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Summary
Recruitment of signaling molecules to the cytoplasmic domains of the CD3 subunits of the T cell
receptor (TCR) is crucial for early T cell activation. These transient associations either do or do not
require tyrosine phosphorylation of CD3 immune tyrosine activation motifs (ITAMs). Here we show
that the non-ITAM-requiring adaptor protein Nck forms a complex with an atypical PxxDY motif
of the CD3ε tail, which encompasses Tyr166 within the ITAM and a TCR endocytosis signal. As
suggested by the structure of the complex, we find that Nck binding inhibits phosphorylation of the
CD3ε ITAM by Fyn and Lck kinases in vitro. Moreover, the CD3ε/Nck interaction downregulates
TCR surface expression upon physiological stimulation in mouse primary lymph-node cells. This
indicates that Nck performs an important regulatory function in T lymphocytes by inhibiting ITAM
phosphorylation and/or removing cell surface TCR via CD3ε interaction.
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Introduction
Engagement of a T cell receptor (TCR) by a peptide bound to a major histocompatibility
complex (MHC) molecule on antigen-presenting cells (APCs) is an essential trigger for
antigen-specific T cell activation. In αβ T cells, each TCR is a multi-subunit complex composed
of one αβ clone-specific heterodimer in non-covalent association with three sets of invariant
CD3 dimers (CD3εγ and CD3εδ heterodimers, and a CD3ζζ homodimer). While the αβ TCR
heterodimer is responsible for specific immune recognition, its two subunits contain short
cytoplasmic tails with no obvious capacity to mediate signal transduction1-5. In contrast, the
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CD3 dimers are known signal transducers, transferring information on the status of TCR
ligation by peptide/MHC (pMHC) to intracellular signaling molecules6. Details about the
nature of TCR-pMHC recognition, as well as the structures of extracellular domains of TCR
components, have been provided by both X-ray crystallography and NMR spectroscopy1,5,
7-11.

The interactions between the CD3 cytoplasmic tails and cytoplasmic signaling molecules are
primarily activation-dependent. Associations involving an immunoreceptor tyrosine-based
activation motif, ITAM (YxxL/I(x6−8)YxxL/I), present one in CD3ε and CD3γ and three in
CD3ζ, have been most extensively studied12,13. Upon TCR-pMHC ligation, ITAMs are
phosphorylated by Src family protein tyrosine kinases, such as Lck and/or Fyn, thereby creating
binding sites for the protein tyrosine kinase ZAP70 or other SH2-domain containing signaling
molecules14-16. The structures of Src kinases have been solved in several forms17, as has the
structure of the ITAM-dependent signaling molecule ZAP7018,19, all of which have
contributed to the understanding of ITAM-dependent TCR signaling.

Evolutionally conserved segments other than ITAMs are also present within the cytoplasmic
tails of CD3 subunits, however, implying important additional functionality. To date, little
biological or structural information is available concerning such non-ITAM-requiring
interactions. Moreover, the relationship between ITAM and non-ITAM-requiring interactions
in T cell signaling remains unclear. In this regard, recruitment of an adaptor protein, Nck, to
the cytoplasmic domain of CD3ε is known to involve non-ITAM sequences20,21. This
interaction depends upon the proline-rich sequence (PRS) in CD3ε, which is N-terminal to the
CD3ε ITAM, and the first SH3 domain of Nck (Figure 1A and B). Nck recruitment to CD3ε
occurs prior to phosphorylation of the CD3ε ITAM and, as such, is proposed to be the earliest
event after TCR-pMHC ligation20. However, the importance of CD3ε/Nck interaction
involving the CD3ε PRS is still a matter of debate20,22. It is worth noting that another
interesting feature of the Nck recognition is that it encompasses Tyr166, a phosphorylation site
in the CD3ε ITAM, and tyrosine phosphorylation of the residue abolishes Nck-SH3 binding
to CD3ε23.

Using solution NMR techniques, we determined the structure of the complex between the
CD3ε cytoplasmic tail and the first SH3 domain of Nck2 (referred to hereafter as Nck2 SH3.1).
The structure defines an atypical SH3 domain interaction such that Nck2 SH3.1 recognizes the
158-PPPVPNPDY-166 sequence in the CD3ε molecule, including the aforementioned Tyr166
within the CD3ε ITAM motif. This is also the first structure describing a non-canonical PxxDY
sequence interaction with a SH3 domain. The structural characterization of the complex
revealed the molecular basis by which phosphorylation of Tyr166 abolishes the binding
between Nck and CD3ε. More importantly, however, the structure indicated that the CD3ε/
Nck2-SH3.1 interaction inhibits the phosphorylation of the CD3ε ITAM by the Src protein
tyrosine kinases, Fyn or Lck. Indeed, this was confirmed by in vitro CD3ε phosphorylation
analysis using Src kinases. In addition, we show that the CD3ε/Nck interaction downregulates
surface expression of the TCR. This provides the first direct evidence that the CD3ε/Nck
interaction is involved in the control of TCR surface expression, consistent with an earlier
report that the CD3ε tail contains an endocytosis signal24 providing mechanistic insight. The
results presented here clearly revealed that the CD3ε/Nck interaction has a potential to regulate
T cell development and activation under physiological stimulation, such as contact with
peptide-MHC complexes, by inhibiting of ITAM phosphorylation and/or reducing TCR cell
surface expression. Thus, in contrast to a role of Nck in establishing an optimal TCR signaling
output, as proposed by Gil et al20, our data suggest that the Nck/ CD3ε interaction is also
capable of downregulating T-cell activation via a non-ITAM-requiring mechanism.
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Results and discussion
Structure of CD3ε in complex with Nck

