� signaling from
ligand binding to NKp30 by combined mutation of Ala-144 and
Gly-145 and the shift of Tyr-165 to amino acid position 161
(A144L/G145L/Lys-1653161) to force Arg-143 into the inner
core of the membrane for contact with CD3� (Fig. 3A). Even
though expression of the A144L/G145L/Lys-1653161 con-
struct was preserved (Fig. 3B), we observed only moderate
reduction of signaling capacity in A5-GFP signaling reporter
assays (Fig. 3D) and no GFP expression (signaling) without
ligand stimulation (Fig. 3E).

Altogether, these data argue for a strong charge-repellence,
which keeps the side chain of Arg-143 at the transition interface
between extracellular region and membrane. Alignment of
Arg-143 with the aspartate of CD3� in order to enable signaling
might be achieved by ligand-induced receptor clustering and
stalk-dependent conformational changes.

Arg-143 of NKp30 Is Positioned Directly at the Membrane
Interface—To analyze the positioning of Arg-143 in the ground
state, we performed N-glycosylation scanning mutagenesis.
N-glycosylation of eukaryotic membrane proteins is catalyzed
by a membrane-associated oligosaccharyl transferase (OST)
complex in the lumen of the endoplasmic reticulum (ER). The
OST complex transfers an oligosaccharide to the side chain of
an asparagine (Asn) acceptor in the NX(S/T) motif (where X
can be every amino acid except proline). According to the 12 �
14 rule, such an acceptor site must be placed a minimum of 14
amino acids N-terminal or 12 amino acids C-terminal from the
membrane surface to be N-glycosylated because the active site
of the OST complex is positioned a certain distance away from
the ER membrane (31). This minimal distance can be used to
map the ends of TM segments of membrane proteins (29, 32,
33). Therefore, N-glycosylation acceptor sites are introduced
14 amino acids N-terminal from the amino acid to be analyzed.
The addition of an oligosaccharide adds about 2 kDa to the
protein and is visible as motility shift in SDS-PAGE. Although
the presence of glycosylation indicates that the amino acid to be
analyzed is located outside of the membrane, the absence of
glycosylation is not that conclusive, as it might be due to the fact
that the used NX(S/T) motif is an inefficient acceptor site or is
located too close to the membrane (34).

Within the current study, we performed N-glycosylation
mutagenesis to analyze the positioning of key amino acids of
NKp30 (Leu-140, Arg-143, Tyr-147) and NKp46 (Asn-255,
Arg-258, Ala-262) that were assumed to be near the membrane
transition interface. Therefore, an OST acceptor site was intro-
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duced 14 positions N-terminal from each residue to be analyzed
(Fig. 4A). 293T/17 cells were transduced with the NKp30 and
NKp46 constructs. All mutants were detectable on the plasma
membrane of the cells, indicating that the introduced N-glyco-
sylation sites did not affect membrane targeting (Fig. 4, B and
C). Thereby, artifacts caused by glycosylation of constructs that
were not inserted correctly into the membrane could be

excluded. Western blotting analysis of the NKp30 constructs
compared with NKp30 WT revealed that only the V126N/
E128S mutant is additionally glycosylated, speaking for the fact
that Leu-140 of NKp30 is positioned outside of the membrane,
whereas Arg-143 seems to be located directly at the transition
interface in ground state (indicated by absent glycosylation of
K129N/H131S and Q133N/G135S; Fig. 4D). In contrast to that,

