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Lymphocyte signaling cascades responsible for anti-tumor cytotoxicity and inflammatory
cytokine production must be tightly regulated in order to control an immune response.
Disruption of these cascades can cause immune suppression as seen in a tumor
microenvironment, and loss of signaling integrity can lead to autoimmunity and other
forms of host-tissue damage. Therefore, understanding the distinct signaling events that
exclusively control specific effector functions of “killer” lymphocytes (T and NK cells) is
critical for understanding disease progression and formulating successful immunother-
apy. Elucidation of divergent signaling pathways involved in receptor-mediated activation
has provided insights into the independent regulation of cytotoxicity and cytokine pro-
duction in lymphocytes. Specifically, the Fyn signaling axis represents a branch point
for Killer cell effector functions and provides a model for how cytotoxicity and cytokine
production are differentially regulated. While the Fyn-PI(3)K pathway controls multiple
functions, including cytotoxicity, cell development, and cytokine production, the Fyn-
ADAP pathway preferentially regulates cytokine production in NK and T cells. In this
review, we discuss how the structure of Fyn controls its function in lymphocytes and
the role this plays in mediating two facets of lymphocyte effector function, cytotoxicity
and production of inflammatory cytokines. This offers a model for using mechanistic and
structural approaches to understand clinically relevant lymphocyte signaling.

Keywords: Fyn, ADAP, SFK, signaling, structure-activity relationship

Introduction - Fyn, PI(3)K, and ADAP

Effector functions of lymphocytes are mediated through signaling cascades that transmit extracel-
lular signals to intracellular response elements. These signaling pathways allow lymphocytes to
respond to transformed or virally infected cells via cell-mediated cytotoxicity and inflammatory
cytokine production. The identity of receptor-ligand interactions and downstream intracellular
proteins responsible for inducing effector functions has been well established in NK and T cells.
However, the divergent roles of signaling molecules in mediating distinct effector functions remain
largely uncharacterized. Fyn is a membrane proximal, non-receptor tyrosine kinase responsible for
initiating signaling cascades downstream of the TCR and multiple NK cell-activating receptors (1).

Frontiers in Immunology | www.frontiersin.org 1

September 2015 | Volume 6 | Article 472


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2015.00472&domain=pdf&date_stamp=2015-09-16
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
http://dx.doi.org/10.3389/fimmu.2015.00472
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:subra.malar@bcw.edu
http://dx.doi.org/10.3389/fimmu.2015.00472
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00472/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00472/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2015.00472/abstract
http://loop.frontiersin.org/people/272812/overview
http://loop.frontiersin.org/people/255068/overview
http://loop.frontiersin.org/people/30467/overview

Gerbec et al.

The Fyn-ADAP signaling axis

By recruiting multiple downstream effector molecules, Fyn func-
tions as a branch point for signaling divergence.

Fyn is one of nine members (Src, Fyn, Lyn, Lck, Fgr, Yes, Hck,
Blk, and Frk) of the Src-family of non-receptor tyrosine kinases
(SFKs) (2). Since the discovery of v-Src and its correspond-
ing cellular protein c-Src, extensive study has characterized
the pleiotropic nature of this tyrosine kinase family (3). SFKs
participate in a myriad of cellular functions, including growth,
differentiation, migration, adhesion, and in lymphocytes, cyto-
toxicity, and cytokine production (4). In T and NK cells, activa-
tion of Fyn induces binding to distinct signaling partners, such as
PI(3)K-p85a (5, 6) and the lymphocyte-specific scaffold protein
adhesion and degranulation-promoting adaptor protein (ADAP)
(7). Recruitment of these substrates through Src-homology (SH)
domains allows Fyn to initiate and regulate diverse lymphocyte
effector functions.