To elucidate the significance of the Nck2/CD3ε interaction we decided to investigate its effect
on T-cell function. To identify the extent of the Nck2-binding segment of the CD3ε tail we
compared the main-chain NH resonance positions of a 41 residue cytoplasmic segment of
human CD3ε containing (residues 143−183) in the presence and absence of Nck2 SH3.1
(Figure 1C). As shown in the left spectrum, the cytoplasmic domain of CD3ε has only limited
dispersion in the absence of Nck2 SH3.1, indicating an overall unfolded structure. Upon
binding to Nck2 SH3.1, however, the resonances of residues 161−167 experienced significant
chemical shift changes, reflecting that this segment has become folded in the protein complex
(Figure 1C, right). Figure 1D displays the normalized chemical shift changes for amide
resonances of the CD3ε peptide upon binding to Nck2 SH3.1. While the regions N-terminal
to Pro158 or C-terminal to Glu167 are not involved in any extensive interaction, with no
significant chemical shift changes (<0.2 ppm), the segment from Val161 to Glu167 exhibits
changes of more than 0.4 ppm. Thus, these residues appear to be responsible for binding to
Nck2 SH3.1. Calculated from the concentration dependence of peak positions, the dissociation
constant (KD) for the interaction was determined to be 40 ± 9 μM (Supplemental Figure 1A).
The binding affinity was consistent with the affinity obtained from tryptophane fluorometry
(33 ± 10 μM, Supplemental Figure 2). The most significant feature of the Nck recognition
sequence of CD3ε is that it encompasses Tyr166, a phosphorylation site in the CD3ε ITAM
and the phosphorylation of the residue abolishes Nck-SH3 binding to CD3ε.

Our selection of the Nck-binding sequences is consistent with a recent report by Kresti et al.
who used a peptide matrix analysis of a series of mutated CD3ε fragments to identify the
binding segment23. They report that Nck1-SH3.1 binding shows a dependence on the 159-
PPVPNPDY-166 segment of CD3ε. This is slightly smaller than the segment identified in the
NMR spectra but contains the residues most strongly affected. They first reported that the
binding sequence contains Tyr166 of the ITAM and its phosphorylation abolishes Nck binding.
They remark that the sequence contains an atypical PxxDY motif sequence (where x is any
amino acid, here 162-PNPDY-166) that was first identified as a SH3-binding sequence for the
Eps8 proteins26.

To obtain a more mechanistic understanding of the CD3ε/Nck interaction, we decided to
determine the solution structure of CD3ε in complex with Nck2 SH3.1. Unfortunately, the
rather high KD values (40 ± 9 μM) of the CD3ε/Nck interaction, and dissociation kinetics in
the intermediate exchange regime cause line broadening of the interface resonances, which
hampers a straightforward structural characterization when using isolated Nck2 SH3.1
complexed with a CD3ε segment. Thus, we designed a single-chain (sc) construct of the
CD3ε/Nck2-SH3.1 (scCD3ε/Nck2-SH3.1) complex, where the Nck binding region of CD3ε
is connected to the N-terminus of Nck2 SH3.1 with a 13 amino-acid linker. The singlechain
approach has previously been found invaluable for stabilizing weak interactions and allowing
for the accurate determination of the structure of several protein complexes7,27. The 1H-15N
HSQC spectrum of the scCD3ε/Nck2-SH3.1 construct was identical to that of isolated Nck2
SH3.1 in complex with CD3ε, except for narrower line widths of interface residues and the
additional peaks that derived from the sc linker. This indicates that the native binding mode is
preserved (data not shown).

To determine the structure of the sc construct, standard NMR procedures were pursued (Table
1). The structure calculations were carried out with 100 random initial structures and 20
structures with the lowest energy function were chosen for final analysis. Figure 2A shows a
set of converged structures of scCD3ε/Nck2-SH3.1. The N-terminal segment (residues 153
−158 of CD3ε) and the linker regions (13 amino-acid single-chain linker plus residue 1−3 of
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Nck2 SH3.1) differ significantly among the calculated structures consistent with being mobile.
The remaining part of the structures are well converged with a root mean square difference
(RMSD) of 0.29 ± 0.07 Å for backbone atoms and 0.86 ± 0.09 Å for all heavy atoms (Table
1). Satisfactory values in Ramachandran and G-factor analysis indicate that the quality of
structure is sufficient for structural analysis including sidechain conformations (Table 1).

The SH3 fold of Nck2 SH3.1 is retained after binding to CD3ε. The backbone RMSD between
free28 and bound Nck2 SH3.1 is 1.4 Å. The CD3ε binding site is located between the RT and
n-Src loops (Figure 2B). The 158-PPPVPNPDY-166 sequence of the CD3ε is well defined in
the interaction with Nck2 SH3.1 showing a good convergence between the structures (Figure
2A and C).

Architecture of the CD3ε/Nck interface
There are two known isoforms for the human Nck protein, Nck1 and Nck2, and the homologous
proteins are found in a variety of species. As shown in Supplemental Figure 3A, all Nck2 SH3.1
residues that are within 5 Å from bound CD3ε are conserved among Nck proteins, thus the
structure of CD3ε/Nck2-SH3.1 complex appears to represents the CD3ε/Nck interactions in
general. The sidechains of Pro158, Pro159, Val161, Pro162, Pro164, and Tyr166 of CD3ε
interact with conserved hydrophobic regions on the Nck2 SH3.1 domain (Figure 2C, yellow
surface).