FIGURE 3. Influence of specific amino acids within or in the vicinity of the transmembrane domain of NKp30 on CD3� signaling. A, schematic represen-
tation of NKp30 WT (PDB code 3NOI) and NKp30 mutants in the plasma membrane. Natural amino acids are shown in black, and mutated amino acids are
shown in red. B, surface expression of the receptor mutants in A5-GFP cells analyzed by flow cytometry. Gray, isotype control; red, anti-NKp30. One represen-
tative experiment of three is shown. C and D, signaling of transduced A5-GFP cells after co-incubation with Ba/F3 B7-H6 cells in comparison to A5-GFP cells
transduced with NKp30 WT and A5-GFP cells transduced with the empty transfer vector (Mock). GFP expression was analyzed by flow cytometry of CD4�/
SytoxBlue� A5-GFP cells. The percentage of GFP-positive cells normalized to wild type is indicated as the mean � S.E. of three independent experiments
measured in duplicate. Statistical significance of flow cytometry experiments was assessed by one-way ANOVA and Dunnett’s multiple comparisons test with
Prism 6 software. E, signaling of transduced A5-GFP cells after co-incubation with Ba/F3 Mock cells in comparison to A5-GFP cells transduced with NKp30 WT
and A5-GFP cells transduced with the empty transfer vector (Mock). GFP expression was analyzed by flow cytometry of CD4�/SytoxBlue� A5-GFP cells and
normalized to the percentage of GFP-positive NKp30 wild type cells after co-incubation with Ba/F3 B7-H6 cells (compare with Fig. 4D). n.s., not significant (p �
0.05); *, p � 0.01– 0.05; ****, p � 0.0001.
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glycosylation of all three corresponding mutants was detectable
in case of NKp46, showing not only that Arg-258 is located
outside of the membrane but also that it is located at least 4
amino acids away from the transition interface in the extracel-
lular region (Fig. 4E).

NKp30 and NKp46 Form Structural Complexes with CD3� in
the Absence of Ligand—Our results suggest that the stalk
domain is critical to communicate ligand binding at the ectodo-
main of NKp30 to CD3�. However, at this stage it was unclear
whether these events are essential to activate a pre-existing
NKp30-CD3� complex or whether they enable recruitment of
CD3� to a preactivated receptor-ligand complex. Therefore, we
investigated the interaction of NKp30 and NKp46 with CD3� in

non-lymphoid cells. HeLa cells stably expressing CD3� were
additionally transduced with the different receptor variants.
Expression of NKp30, NKp46, and CD3� was confirmed by
confocal laser scanning microscopy after detection with spe-
cific antibodies (Fig. 5A). Interestingly, NKp30 and NKp46 co-
localized with CD3� at the plasma membrane in the absence of
ligand. Additionally, confocal laser scanning microscopy anal-
ysis of the NKp30 alanine mutants showed co-localization of all
the different receptor variants including L140A, L141A, L142A,
and R143A with CD3� (supplemental Fig. S6). This indicates
that the membrane-proximal amino acids are involved in signal
transduction at the NKp30-CD3� interface rather than in
assembly of the NKp30-CD3� complex. Moreover, compara-

FIGURE 4. Positioning of amino acids at the membrane transition interface. A, schematic representation of the N-glycosylation scanning. Amino acids
mutated to N-glycosylation acceptor sites are shown in bold, and amino acids to be analyzed at the membrane transition interface are shown in red. Brackets
indicate the 14 amino acids between N-glycosylation sites and the amino acids to be analyzed. Solid circles, glycosylated sites after mutation; open circles,
non-glycosylated sites after mutation. B and C, plasma membrane and intracellular expression of the NKp30 (B) and NKp46 (C) mutants in transduced 293T/17
cells analyzed by flow cytometry. D and E, Western blotting analysis of NKp30 (D) and NKp46 (E) mutants detected with NKp30- or NKp46-specific antibodies,
respectively. One representative experiment of three is shown.
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tive immunofluorescence and flow cytometric studies of HeLa
cells expressing NKp30 or NKp46 alone and in combination
with CD3� showed higher NCR expression levels in the pres-
ence of CD3�, indicating that both NKp30 and NKp46 require
CD3� for efficient plasma membrane targeting and/or reten-
tion (Fig. 5, B and C). Taken together, these results demon-
strate formation of structural NKp30-CD3� and NKp46-
CD3� complexes without the requirement of auxiliary
factors specific for lymphoid cells and without requiring a pre-
activated receptor ligand complex. Therefore, ligand-induced
conformational changes of NKp30 and NKp46 might enable
activation of preformed NKp30-CD3� and NKp46-CD3� com-
plexes, respectively.