Through its ability to recruit and phosphorylate the p85a subu-
nit of PI(3)K, Fyn is able to activate signaling cascades responsible
for a variety of cellular functions, including cell development,
cell-mediated cytotoxicity, and production of inflammatory
cytokines (8). Independent of the PI(3)K pathway, Fyn recruits
and activates the ADAP signaling axis predominantly responsible
for cytokine production in lymphocytes. Fyn—-ADAP binding
occurs exclusively in lymphocytes, and activation of this pathway
is mediated by an interaction between the Fyn SH2 domain and
the pYDGI motif of ADAP corresponding to residues 625-628
(9). This interaction induces translocation of ADAP to the mem-
brane and stabilizes the protein. From the membrane, ADAP is
able to mediate formation of the Carmal-Bcl10-Maltl (CBM)
complex critical for NF-xB and AP-1 activation (10-12). These
transcription factors are critical for inflammatory cytokine and
chemokine production downstream of the Fyn-ADAP interac-
tion in effector cells (10-12).

Fyn therefore represents a node of signaling divergence for
two primary outcomes of lymphocyte activation, cytotoxicity
and inflammatory cytokine production. In this review, we discuss
how the structure of Fyn allows it to act as a critical regulator of
divergent signaling pathways and multiple effector functions in
lymphocytes. We discuss conformational changes necessary for
substrate recognition, specifically PI(3)K and ADAP, as well as
control of enzymatic activity. We also discuss how protein struc-
ture allows Fyn to act as the exclusive mediator of the ADAP sign-
aling cascade and resulting inflammatory cytokine production,
thereby regulating a portion of the systemic immune response.

Domain Structures of Fyn

Src-family of non-receptor tyrosine kinases are pleiotropic in
nature and multiple family members, including Fyn, are ubiq-
uitously expressed in multiple cell types. This allows them to
control a variety of cellular functions and highlights the need
for maintaining signaling integrity both in terms of enzymatic
activity and substrate specificity (13). Across multiple cell types,
this regulation is provided by the structure of SFKs which creates
specificity that controls the substrates of the kinase domain and
regulates enzymatic activity. In lymphocytes specifically, this
allows Fyn to act as a branch point in regulating cytotoxicity and

production of inflammatory cytokines (10-12, 14, 15). The struc-
ture of Fyn provides a potential mechanistic explanation for its
ability to regulate these diverse effector functions in the context
of effector-cell signaling. This is critical in activated lymphocytes
because it enables differential regulation of effector functions
downstream of a single protein.

The structure of Fyn is conserved across all cell types, and
in vitro characterization of the protein structure combined with
in vivo characterization of Fyn function in different cell types pro-
vides a basis for understanding structure-based Fyn regulation in
lymphocytes. The quaternary structure of Fyn and the consecutive
arrangement of the SH4, SH3, and SH2 domains control the func-
tion of the kinase domain (SH1) through substrate recognition
and regulation of enzymatic activity (Figure 1A). The N-terminal
SH4 domain of Fyn is co-translationally myristoylated on the
N-terminal Gly? residue and serves as a membrane targeting and
anchoring sequence (Figure 1A). The SH4 domain also contains
a non-conserved region that contributes to the specific functions
of SFK family members. In the case of Fyn, this unique region
contains two Cys residues (Cys’ and Cys®) that can be reversibly
palmitoylated. Studies using fibroblast cell lines show that palmi-
toylation of these residues induces localization to lipid rafts in the
plasma membrane and contributes to spatial control of signaling
(16, 17). The SH4 domain of Fyn is followed by consecutive SH3
and SH2 domains responsible for mediating both intermolecular
and intramolecular protein interactions (Figure 1A) (18). The
SH3 domain consists of a p-barrel formed by five anti-parallel
B-strands (19) and two loops that form a binding pocket for lin-
ear, Pro-rich peptides. The polyproline sequences of interacting
partners form helical conformations that bind with aromatic side
chains of the Fyn SH3 domain. The Fyn SH2 domain is character-
ized by a primary binding pocket and a specificity-determining
region. These two sites interact with a phosphorylated Tyr and
proximal residues on binding partners (20). The SH2 and SH3
domains allow Fyn to position substrates adjacent to the bilobal
tyrosine kinase (SH1) domain at its C-terminus (Figure 1A) (4).
Both the N- and C-terminal lobes of the SH1 domain contain
regulatory sequences (the C-Helix in the N-terminal lobe and the
activation loop in the C-terminal lobe) that control ATP-binding
and phosphate transfer (21-23). The kinase domain also contains
a regulatory Tyr (Tyr*?) that is auto-phosphorylated upon acti-
vation of enzymatic activity. Collectively, the SH domains and
quaternary structure of Fyn enable it to act in multiple facets of
killer cell effector function by providing the substrate specific-
ity and control of enzymatic activity required for regulation of
divergent signaling.