As discussed above, the Nck binding sequence of CD3ε contains an atypical PxxDY sequence
(162-PNPDY-166). So far, no structural information has been available for any SH3-domain
interaction involving this atypical binding motif, and our data present the first example of such
a complex. The N-terminal half of the Nck binding sequence (158-PPPVP-162) can also be
recognized as a partial sequence of typical Class II (ΦPxΦPxR/K) SH3-interacting motifs,
which contains the ΦPxΦP motif but lacks the critical basic residues at positions +2 relative
to the ΦPxΦP sequence (where x is any amino acid and Φ is a hydrophobic residue)29. Indeed,
the ΦPxΦP sequence forms a typical polyproline II (PPII) helix upon binding to Nck2 SH3.1,
in the same way as the Class II PRS-SH3 domain interactions. As expected from the structure,
mutations of Pro158, Pro159, Val161, or Pro162 result in a larger reduction of the binding
affinity than the exposed Pro160 (Figure 3). It is also important to note that the Nck recognition
sequence of CD3ε seems to include Pro158, which was overlooked by the peptide matrix
analysis carried out by Kesti et al., simply because the residue was outside of their mutated
region23. Any single mutations in the ΦPxΦP sequence cause only moderate reduction of the
affinity compared to the fact that the corresponding mutations for a typical Class II PRS-SH3
domain interaction reduce the binding affinity to less than 10%30. The result suggests that the
ΦPxΦP sequence is less important in the CD3Φ/Nck2-SH3.1 interaction. In fact, the peptide
that only contains the PRS segment of CD3ε (158-PPPVPNP-164) failed to bind to Nck2 SH3.1
(data not shown). On the other hand, mutations of the conserved residues (Asp164 or Tyr166)
in the PxxDY sequence have a much more significant effect on the CD3ε/Nck2-SH3.1
interaction (the binding affinities of both mutants are reduced to 6.5% compared to WT). Thus,
the PxxDY interactions, especially Asp165 and Tyr166 interactions, appear to be essential for
the CD3ε/Nck-SH3.1 interaction rather than the ΦPxΦP motif. This is important to recognize
since mutations of the less significant N-terminal part of the Nck-binding motif have been used
to make conclusions about Nck's role in T-cell activation22.

The PxxDY segment forms a kinked structure with a hydrogen bond between the Val161
carbonyl oxygen and the Asn163 amide proton (dotted line in Figure 2C). Trp38 of Nck2 SH3.1
is sandwiched by two proline residues (Pro162 and Pro164) in the PxxDY sequence of
CD3ε, and W38A mutation completely abolished the interaction (Figure 3). P162A or P164A
mutation also reduced the binding affinity to 16% or 57% relative to WT (Figure 3).
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One of the conserved residues in the PxxDY sequence, Asp165, is in close proximity to a basic
residue, Lys36, of Nck2 SH3.1 (Figure 4), and mutation of Lys36 to alanine decreased the
binding constant of Nck2 SH3.1 to 25%. Thus, it seems that there is a sidechain-sidechain
interaction between the acidic Asp165 and the basic Lys36. This interaction is also supported
by double mutation analysis. While D165A mutation in CD3ε decreased the affinity to WT
Nck2 SH3.1 to 6.5%, the same CD3ε mutation decreased the affinity to the K36A mutant of
Nck2 SH3.1 only to 38% (Figure 3). The last residue in the PxxDY sequence, Tyr166, is
accommodated by a groove formed by hydrophobic Trp38 and Tyr50, hydrophilic Gln16 and
Gln17, and acidic Glu20 residues located between the RT and n-Src loop (Figure 2C and 4).
In this pocket, Tyr166 participates in an aromatic-aromatic interaction with Trp38 and Tyr50,
which are known to be energetically favorable31. Indeed, alanine but not phenylalanine
mutation of Tyr50 largely decreased the binding affinity to CD3ε (Figure 3). The hydroxyl
group of Tyr166 is pointing to a small pocket formed by Gln16, Gln17 and Glu20 in the RT
loop of Nck2 SH3.1. Interestingly, a phenylalanine mutation of Tyr166 also reduced the
binding affinity to 15% (Figure 3), suggesting that not only the aromatic-ring, but also the
hydroxyl group is critical for the interaction.

The corresponding residues that interact with Asp165 and Tyr166 in the PxxDY motif of
CD3ε (Lys36 for Asp165, and Gln16, Gln17, Glu20, and Tyr50 for Tyr166 in human Nck2)
are identical in all Nck proteins, except for Tyr50, which is “silently” mutated to phenylalanine
in some cases, and maintained by similar residues in Eps8 proteins, another family of proteins
that binds to the PxxDY sequence (Figure S3, A and B). On the other hand, the corresponding
site is not conserved in other SH3 domains (Figure S3C). Thus, the PxxDY interactions seem
to be essential determining the specificity of the CD3ε/Nck-SH3.1 interaction. The importance
of residues corresponding to Lys36 in Nck2 had been proposed for the PxxDY interaction23,
32, however the CD3 residues critical for this interaction had not yet been defined.