Discussion

NK cells recognize and eliminate malignantly transformed
cells after ligation of major activating receptors to their cognate

antigens on the plasma membrane of tumor cells (2). Only few
cellular ligands of the NCRs have been identified so far; among
these are BAG-6 and B7-H6. Molecularly, little is known about
ligand binding and its communication to the corresponding
signaling adaptor proteins such as the ITAM-containing pro-
teins CD3� (NKp30 and NKp46) or DAP12 (NKp44). Notably,
CD3� also acts as a signaling adaptor for TCR signaling (14, 16,
35). Previously, we showed that the stalk domain of NKp30
(129KEHPQLGAGTVLLLR143) impacts ligand binding and
CD3� signaling (27). Based on these data the current study
focused on the contribution of individual amino acids within
the stalk domain of NKp30 to ligand binding and formation of a
signaling-competent NKp30-CD3� complex. Based on NKp30/
NKp46 chimera, we found that the ectodomains of NKp30 and
NKp46 form functional entities of an Ig domain and a cognate
stalk domain, as the NKp30 stalk domain was incompatible
with folding and plasma membrane targeting of NKp46 and the
stalk domain of NKp46 was incompatible with ligand-induced
signaling of NKp30 (Fig. 1). Intracellular retention of the chi-
mera containing the Ig domains of NKp46 and the stalk domain
of NKp30 might be explained by the length differences of the
two stalk domains. As the stalk domain of NKp30 is much
shorter than the stalk domain of NKp46, this might lead to
steric hindrance of the membrane incorporation of the chi-
mera. Notably, even though the stalk domain of NKp30 was
indispensable as a transition interface for communication of
ligand binding, the stalk domain of NKp46 was sufficient to
maintain principal signaling capacity of NKp30, as demon-
strated by retained signaling of the NKp30Ig/46Stalk/46TM
and NKp30Ig/46Stalk/30TM chimera after antibody cross-
linking (Fig. 1). This phenotype might be partially explained by
preservation of a sequence motif of the NKp30 stalk in the
membrane-proximal sequence stretch of NKp46 (129/244K(-)
HLLR143/258; (-) indicates a negatively charged amino acid; sup-
plemental Fig. S1), which seems to confer principal signaling
capacity independent of the stalk length. Notably, His-131 in
the NKp30 stalk is not conserved among species (supplemental
Fig. S5).

Another possibility to explain the phenotype of the NKp30/
NKp46 chimera is a reduced binding affinity for B7-H6 when
compared with NKp30 WT, which in turn might lead to insuf-
ficient cross-linking of the mutants. However, cell decoration
experiments with soluble B7-H6::hIgG1-Fc fusion proteins
showed a correlation of NKp30 expression and B7-H6 binding,
indicating that signaling of the mutants is not influenced by
impaired ligand binding (supplemental Fig. S7).

Alanine scanning mutagenesis showed that the stalk domain
of NKp30 is sensitive to alterations in amino acid sequence as
demonstrated by substantial loss of B7-H6 binding and signal-
ing capacity (Fig. 2 and Table 1). Interestingly, differential alter-
ations in ligand binding affinity (direct receptor-ligand interac-
tion) and avidity (local increase of ligand binding sites due to
receptor oligomerization) of the NKp30 stalk mutants were
found for the two cellular ligands BAG-6 and B7-H6, although
the crystal structures of NKp30 (PDB code 3NOI) and NKp30
ligated to B7-H6 (PDB code 3PV6) imply ligand binding at the
Ig domain of NKp30 (36, 37). This might be explained by dif-
ferences in methodology and binding sites of B7-H6 and BAG-6