Intrinsic Regulation of Fyn Activation

In vitro characterization of SFK structures show that the
function of Fyn is regulated by intramolecular interactions
between the SH domains that prevent unnecessary activation
under resting state. Structures of the full-length Fyn protein
in both the inactive and active conformations remain to be
elucidated; however, sequence homology and structural data
of individual domains of Fyn and other SFKs provide a model
for the intramolecular interactions that regulate Fyn activity in
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FIGURE 1 | The domain structure and intramolecular interactions of the Fyn kinase. (A) Models of the two primary conformations of the Fyn kinase. The
domain structure of Fyn consists of four SH domains. The relative positions of the domains are shown in both the inactive (left) and active (right) states. The
N-terminal SH4/unique domain (blue) lies proximal to the membrane-anchoring myristoylation site. The SH4 domain is followed by the SH3 (gold) and SH2 (green)
domains responsible for mediating interactions between Fyn and its target substrates. These domains are followed by a linker region that connects the SH2 domain
to the bilobal SH1/kinase domain (red) responsible for enzymatic activity. The inactive form of the kinase is kept in a closed conformation by intramolecular
interactions between the SH2 domain and a C-terminal phosphotyrosine as well as by an interaction between the SH3 domain and a polyproline helix in the linker
region (left). The active conformation is adopted upon disruption of these interactions and opening of the kinase. In the active conformation, the SH2 and SH3
domains mediate protein—protein interactions, while the kinase domain phosphorylates downstream effectors (right). (B) Ribbon diagrams of the SH3, SH2, and
SH1 domains show their relative positions in the inactive conformation. Positions are based on the structure of auto-inhibited Src (PDB deposition 2SRC), which has
an identical domain arrangement. The blue high-lighted area of the SH3domain is the site of interaction with the linker region. The SH2 domain of Fyn (green)
possesses an Arg residue in the second -sheet (ArgpB5, Arg'™) that is conserved across SFK family members. This Arg residue is the primary site of interaction
with the phosphotyrosine on target substrates. In the inactive conformation, Arg'”® is bound to the C-terminal inhibitory pTyr®®' of Fyn. These intramolecular
interactions place the SH2 and SH3 domains in a position to occlude the kinase domain (red) from substrate binding, thus preventing phosphate transfer. The
ribbon diagram of the kinase domain is derived from PDB deposition 2DQ7, and the positions of the C-Helix and activation loop (gold) show the structure of the Fyn
kinase domain complexed with staurosporine. To date, this is the only conformation of the Fyn kinase domain that has been characterized, and it is used here to
demonstrate the intramolecular interactions that keep Fyn in an inactive state. The SH3 domain ribbon diagram is from PDB deposition 1NYG, and the SH2 ribbon
diagram is from the PDB deposition 1AOT, and is representative of the SH2 domain bound to a phosphotyrosine-containing peptide.

lymphocytes (Figure 1B). X-ray crystallographic structures of
auto-inhibited Src and Hck reveal that prior to SFK activation,
the kinase domain is kept in a closed conformation as a result of
intramolecular binding between a phosphorylated Tyr (Tyr** in
Fyn) in the C-terminal regulatory region and the SH2 domain
(21-23). Despite the presence of high-affinity peptide motifs on
binding partners of Fyn, this interaction is likely maintained due

to the quaternary structure of Fyn creating a high local concen-
tration of the C-terminal inhibitory peptide (24-26). The SH3
domain of SFKs further stabilizes this conformation by binding
to a polyproline helix in the linker region between the SH2 and
kinase domains (Figure 1B) (21-23).