Regulation of the CD3ε/Nck interaction by ITAM phosphorylation
As discussed above, a recent biochemical experiments revealed that tyrosine phosphorylation
of the PxxDY motif abolishes Nck-SH3 binding to CD3ε23. However, no structural analysis
had been pursued, and the significance of this feature has remained elusive. Our biochemical
and cell biological experiments demonstrated that the interaction between a synthetic CD3ε
peptide and the Nck2 SH3.1 domain (Supplemental Figure 4A), as well as the endogenous
CD3ε/Nck interaction in a functional TCR complex on the Jurkat cell surface (Supplemental
figure 4B) is regulated by the phosphorylation of the CD3ε ITAM. In the complex structure,
the hydroxyl moiety of Tyr166 is proximal to the negatively charged Glu20 of Nck2 SH3.1
(Figure 4), thus the phosphorylation of Tyr166 causes repulsion between CD3ε and Nck.
Furthermore, phosphorylated Tyr166 is sterically hindered, since the binding pocket that
accommodates the hydroxyl group of Tyr166 is too small for an additional phosphate group.
Phosphorylation of the two tyrosines in positions 166 and 177 of CD3ε ITAM is essential for
the recruitment of ZAP70, an activation kinase in T cell signaling33. Thus, phosphorylation
of Tyr166 serves as a molecular switch that determines the binding partner of CD3ε such as
Nck and ZAP70 in a mutually exclusive manner.

Inhibition of ITAM phosphorylation by the CD3ε/Nck interaction
It is known that activation-dependent association between Nck and CD3ε occurs prior to ITAM
phosphorylation20. Thus it is possible that the CD3ε/Nck interaction interferes with subsequent
phosphorylation of the CD3εITAM by Src kinases. The hypothesis is supported by our structure
of the CD3ε/Nck complex, where Tyr166 in the ITAM is largely buried in the binding pocket
of the Nck2 SH3.1. To determine whether the CD3ε/Nck interaction inhibits the CD3ε ITAM
phosphorylation by Src kinases, we carried out an in vitro kinase assay using a cytoplasmic
segment of CD3ε harboring the entire Nck binding sequence plus the ITAM. The cytoplasmic
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CD3ε segment was mixed with Fyn or Lck kinase, in the presence and absence of Nck2 SH3.1
and the phosphorylation level of the segment was monitored by immunoblotting using 4G10
Ab. As shown in Figure 5A, tyrosine phosphorylation is clearly observed in the presence of
Fyn (lane 2), while tyrosine phosphorylation is not observed in the absence of Fyn (lane 1), or
in the presence of Src kinase inhibitor PP2 (lane 3). With increasing concentration of Nck2
SH3.1, the tyrosine phosphorylation of CD3ε was largely inhibited. The same tendency was
observed for another Src kinase, Lck (data not shown). According to densitometry
quantification, Nck2 SH3.1 can achieve 50% inhibition of CD3ε phosphorylation at
concentrations of 20−30 μM, which is in good agreement with the affinity between CD3ε and
Nck2 SH3.1 determined by NMR titration experiments (40 ± 9 μM, see Figure 3).

Interestingly, densitometry analysis of the bands in Figure 5A showed that the phosphorylation
level of CD3ε is decreased to ∼20% in the presence of higher concentration of Nck compared
to the absence of the protein. This indicates that Nck binding not only inhibits the
phosphorylation at Tyr166, but also that of Tyr177, which is 11 residues C-terminal to the Nck
binding site. To confirm this observation, we performed the same experiment using CD3ε
mutants that carry a single phosphorylation site in each construct (i.e. Y177F, which has only
Tyr166, or Y166F that retains only Tyr177). Both mutants exhibited tyrosine phosphorylation
in the absence of Nck2 SH3.1, confirming that Fyn can phosphorylate both Tyr166 and Tyr177
in CD3ε (Figure 5B). The phosphorylation of Tyr166 in the Y177F mutant was almost
completely abolished at Nck2 Sh3.1 concentrations of roughly twice the KD (100 μM). For the
Y166F mutant less tyrosine phosphorylation of Tyr177 was observed in the presence of 550
μM Nck2 SH3.1 (twice the KD of this mutant). The phosphorylation of the N-terminal tyrosine
(Tyr166) was almost completely inhibited while the phosphorylation of the C-terminal tyrosine
(Tyr177) was partially inhibited by Nck2 SH3.1 binding, possibly due to hindered steric
accessibility for simultaneous Src kinase and Nck binding.

In a recent report, the mutually exclusive CD3ε binding of Nck and ZAP70 led to the conclusion
that Nck binding has to be transient, followed by ITAM phosphorylation and ZAP70
recruitment23. Lacking the structural information we present here, the authors argued that the
transient CD3ε/Nck interaction might facilitate recruitment of Src kinase and/or accelerate
phosphorylation of the ITAM. However, based on the fact that the CD3ε/Nck interaction occurs
before ITAM phosphorylation and the phosphorylations of both tyrosines in ITAM are required
for ZAP70 recruitment, our structural and biochemical data indicate that the CD3ε/Nck
interaction could also serve as a negative regulator in T cell activation by preventing
phosphorylation of the CD3ε ITAM and subsequent ITAM-dependent recruitment of
downstream signaling molecules. Therefore, we think that the role of CD3ε/Nck interaction in
T cell activation has to be viewed more cautiously considering both positive and negative
properties of Nck. Along these lines, it is also possible to imagine that Nck interaction regulates
different ITAM phosphorylation levels in each od the CD3 components within the TCR
complex12. A recent paper showed that the PRS in CD3ε is required for CD3Φ phosphorylation
in the TCR complex of DP thymocytes, suggesting that the CD3ε PRS contributes to elevate
the phosphorylation level of adjacent CD3Φ25. Considering their notion that Lck contains a
putative binding site for Nck25, Nck might play a role in efficiently recruiting Lck to the
unphosphorylated TCR complex, phosphorylating CD3Φ while maintaining CD3ε in an
unphosphorylated state.