FIGURE 5. Folding, plasma membrane targeting, and retention of NKp30
and NKp46 depend on CD3�. A, immunofluorescence staining of CD3�-
transduced HeLa cells additionally transduced with either NKp30 or NKp46.
Red, surface staining of the NCRs with specific antibodies; green, intracellular
staining of CD3� with specific antibodies; blue, DAPI; size bar, 10 	m. One
representative picture of at least five is shown. B, immunofluorescence
microscopy analysis of NKp30 and NKp46 expression (plasma membrane and
intracellular) in HeLa cells with or without CD3�. Red, staining of the NCRs with
specific antibodies; size bar, 10 	m. One representative picture of at least five
is shown. C, flow cytometric analysis of NKp30 and NKp46 expression (plasma
membrane and intracellular) in HeLa cells with or without CD3�. Gray, isotype
control; red, anti-NKp30; blue, anti-NKp46. Median fluorescence intensity
(MFI) ratios (MFI of NCR staining normalized to MFI of isotype control staining)
are indicated. One representative experiment of three is shown.
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within NKp30 (26). Interestingly, CD3� signaling was main-
tained when Arg-143, which is believed to enable an intramem-
brane charge interaction with aspartate residues within CD3�
(24), was mutated to lysine. However, signaling was lost when
Arg-143 was mutated to alanine. In addition to Arg-143, the
two preceding leucine residues, which are conserved in NKp30
and NKp46, are of particular importance for NKp30 signaling,
suggesting a similar mechanism for signal transition to CD3�
for both NCRs. Moreover, the presence of several leucine resi-
dues in front of the aspartic acid in the transmembrane domain
of CD3� (24) further indicates the importance of such residues
for the signaling interface and presumably for compensating
charge repellence of the charged amino acids within the hydro-
phobic membrane environment. In this context it was surpris-
ing to see that insertion of additional leucine residues in the
vicinity of Arg-143 to increase local hydrophobicity had no
effect on NKp30’s signaling capacity (Fig. 3). Moreover, dis-
placement of Arg-143 toward the C terminus of NKp30, in
order to bury it more deeply in the membrane and to uncouple
ligand binding and CD3� signaling, was incompatible with fold-
ing and plasma membrane targeting of NKp30. This suggests
that Arg-143 might require additional conformational changes
of NKp30 to enable translocation of the charged side chain into
the membrane or that membrane localization of the charge
might only be transiently tolerated. Taken together, these data
indicate that efficient ligand binding and its communication to
CD3� requires a highly defined stalk domain with respect to
sequence, conformational properties, and charge.

N-glycosylation mapping showed that Arg-143 of NKp30 is
located in close proximity to the interface between membrane
and extracellular region, as shown by the fact that Leu-140 is
located outside and Arg-143 inside of the membrane (Fig. 4).
This location suggests that in ground state Arg-143 is not
aligned with the aspartate of CD3�, which is located six amino
acids farther in the membrane (24). Interestingly, for NKp46,
the location of Arg-258 was mapped to be at least four amino
acids away from the transmembrane region. This speaks for
slightly different conformational changes that are needed for
NKp30 and NKp46 activation and could also be another expla-
nation for the fact that the stalk domain of NKp46 is not able to
mediate ligand-induced signaling of NKp30.

For T cells it is suggested that both TCR aggregation and
conformational changes may play a role for signaling (for
review, see Ref. 38). Therefore, it could be assumed that in the
case of NKp30, a translocation of Arg-143 from the interface
between the membrane and extracellular region into the mem-
brane could either facilitate the association of the receptor-
CD3� complex or lead to its activation. The fact that the CD3�
chain clearly increased the plasma membrane expression of
NKp30 and NKp46 even in the absence of a ligand, as shown in
immunofluorescence and flow cytometry experiments, argues
for a preexisting structural NKp30-CD3� complex in the
plasma membrane of inactive cells. Therefore, Arg-143 more
likely provides a switch to induce CD3� signaling than pro-
motes assembly of the NKp30-CD3� complex. This idea is com-
patible with previous reports on the TCR-CD3 complex dem-
onstrating that CD3� is loosely associated with the TCR in
ground state (39) and that CD3� is essential for plasma mem-