These intramolecular interactions force SFKs into an inac-
tive conformation that results from the quaternary structure
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of Fyn. In this conformation, the SH3 domains lie proximal
to the N-terminal lobe of the kinase domain, and the SH2
domains lie proximal to the C-terminal lobe as a result of
interacting with the C-terminal phosphotyrosine residue
(Figure 1B) (21-23, 27). This not only results in partial
occlusion of the kinase domain due to the close proximity of
the SH2 and SH3 domains, but it also positions the C-Helix
and activation loop to prevent ATP and substrate binding
(21-23). To corroborate these structural data, studies using
multiple SFKs, including Fyn, show that loss of a functional
SH2 domain or C-terminal regulatory region leads to aberrant
kinase activity and cellular transformation (28-30). Together,
both functional and structural data suggest maintaining the
correct quaternary structure of Fyn, and the resultant intra-
molecular contacts, is required for the temporal regulation of
signaling in lymphocytes.

Extrinsic Regulation of Fyn Activation by
Csk and PAG

The quaternary structure of Fyn also provides extrinsic regula-
tion that helps maintain Fyn in an inactive state as evidenced
by studies in multiple cell types. When Fyn is co-translationally
myristoylated, the carbon chain of the myristoyl group causes
translocation of the protein to the plasma membrane (17). Once
at the membrane, interaction of Fyn with an adaptor protein
and regulatory kinase forces Fyn into a closed conformation
(Figure 2A). These events are driven by processive phospho-
rylation, wherein all available sites of a given substrate are
phosphorylated before the kinase dissociates.

Studies using T cells and mast cells show that at the membrane,
Fyn first associates with the transmembrane adaptor phospho-
protein-associated with glycosphingolipid-enriched domains/c-
Src kinase (Csk)-binding protein (PAG/CBP) (31-33). This
interaction is mediated by binding of the SH3 domain of Fyn to
a Pro-rich region of PAG between residues 131-137 as evidenced
by in vitro studies using peptides derived from PAG (Figure 2A)
(34). Along with controlling the protein-protein interaction,
Solheim et al. used in vitro phosphorylation assays to show that
this binding event actually increases the enzymatic activity of Fyn
likely through a switch to a more active conformation (34).

The increased activity of Fyn next results in phosphorylation
of either Tyr residue Tyr'® or Tyr*®' of PAG, which initiates
binding of the SH2 domain of Fyn (31-33). The resultant
SH2-phosphotyrosine interaction then leads to processive
phosphorylation of multiple Tyr residues, including Tyr*"7of PAG
necessary for recruitment of the regulatory protein c-Src kinase
(Csk) (Figure 2A) (33). Association of this kinase with PAG
allows Csk to phosphorylate the C-terminal inhibitory tyrosine
of Fyn. Finally, dissociation of Fyn from PAG then induces the
inactive conformation of Fyn (Figure 2A) (33). This pathway
demonstrates how protein structure allows for crosstalk between
different domains and extrinsic control of kinase activity. Taken
together, these data demonstrate how the quaternary structure
creates an effective off switch for Fyn activity through extrinsic
regulation. In lymphocytes, this allows Fyn to maintain an inac-
tive conformation prior to receptor-mediated activation.