In the functional assays, we did not observe any significant difference in the kinetics of Ca2+

influx and T cell activation indicators, such as ERK phosphorylation, IFNγ expression, and
CD69 expression, under conditions of forced Nck overexpression in Jurkat T cells (data not
shown). In line with these observations, Szymczak et al. recently reported that the defects in
T cell development and function of CD3ε-deficient ΔP mice could be rescued using a mutant
CD3ε lacking the highly conserved proline residues (162-PPPVPNP-166 are mutated to 162-
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AAAVANA-166)20,22. However, one has to consider that the region involved in Nck binding
shows the highest degree of conservation among CD3ε proteins. Thus, the apparent lack of a
phenotype of the 162-AAAVANA-166 mutation might be due to the redundancy among the
CD3 subunits (CD3εγδΦ) in the TCR complex that all support ZAP70 binding. These
experiments make it difficult to reveal the role of individual CD3 subunits in T cell signaling
and are not fully conclusive to claim the dispensability of the Nck binding site of CD3ε. In this
regard, each of the CD3 subunits contains one or more ITAMs, whereas only CD3ε has an Nck
binding motif. Thus, the functional modification provided by the CD3ε/Nck interaction might
be masked by the other CD3 subunits. In addition, we think that the PRS-mutated CD3ε utilized
by Szymczak et al.20,22 are not perfectly adequate considering our observation that the PRS
in CD3ε is of minor importance for the CD3ε-Nck interaction. Indeed, we confirmed that the
mutant CD3ε retains weak interaction (∼7 mM) to Nck SH3.1 (Supplemental Figure 5). This
kind of weak interactions might not be identified by immunoprecipitation, however, could be
physiologically significant34. Thus, the result obtained from the mutant CD3ε has to be
interpreted cautiously.

Downregulation of TCR surface expression by the CD3ε/Nck interaction
In contrast to the functional redundancy among CD3 subunits in the T cell activation process,
the proper trafficking of all individual subunits is required for normal surface expression of
the TCR complex. While CD3δ and CD3γ can partially compensate for loss of expression of
the other subunit, CD3ε is indispensable for TCR surface expression4. Thus, we reasoned that
the significance of the CD3ε/Nck interaction in TCR expression might be observed more
readily than its role in T cell activation. Interestingly, a endocytosis signal was found at residues
166−180 in CD3ε24, a segment overlapping with the Nck interaction site. Of note, Nck is
known to be involved in actin cytoskeleton rearrangement, which plays a critical role in
receptor-mediated endocytosis35. Thus, we hypothesized that the CD3ε/Nck interaction would
affect TCR surface expression.

To investigate this possibility, we utilized an in vitro antigen-specific primary T cell
culture36 and compared the surface expression levels of the TCR under conditions of Nck
overexpression vs. endogenous expression. Specifically, N15 TCR transgenic+/+ RAG2−/−

(N15) mice lymph node (LN) T cells were transduced with Nck retrovirus (pMSCV) and
reactivated with N15 TCR specific antigen (VSV8 peptide) loaded APCs. The expression of
exogenous Nck was indicated by GFP expression derived from the IRES-containing pMSCV
vector and the TCR surface expression level was measured by staining with the α-Vβ5 mAb
MR9.4 specific for the N15 TCR β chain. Surprisingly, TCR surface expression was less in
both resting and activated states for Nck overexpressing GFP+CD8+ T cells relative to the
GFP+CD8+ T cells harboring the empty vector (Figure 6A, right panels). The reduced TCR
staining was not due to either insufficient stimulation or staining, because GFP-CD8+ cells
served as an internal control, with no difference in TCR surface expression among GFP-CD8
+ cells. The downregulation of TCR expression was not observed for cells expressing Nck2
mutant with ≤10% CD3ε binding activity, W38A (Figure 6B). It is of interest that there is an
apparent inverse correlation between TCR surface expression and affinities of Nck2 SH3.1
mutants. Not surprisingly, the same results were obtained by the stimulation with α-mCD3ε
Ab 2C11 loaded on APCs (Supplemental Figure 6). Although not shown, similar results were
observed for T cells from CD4 restricted TCR transgenic system (i.e. 5CC7 transgenic
Rag2−/− mice36). Thus, the downregulation of TCR expression appears to depend on the
CD3ε/Nck interaction.

TCR surface copy number under the Nck overexpression condition relative to the vector only
was 70% in the resting state and further reduced to 60% at 1 hr post-activation, consistent with
the enhancement of CD3ε/Nck interaction by TCR activation. The enhancement of TCR down
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regulation by Nck overexpression is reduced with longer activation (3hrs). It is of note that the
enhanced TCR downregulation by Nck overexpression is not obvious with stronger activation
using higher concentration of the VSV8 peptide (Figure 7). This indicates that stronger
stimulation reduces the sensitivity of TCR internalization to a functional Nck/CD3ε interaction.
This is consistent with reported data showing that the long treatment with much stronger
stimulators, such as super antigen, is insensitive to Nck/CD3ε interaction22. Since Nck induced
TCR downregulation is more effective for weaker stimulations, it seems that Nck provides a
safety mechanism preventing erroneous T-cell activation by weak non-cognate stimuli. The
TCR downregulation in the resting state was somewhat unexpected given that the CD3ε/Nck
interaction is not observed constitutively at immunoprecipitation conditions (Supplemental
Figure 4B). Perhaps binding is too weak and/or the accessibility is too limited to support co-
immunoprecipitation under the condition we used. The transient exposure of endocytosis signal
is also suggested for another TCR endocytosis mechanism in resting-state T cell, which
involves the CD3γ di-leucine motif37. These data seem to be in conflict with results by
Szymczak et al., showing that the TCR expression level in resting as well as super antigen-
activated states was the same between the CD3ε-deficient ΔP mice rescued by the
overexpression of wild type CD3ε and CD3ε mutant with PRS mutation22. However, one
should keep in mind that comparing TCR surface expression levels under CD3 overexpression
condition may not be physiologically relevant since it shows surface TCR concentrations that
are different from endogenous expression38. Furthermore, and as already discussed above, the
mutant utilized in these studies is not optimal for analyzing the effect of the CD3ε/Nck
interaction, as it doesn't modify the key Nck-binding residues Asp165 and Tyr166. We also
think that the specific peptide stimulation by a peptide-MHC complex is more physiologically
relevant and suitable to analyze the effect of the CD3ε/Nck interaction compared to the strong
and long activation procedure with superantigen used by Szymczak et al.22.