brane expression of the TCR (22, 40). Previous studies showed
that in the presence of lipid, the cytoplasmic tail of CD3� is
folded, thereby preventing ITAM phosphorylation, whereas in
aqueous solution it loses its conformation and can be phosphor-
ylated. This leads to the assumption that without activation,
the CD3� tail is associated with the plasma membrane and is,
therefore, inaccessible to phosphorylation. During activation
through receptor cross-linking, it could be released, leading to
phosphorylation of the ITAM motifs (41). Additionally, a pis-
ton-like movement of the TCR complex upon ligand binding
was proposed that could be mediated by the transmembrane
domain of CD3�� (35).

Based on these data we propose two interconvertible types of
NCR/CD3� assemblies: 1) a signaling-incompetent structural
NKp30-CD3� complex and 2) a ligand-induced signaling-com-
petent NKp30-CD3� complex. Moreover, we suggest that
ligand binding to the ectodomain of NKp30 (and presumably
NKp46) triggers translocation of Arg-143 (Arg-258 in NKp46)
more deeply into the membrane for alignment with the aspar-
tate of CD3� and activation of CD3 �-signaling (Fig. 6).

Experimental Procedures

Antibodies—The following antibodies were used for flow
cytometry and immunofluorescence microscopy: mouse anti-

FIGURE 6. Model for ligand-induced activation of NKp30 and signal trans-
duction to CD3�. In the ground-state (OFF), NKp30 (PDB code 3NOI) and
CD3� form a signaling incompetent structural complex (NKp30-CD3�) with
Arg-143 placed directly at the plasma membrane interface. Upon ligand bind-
ing (NKp30/B7-H6, PDB code 3PV6), conformational changes within NKp30
enable translocation of Arg-143 more deeply into the plasma membrane for
alignment with aspartate residues of CD3�. Consequently, the structural
NKp30-CD3� complex is converted into a signaling competent complex (ON),
which mediates CD3�-dependent cellular signaling.
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human NKp30 (P30-15, hybridoma cells kindly provided by C.
Watzl), mouse anti-human NKp30 (APC-conjugate, P30-15,
BioLegend), mouse anti-human NKp46 (APC-conjugate, 9E2,
BioLegend), mouse anti-human NKp46 (n1D9, Abcam), rat
anti-mouse CD4 (APC-conjugate, GK1.5, eBioscience), goat
anti-human IgG-Fc (Alexa Fluor 647-conjugate, Dianova), and
mouse anti-human CD3� (FITC-conjugate, 6B10.2, BioLeg-
end). For Western blotting and ELISA, goat anti-human IgG-Fc
(HRP conjugate, Sigma), goat anti-human NKp30 (AF1849,
R&D Systems), and mouse anti-human NKp46 (195314, R&D)
were used. For signaling reporter assays, mouse anti-human
NKp30 (210845, R&D Systems) and mouse anti-human NKp46
(195314, R&D Systems) antibodies were used.

Cells—Human cervical carcinoma (HeLa, CCL-2) and
human embryonic kidney cell lines (293T/17, CRL-11268) were
purchased from the American Type Culture Collection
(ATCC). IL-3-independent subclones of the murine pro-B-cell
line Ba/F3, transduced with B7-H6 (Ba/F3 B7-H6) or an empty
vector (Ba/F3 mock), were kindly provided by C. Watzl, and
murine CD4� T cell hybridoma signaling reporter cells (A5-
GFP) were kindly provided by A. Diefenbach (27). Trichoplusia
ni High Five cells were purchased from Life Technologies.
Ba/F3 cells, A5-GFP cells, and High Five cells were cultured as
published previously (26, 27); HeLa cells and 293T/17 cells were
cultured according to recommendations of ATCC.