Fyn Structure in Activation

The precise mechanism of Fyn activation in lymphocytes is yet
to be fully characterized; however, several studies suggest that
disruption of intramolecular interactions triggers Fyn to adopt
an open conformation. Specifically, Fyn activity has been shown
to increase following dephosphorylation of C-terminal inhibi-
tory Tyr*®' as well as substrate recruitment to the SH3 domain
(Figure 2B). To date, the primary phosphatase implicated in
Fyn activation is the transmembrane protein CD45. Murine NK
cells from CD45-deficient mice show that cytokine production
is reduced downstream of Ly49D, CD16, and NKG2D receptors
following activation (35). Several studies using T and NK cells
also suggest that CD45-mediated dephosphorylation leads to Fyn
activation. Both murine and human T and NK cells deficient in
CD45 show hyper-phosphorylation of Tyr**' of Fyn and impaired
effector functions following receptor-mediated activation
(35-39). Additionally, hyper-phosphorylation of Fyn prevents
activation of PLC-y1 and calcium flux downstream of CD3- and
CD28-mediated stimulation (40, 41). These data suggest that
CD45-mediated dephosphorylation is obligatory for Fyn activa-
tion in lymphocytes (42). In vitro enzyme kinetics assays also
show that Fyn activation can be achieved through interaction of
substrates with the SH3 domain (43, 44). Fyn-substrate binding
results in displacement of the SH3 domain from the linker region
thereby disrupting intramolecular interactions that keep Fyn in
an inactive state (44-47). While the complete open structure of
Fyn has not been elucidated, crystal structures of other SFKs sug-
gest that disruption of these intramolecular interactions displaces
the SH2 and SH3 domains from the kinase domain (Figure 2B)
(48). These conformational changes eliminate steric hindrance
and induce the active state of the Fyn kinase domain.

Crystal structures of Src and Lck show that movement of the
SH3 and SH2 domains away from the kinase domain alters the
helical conformation of the activation loop in the C-terminal lobe
(Figure 1B) of the kinase domain (45-47). This allows for auto-
phosphorylation ofanactivating Tyr**’in the kinase domain of Fyn.
This creates an electrostatic interaction that moves the C-Helix of
the N-terminal lobe (Figure 1B) into an active position where it is
able to help place ATP for phosphate transfer (45-47). Despite the
fact that the specific mechanism of Fyn activation in lymphocytes
has not been characterized, these structural and functional data
allow us to propose a model whereby Fyn undergoes a confor-
mational switch due to CD45-mediated dephosphorylation and
binding of PI(3)K-p85a to the SH3 domain. This results in disrup-
tion of intramolecular contacts, converting the kinase domain to
an active conformation while opening the SH2 and SH3 domains
to mediate substrate recruitment. These domains give Fyn the
ability to recruit and phosphorylate distinct downstream proteins
thereby initiating divergent signaling pathways.

Fyn Recruits Distinct Signaling Partners to
Regulate Multiple Cellular Functions

The SH3 domain of Fyn is able to bind the PI(3)K-p85a subunit
and, through phosphorylation, initiate PI(3)K activity (Figure 3).
Structural data show that a Pro-rich region corresponding to
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FIGURE 2 | Models for inhibition and activation of Fyn. (A) Fyn regulation is reliant on phosphorylation of an inhibitory tyrosine, Tyr®®', in the C-terminal
regulatory region. This is initiated by binding of the SH3 domain of open Fyn to PAG/CBP (gray) (left). This leads to subsequent phosphorylation of tyrosine residues
on PAG/CBP, and these tyrosine residues bind the SH2 domains of both Fyn and Csk (pink) (center). Csk then phosphorylates the C-terminal inhibitory Tyr®3', which
leads to intramolecular binding of the Fyn SH2 domain and disrupts the interaction of Fyn with PAG/CBP. Fyn is then released from PAG/CBP and remains anchored
in the membrane as an inactive kinase molecule (right). (B) Fyn is locked in the inactive conformation until cellular activation leads to disruption of intramolecular
binding. Stimulation through NKG2D leads to activation of the CD45 phosphatase (left). CD45 then removes the phosphate from the C-terminal inhibitory tyrosine
and disrupts the intramolecular interactions responsible for keeping Fyn in a closed conformation. These interactions are also disrupted upon binding of substrates,
such as PI(B)K-p85«, to the Fyn SH3 domain. This prevents the SH3 domain from binding to the linker region. Loss of these intramolecular interactions causes Fyn
to adopt a more open conformation where the SH2 and SH3 domains are able to mediate substrate recruitment, while the kinase domain mediates enzymatic
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residues 91-104 of PI(3)K-p85a is able to adopt a helical con-
formation and bind the SH3 domain of Fyn (19). This binding
leads to phosphorylation and activation of PI(3)K-p85a (49).
These interactions occur downstream of receptor-mediated acti-
vation and are critical for lymphocyte effector function (50-52).
Studies with PI(3)K-p85a-deficient murine NK cells show loss of
cytokine production and anti-tumor cytotoxicity (53). In addi-
tion to these functional defects, loss of PI(3)K-p85x also impairs
lineage commitment and terminal maturation (53). These data
demonstrate the ability of Fyn to activate multiple lymphocyte
effector functions through activation of PI(3)K signaling.