Since the molecular basis of TCR endocytosis remains to be evaluated37, the precise sequence
of events by which the CD3ε/Nck interaction promotes TCR endocytosis is unclear. However,
it is notable that Nck interacts with proteins involved in actin cytoskeletal rearrangement. These
include the Wiskott Aldrich Syndrome Protein (WASP) and Pak1, which target SH3 domains
distinct from SH3.1 (i.e. WASP and Pak1 binds to Nck SH3.3 and SH3.2 domains,
respectively39). Since the actin cytoskeleton rearrangement appears to be required for TCR
endocytosis40, our observations provide a potential mechanistic link between the CD3ε
complex and the endocytosis machinery. The relationship between this CD3ε/Nck mechanism
with that involving the CD3γ di-leucine motif37, remains to be investigated.

Conclusion
In summary, we determined the structure of the CD3ε/Nck2-SH3.1 complex, the first described
case for the recognition of an atypical PxxDY sequence by a SH3 domain. The structure
revealed the mechanistic detail of a particularly interesting feature of the PxxDY interaction
in the context of CD3ε/Nck binding such that the interaction is regulated by Tyr166
phosphorylation. More importantly, the structural and functional data suggest that the CD3ε/
Nck interaction may have the potential to prevent ITAM phosphorylation that would arise from
weak stimuli. This is supported by in vitro phosphorylation analysis carried out here.
Furthermore, the CD3ε/Nck interaction mediates T cell receptor downregulation in resting and
activated T cells. Since Nck is known as an adaptor linked to actin cytoskeleton rearrangements,
the result provides an important coupling between CD3ε and TCR endocytosis. CD3ε/Nck
binding is the first mechanistic interaction shown to regulate TCR expression levels in the
resting T cell state. These findings raise the important possibility that the non-ITAM-requiring
interaction serves as a negative regulator for T-cell activation by preventing the CD3ε ITAM
phosphorylation and/or removing TCR from T cell surface. This observation is somewhat
unexpected considering that former reports assign enhancing roles to the CD3ε/Nck
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interaction20,23. However, we cannot exclude the possibility of an indirect contribution of
CD3ε/Nck interaction to T cell activation, such as recruiting activation molecules via the Nck
second or third SH3 domain or its SH2 domain, all of which are distinct from the CD3ε
interaction. The data presented here have established a clear role for Nck for TCR
downregulation. Given the correlation between the cell fate in thymocytes selection and surface
TCR expression level41,42, this may stimulate further research to reveal mechanistic details
of TCR downregulation, the fate of the TCR after endocytosis, and its role in activation and
development of T cells. Interestingly, a recent publication appeared independently of our
completed study25 supporting the role of Nck in CD3ε endocytosis we establish here. Using
“knock-in” mice carrying a deletion of the PRS in CD3ε, TCR surface expression level was
found to be enhanced on DP thymocytes. Considering the clear role of Nck in TCR endocytosis,
it is attractive to imagine that Nck serves as a physical link between CD3ε and the endocytosis
machinery, playing an essential role in thymocyte development. The mechanism that recruits
Nck to the CD3ε in an activation-dependent manner is not yet to befully understood. Further
analyses addressing the structure of the CD3ε cytoplasmic tail in the TCR complex would be
desirable for understanding the mechanistic detail of TCR signal transduction.

Materials and methods
All chemicals were purchased from Sigma unless otherwise noted. All stable-isotope-labeled
materials were acquired from Cambridge Isotope laboratories. See supplemental material for
the composition of buffers used in the experiments.

Expression and purification of Nck2 SH3.1
The gene for Nck2 SH3.1 consisting of 67 amino acid residues, was cloned into the pET30
vector (Novagen) and the protein expression and purification was performed as previously
described28,43.

Preparation of the CD3ε peptides
The synthetic non-isotopically labeled CD3ε peptides were obtained from Tufts-New England
Medical Center peptide synthesis facility (Boston, MA) (The sequences are shown in the
supplemental material). The CD3ε segment (residue number 143−183) and the mutants of the
segment were produced as GB1 fusion proteins in an E.coli strain, BL21 (DE3). The GB1
fusion protein has the PreScission™ protease recognition site, between GB1 and CD3ε
segment, which produces the CD3ε segment with an additional LEHHHHHH purification tag
at its C-terminus. The GB1 fusion protein was purified with Ni-NTA affinity chromatography
and digested by PreScission protease. The digestion product was re-purified by a Ni-NTA
column to obtain pure CD3ε segment.