Production and Purification of Recombinant Proteins—
NKp30 variants (NM_147130.2; residues 19 –143) were gener-
ated by de novo gene synthesis (Genscript), cloned into the
pFUSE-hIgG1-FcEQ vector, and expressed in 293T/17 cells as
described previously (27). Biotinylated B7-H6::hIgG1-Fc pro-
tein was expressed in 293T/17 cells after transfection with
pFUSE-B7-H6-hIgG1-FcEQ-Avi vector containing an addi-
tional C-terminal Avi tag and plasmids encoding soluble BirA
ligase or BirA ligase containing an ER retention sequence. For
biotinylation, 20 	M biotin were added to the culture medium
during protein production. After 2 days of culture, Fc fusion
proteins were purified on protein A-Sepharose as described
previously (27). Soluble BAG-6686 –936 protein was purified
from cell culture supernatant of High Five insect cells as
described previously (26).

Generation of Lentiviral Vector Particles—Lentiviral par-
ticles encoding receptor variants were generated based on
codon-optimized cDNA (Genscript) of human NKp30
(NM_147130.2) and human NKp46 (NM_001145457.2).
NKp30/NKp46 chimera were generated by exchange of
gene segments encoding the extracellular Ig-like domains
(NM_147130.2, residues 1–128; NM_001145457.2, residues
1–211) or the stalk domains (NM_147130.2, residues 129 –143;
NM_001145457.2, residues 212–258) of NKp30 and NKp46,
respectively. All constructs containing a C-terminal decahisti-
dine tag were generated by de novo gene synthesis (Genscript).
The genes of wild type and mutant receptor constructs were
cloned into the LeGO-iZ vector (27). For production of lentivi-
ral particles encoding human CD3�, the cDNA sequence of
CD3� (NM_000734.2) was cloned into the LeGO-PuroR vector.
Lentiviral particles were produced after PEI transfection of
293T/17 cells with a three-plasmid system (transfer: LeGO-iZ
receptor constructs or LeGO-PuroR-CD3�; packaging: pCMV-

dR8.91; envelope: pMD2.G). Virus-containing supernatant was
collected 2–3 days after transfection and concentrated either by
low speed centrifugation (2,000 � g, 24 h, 4 °C) or ultracentrif-
ugation (100,000 � g, 3 h, 4 °C). The virus pellet was resus-
pended by gentle agitation in 1 ml of fresh culture medium
(overnight, 4 °C).

Generation of Stable A5-GFP, 293T/17, and HeLa Cell
Lines—A5-GFP and 293T/17 cells were transduced with lenti-
viral particles encoding receptor variants or lentiviral particles
containing the empty LeGo-iZ vector as control. A5-GFP cells
were sorted for high surface expression of the receptor mutants
and kept in culture with occasional resorting until further use.
293T/17 cells were selected with 150 	g/ml Zeocin. HeLa cells
were transduced with lentiviral particles encoding human
CD3� and selected with puromycin for 2 weeks. CD3� expres-
sion was verified by flow cytometry after intracellular staining
with CD3�-specific antibodies. For co-localization experi-
ments, non-transduced or CD3�-transduced HeLa cells were
additionally transduced with lentiviral particles encoding the
different receptor variants.

Flow Cytometry—Surface staining of cells was done with spe-
cific antibodies or recombinant human IgG1-Fc fusion proteins
diluted in PBS supplemented with 2% FBS. For intracellular
staining, the cells were fixed with 4% paraformaldehyde/PBS
and afterward permeabilized and stained with specific antibod-
ies or hIgG1-Fc fusion proteins in PBS supplemented with 0.2%
saponin, 2% FBS, and 1% BSA. Cells were analyzed on a FAC
separation has to be behind FACS, not in between SCantoII
instrument with FACSDiva software (BD Biosciences). For cell
sorting, cells were stained at sterile conditions with specific
antibodies and sorted on a FACSAria instrument with FACS-
Diva software (BD Biosciences).