The quaternary structure of Fyn also allows it to activate a
divergent signaling cascade primarily responsible for cytokine
production in lymphocytes. Recent work has elucidated the
role of the Fyn-ADAP axis in mediating inflammatory cytokine
production in activated NK and T cells (10-12, 14). A unique
pYDGI motif corresponding to residues 625-628 of ADAP
facilitates its binding to the SH2 domain of Fyn (Figure 3). This
stabilizes ADAP and allows it to bind the C-terminal region of
Carmal, leading to CBM signalosome formation, NF-«B translo-
cation, and cytokine production (14). Studies using NKG2D- and
CD137-mediated activation of NK cells show that these pathways
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FIGURE 3 | Fyn is capable of activating divergent signaling cascades. (A) In the active conformation, the SH2 and SH3 domains bind downstream effectors
and activate divergent signaling cascades in lymphocytes. The interaction between PI(3)K-p85a and the SH3 domain of Fyn controls multiple aspects of lymphocyte
effector functions. The SH2 domain of Fyn binds ADAP via the YDGI motif following tyrosine phosphorylation by Fyn. This stabilizes ADAP and initiates a unique set
of lymphocyte functions, such as cytokine production. (B) ADAP translocation and stabilization leads to CBM complex formation. Carma1 binds to ADAP and
initiates the recruitment of Bcl10 and Malt1. This leads to TAK1 binding and activation of its kinase activity. TAK1 then activates NF-kB or AP-1. Once activated,
NF-kB and AP1 translocate to the nucleus where they induce transcription of cytokine and chemokine genes.

are turned on simultaneously as evidenced by PI(3)K-p85a
phosphorylation and nuclear translocation of p65 (12). However,
it remains unclear as to whether a single molecule of Fyn can
bind both PI(3)K-p85a and ADAP concurrently (Figure 3). The
fact that these pathways are mediated by different SH domains
suggests that this type of regulation is possible. Structural analysis
using multiple Fyn-binding targets may elucidate whether these
molecules bind simultaneously or in a sequential manner.

The role of the Fyn SH2 domain in initiating the ADAP-
CBM-Takl signaling cascade leading to cytokine production

highlights the importance of the unique structure of the Fyn.
Lack of ADAP in NK cells impairs only cytokine production but,
not anti-tumor cytotoxicity (12). However, lack of Fyn alters both
cytokine production and cytotoxicity, implying that Fyn initiates
and regulates multiple signaling cascades that, despite being
regulated by a single protein, are able to function independently.
The structure of Fyn suggests that this is due to substrate control
provided by the SH2 and SH3 domain, and in the case of the
Fyn-ADAP axis, the SH2 domain specifically. To date, over 100
SH2 domain-containing proteins have been identified (54, 55).
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Despite this conservation, Fyn remains the sole kinase shown
to be responsible for activation of ADAP-dependent cytokine
production. This is due to structural differences creating unique
binding specificities among protein family members and across
all SH2 domain-containing proteins. Thus, the SH2 domain
of Fyn provides an excellent example of how subtle structural
differences create signaling specificity critical for regulation of
lymphocyte effector functions.