Expression and purification of the scCD3ε/Nck-SH3.1 complex
The expression vector for the scCD3ε/Nck-SH3.1 complex was established by inserting a
double strand DNA fragment (The sequence is shown in the supplemental material) in the NdeI
site of the Nck2 SH3.1 expression vector. The resulting vector encodes a 93-residue protein
with the Nck binding region of CD3ε (155-KERPPPVPNPDY-166) connected to the N-
terminus of Nck SH3.1 through a 13 amino-acid linker (NSLKKGSLVKNLH). The sc protein
was expressed and purified in the same way as Nck2 SH3.1.

NMR spectroscopy
All experiments were performed on a Bruker Avance 500 spectrometer equipped with a
cryogenic probe. All spectra were collected using samples in 10 mM sodium phosphate buffer
(pH 6.8), containing 100 mM NaCl and 10% D2O at 298 K. Spectra were processed using
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XWINNMR (Bruker) and analyzed with Sparky44 or CARA45. The resonance assignments
for the scCD3ε/Nck2-SH3.1 complex were accomplished by HNcocaN and HNcocanH
experiments46, HCcoNH experiment47, and standard triple resonance experiments48.
The 15N NOESY experiments and 13C NOESY experiments specific for either aliphatic or
aromatic regions were carried out with a 2 mM sample of the scCD3ε/Nck2-SH3.1 to obtain
distance constraints. Dihedral angle restraints were obtained from TALOS analysis49.

Structure determination of CD3ε/Nck2-SH3.1 complex
The structure of CD3ε/Nck2-SH3.1 complex was determined with a simulated annealing
protocol using the structural restraints derived from NMR spectroscopy. The final structures
with statistical results shown in Table 1 were calculated using CYANA50. 100 sets of the final
structure were calculated and 20 best structures with the lowest energy were used for further
analysis. The structures were analyzed using PROCHECK-NMR51 and MOLMOL programs.

Src kinase assay
Recombinant human Fyn and Lck tyrosine kinases were purchased from Invitrogen. 5 μM of
the CD3ε segment (residue 144−183) or mutants of the CD3ε segments were mixed with 1
μg/ml of Fyn or 5 μg/ml Lck in phosphorylation buffer and incubated in the presence or absence
of Nck2 SH3.1 for 30 min at 37 °C. The reaction sample was subjected to SDS-PAGE and
immunoblotting with 4G10 Ab. Kodak 1D was used for quantification in immunoblotting.

TCR internalization assay
N15 mice were generated as described previously42. C57BL/6 mice were purchased from
Taconic Farms. All lines were maintained and bred under sterile barrier conditions in the animal
facility of Dana Farber Cancer Institute (Boston, MA) as approved by the appropriate
institutional review committee. The retrovirus infection and the first activation of N15 mice
LN T cell suspension was done in the same way as described previously36. The activated LN
cells (2 × 105 cells) were restimulated by 1 nM N15 TCR specific VSV8 peptide or 10 μg/ml
2C11 Ab loaded on APCs (2 × 105 cells) obtained from C57BL/6 mice for 1−3 hrs at 37 °C.
The cells were surface stained by PE-conjugated MR9.4 Ab for monitoring surface expression
level of TCR and CyChrome-conjugated α-CD8 antibody for gating CD8+ T cells, and
subjected to flow cytometric analysis using a FACScan (BD bioscience) and FlowJo software
(Three Star).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure. 1.
Domain architecture and mapping of the Nck2 SH3.1 binding site on the cytoplasmic tail of
CD3ε (A) Domain boundaries of human CD3ε. CD3ε is a single transmembrane protein with
an IgG-like ectodomain (shown as a blue ellipse). The 55-residue cytoplasmic domain of
human CD3ε contains a PRS (red box) and an ITAM (blue box). The two tyrosine-
phosphorylation sites of the ITAM are indicated with “P”. (B) Sequence alignment of the
cytoplasmic segments of CD3ε. The conserved residues are shown in white letters on red
background. The locations of the PRS (residues 158−164), the ITAM (residues 166−180) and
two phosphorylation sites in the ITAM are also indicated. ITAM is overlapping with the T cell
endocytosis signal in CD3ε as indicated by 24. (C) 1H-15N HSQC spectra of 15N-labeled
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cytoplasmic segment of CD3ε without (left) and with (right) 4-fold excess of Nck2 SH3.1. The
residues with significant chemical shift changes ((ΔδH2 + (ΔδN / 5)2)1/2 > 0.4 ppm) are labeled.
(D) Plot of the normalized chemical shift changes of the CD3ε tail upon binding to Nck2 SH3.1.
The sequence of human CD3ε is shown in the same representation as in (B).