Immunofluorescence Microscopy—Adherent cells were cul-
tured on polylysine-coated glass slides for 16 h, fixed with 4%
paraformaldehyde/PBS, and blocked with 5% BSA. For surface
staining, cells were incubated with specific antibodies in PBS
containing 5% BSA for 1 h. For intracellular staining, cells were
permeabilized with 0.2% saponin in 5% BSA/PBS and afterward
incubated with specific antibodies for 1 h at room temperature.
Subsequently, cells were stained with DAPI and covered with
mounting medium. Brightfield and fluorescence images were
obtained with a TCS-SP5 laser scanning microscope (Leica)
using a HCX PL APO Lbd.Bl 63�/1.4 – 0.6 oil objective. Images
were analyzed using LAS-AF lite 2.0 and ImageJ software.

ELISA—96-Well ELISA plates were coated with 10 	g/ml
BAG-6686 –936 (26) in PBS, blocked with 5% BSA/PBS, and incu-
bated with graded amounts of hIgG1-Fc fusion proteins. Bound
hIgG1-Fc fusion proteins were detected with goat anti-human
IgG-Fc HRP-conjugated antibodies. Quantification was done in
a microtiter plate reader (
 � 450 nm) after conversion of
3,3	,5,5	-tetramethylbenzidine substrate. KD and Bmax values
were determined by nonlinear regression using Prism 6 soft-
ware (GraphPad).

Surface Plasmon Resonance—To measure the interaction of
the different NKp30::hIgG1-Fc (NKp30-Fc) mutants with the
cellular ligand B7-H6, the Biotin CAPture kit (GE Healthcare)
and the Biacore T200 system (GE Healthcare) were used
according to the manufacturer’s instructions. Therefore, 150 –
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200 response units of biotinylated B7-H6-Fc protein were
immobilized on a Sensor Chip CAP (GE Healthcare). Different
analyte concentrations of the NKp30-Fc mutants were sequen-
tially injected over the flow cells at 25 °C with a flow rate of 30
	l/min in the single cycle kinetics model. Data were analyzed
using Biacore T200 Evaluation Software version 2.0 (GE
Healthcare), and KD values for the initial NKp30/B7-H6 inter-
action were determined by bivalent analyte fit. All experiments
were carried out at least three times.

Signaling Reporter Assays—A5-GFP cells were either mixed
with Ba/F3 Mock or Ba/F3 B7-H6 cells at different effector:
target ratios (2:1, 1:1, and 0.5:1) or seeded in 96-well plates
coated with NKp30- or NKp46-specific antibodies. A5-GFP
cells incubated with 50 ng/ml PMA and 750 ng/ml ionomycin
served as the positive control. After overnight incubation at
37 °C, cells were stained with a CD4-specific antibody to distin-
guish reporter and target cells. For live/dead discrimination,
cells were stained with SytoxBlue before measurement. GFP
expression of the reporter cells was determined by flow cytom-
etry after gating on CD4�/SytoxBlue�/GFP� cells, and data
were analyzed using FlowJo software. Statistical significance of
flow cytometry experiments was assessed by one-way ANOVA
and Dunnett’s multiple comparisons test with Prism 6 software
to compare GFP expression of the mutants to wild type GFP
expression. A probability level of 5% (p � 0.05) was considered
as significant.

Western Blotting Analysis—For Western blotting analysis,
cells were detached and resuspended in membrane buffer (10
mM Tris-HCl, pH 7.4, with 50 mM NaCl, 5 mM MgCl2, 320 mM

sucrose, and 10 mM NaF) containing protease inhibitor. The
cell suspension was sonicated and centrifuged to separate crude
membranes from cytosolic proteins. The membrane pellet was
resuspended in SDS sample buffer, incubated at 37 °C for 30
min, and centrifuged. The supernatant was applied to SDS-
PAGE, and solubilized membrane proteins were detected using
NKp30- or NKp46-specific antibodies.
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