Takeuchi et al. Page 14

J Mol Biol. Author manuscript; available in PMC 2009 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Structure of the CD3ε/Nck2-SH3.1 complex. (A) Stereo view of an ensemble of 20 final NMR
structures of the CD3ε/Nck2-SH3.1 complex. Blue, red, and grey lines show the backbone
traces of Nck2 SH3.1 (residues 4−59), CD3ε(residues 158−166), and disordered regions (N-
terminal and linker). (B) Ribbon representation of the CD3ε/Nck2-SH3.1 complex. The
complex of Nck2 SH3.1 (blue) and CD3ε (red) are shown in two orientations. (C) Interface of
the CD3ε/Nck2-SH3.1 interaction. The Nck2 SH3.1 surface is shown in white except for
hydrophobic residues, which are colored in yellow. The backbone of CD3ε tail and the
sidechains interacting with Nck Sh3.1 are depicted with red sticks. The hydrogen bond between
the Val161 carbonyl oxygen and Asn163 amide proton is shown with a black dotted line.
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Figure 3.
Dissociation constants and relative affinities of CD3ε and Nck2 SH3.1 mutants. Dissociation
constants (KD) of the indicated constructs to WT Nck2 SH3.1 or CD3ε segment (143−183)
were determined by fitting the chemical shift changes due increasing concentration of binding
partner (see Supplemental Figure 1 for detailed explanations). The bottom row shows the
CD3ε/Nck2-SH3.1 mutant combination. Each value presents the average ± standard error of
at least two measurements. Relative binding affinity (%) compared to the wt CD3ε/Nck2-
SH3.1 interaction was calculated from the average dissociation constants. The dashed line
indicates 100% relative affinity.
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Figure 4.
Detailed view of Asp165-Tyr166 binding site. The left panel is an electrostatic surface
representation where positive and negative potentials (calculated with the program MOLMOL
in blue and red, respectively). The right panel shows the sidechain orientation of Nck2 SH3.1
at the site. CD3ε is depicted with red stick in both panels.
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Figure 5.
Nck SH3.1 down-regulates phosphorylation of CD3ε by Fyn (A) In vitro tyrosine
phosphorylation of the CD3ε segment 143−183 by the Fyn kinase. The CD3ε segment was
phosphorylated by recombinant Fyn kinase for 30 min at 37 °C in the presence of the indicated
concentrations of Nck2 SH3.1 or 10 μM of the Src kinase inhibitor, PP2. The samples were
subjected to immunoblotting with 4G10 Ab as shown in the inserted gel picture. The
phosphorylation ratio of each Nck2 SH3.1 concentration relative to the condition in the absence
of the protein was estimated by using Kodak 1D. These results are the representative of 2
individual experiments. (B) In vitro tyrosine phosphorylation of CD3ε mutants. The Tyr
phosphorylation of CD3ε mutants by Fyn kinase in the presence and the absence of the
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indicated concentration of Nck2 SH3.1 were visualized by 4G10 Ab. The concentration of
Nck2 SH3.1 was set two-fold higher than the equilibrium dissociation constants. The ratios of
the band intensities with/without Nck SH3.1 are 40%, 10% and 80% for WT, Y177F, and
Y166F, respectively. These results are the representative of 3 individual experiments.
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Figure 6.
Nck overexpression downregulates TCR expression. (A) FACS analysis of TCR surface
expression. The upper panel shows the density plot of GFP and TCR expression levels for CD8
+ cells without stimulation. Nonretroviral gene-expressing cells (GFP-) and retroviral gene-
expressing cells (GFP+) cells are gated as indicated in the panel. The middle panels show the
overlaid TCR expression histograms for empty vector (thin boundary, shaded) or WT Nck
(thick boundary, not shaded) transfected cells after 3hrs stimulation with VSV8-peptide (1
nM)-loaded APCs at 37 °C. Surface expression of TCR was monitored by PE-conjugated
MR9.4 anti-TCR Vβ5 antibody. In the bottom panels, the mean fluorescence intensity of each
sample relative to non-stimulated cells was calculated to determine the relative TCR
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expression. (B) TCR surface expression of LN CD8+ T cells transfected with either empty
vector (Vec), wt Nck (WT), or mutants of Nck (K36A or W38A). Cells are un-stimulated or
stimulated with VSV8-loaded APCs for 3 hrs at 37 °C. FACS analysis was performed in the
same way as (A). The indicated values in (A) and (B) are averaged over three separate
experiments with error bars representing ± SD of the mean. Statistical significance was
evaluated by two-tailed Student's T-test.
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Figure 7.
Downregulation of TCR expression by stimulation with different concentrations of the APC-
VsV8 complex. TCR surface expression of LN CD8+ T cells transfected with either empty
vector (Vec), wt Nck (WT), or mutants of Nck (K36A or W38A) were tested without
stimulation and 3hrs after the activation with different concentration of VsV8-loaded APCs
are shown. FACS analysis was done in the same way as in Figure 6. The indicated values are
average of three separate experiments with error bars representing ± SD of the mean.
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Table 1
Statistics for the final 20 NMR structures of CD3ε peptide in complex with Nck2 SH3.1a

Number of NOE distance constraints
    Total 1486
    Intra-residue 706
    Short and Medium (|i-j| = 1 ∼ 4) 402
    Long (|i-j| > 4)
                Intramolecular 302
                “Intermolecular” 76
Backbone angular restraints (ϕ and φ) 92
Ramachandran Plot (Residues 158−166 for CD3ε and 4−59 for Nck SH3.1)b

    Most favored region (%) 78.6
    Additionally allowed region (%) 21.4
    Generously allowed and disallowed region (%) 0.0
G-factors
    Mainchain dihedral angles −0.81
    χ1 dihedral angles −0.65
    χ1/χ2 dihedral angles −1.29
Average RMSD to mean structure (Residues 158−166 for CD3ε and 4−59 for Nck2 SH3.1, Å)
    Backbone (N, Cα, C) 0.29 ± 0.07
    All heavy atoms 0.86 ± 0.09

a
None of these 20 structures exhibited distance violations >0.5 Å or dihedral angle violations >5°. There are no bad contacts in the structures. The RMSD

for covalent bonds and angles relative to the standard dictionary is 0.004 Å and 0.7 degrees, respectively, with all covalent bonds and angles within 6.0
× RMSD for the structures.
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