The Fyn-ADAP Interaction: Cytotoxicity
Versus Cytokine Production

All SFKs contain a highly conserved SH2 domain with a prefer-
ence for binding pYEEI phosphopeptide motifs (56). Roughly
half of the binding energy for this interaction is derived from
contact between the phosphotyrosine residue and a hydrophilic
binding pocket located between the N-terminal a-helix and cen-
tral p-sheet of SH2 domains (Figure 4A) (27, 57). The base of this
pocket is formed by an Arg residue in the B-sheet that mediates
electrostatic interactions with the phosphotyrosine (Figure 4B).
This pocket is conserved across SH2 domains and provides the
basis for SH2—phosphotyrosine interactions (58).

SH2 domains also contain a specificity-determining region
adjacent to the phosphotyrosine pocket that is required to ensure
signaling integrity (Figure 4A). Variation in the specificity-
determining region establishes substrate selection among SH2
domain-containing proteins. In SFKs, this region contains basic
and polar residues capable of forming hydrogen bonds and
electrostatic interactions with the +1 Glu residue of the pYEEI
motif of substrates (56). These additional interactions provide
an enthalpy-driven increase in affinity, as well as an increase
in specificity for acidic residues within SFK substrate pYEEI
motifs (27, 56, 57). The specificity-determining regions of SH2
domains also contain a hydrophobic pocket formed by two
C-terminal loops. While the hydrophobic nature of this pocket
is conserved across SH2 domains, different residue composition
between protein families leads to different specificities for the
+3 hydrophobic residue of target pYEEI motifs. In SFKs, a Gly
residue in the C-terminal loop allows a branched chain Ile to
fit stably into the hydrophobic pocket (27, 56, 57). Collectively,
these interactions provide the basis for the specificity of a given
SH2 domain (27, 57).

Despite the conserved specificity across SFK SH2 domains,
Fyn is the only SFK that interacts with the pYDGI motif of ADAP
(15). The structure of Fyn bound to the phosphotyrosine motif of
ADAP remains to be elucidated. However, crystal structure of Lck
and Src and NMR solution structures of Fyn bound to a model
phosphotyrosine motif (pYEEI) provide a potential basis for the
Fyn SH2 domain interaction with the pYDGI motif of ADAP (20).
Fyn, Lck, and Src contain an Arg residue within the first a-helix
(ArgaA2) located at the base of the phosphotyrosine-binding
pocket. Our analyses using Protein Data Bank (PDB) depositions
of Fyn, Lck, and Src bound to pYEEI-based peptides show that
the different positions of this ArgaA2 may influence the confor-
mation of the pYDGI motif in ADAP (Figures 4C,D). As noted
by Campbell et al., NMR solution structures of Fyn show that the
side chain of ArgaA2 (Arg"™*) has a poorly defined position, and

intramolecular nuclear overhauser effect (NOE) analyses suggest
that this residue does not contribute directly to phosphotyrosine
binding (Figure 4C, left). Compared to Lck (Figure 4C, center)
and Src (Figure 4C, right), ArgaA2 of Fyn is farther away from
the backbone of the target peptide (6.1 A in Fyn compared to 3.1
and 2.7 A in Src and Lck, respectively) and hydrogen bonding to
the corresponding main-chain carbonyl of the pYEEI motif does
not occur (Figure 4C) (20). The structures of both Src and Lck
show that the side chains of ArgaA2 have well-defined positions.
The fixed positions of these residues combined with a shorter
bond distance allows them to interact with phosphate oxygens
and main-chain carbonyl groups of the pYEEI motif. Contrary
to what is seen in Fyn, the structures of Src and Lck therefore
identify ArgaA2 in the phosphotyrosine-binding pocket as a
critical residue in positioning of the phosphotyrosine motif.

In all three structures, the main-chain carbonyl of a His in
the fourth p-strand (HispD4) interacts with backbone amide of
the Glu residue in the +1 position from the phosphotyrosine
(Figure 4C) (20, 27, 59). In the case of Src and Lck, the prox-
imity of these interactions (3.0 and 2.8 A, respectively) locks
the conformation of the peptide backbone due to high energy
hydrogen bonding (20, 27, 59). In the case of Fyn, the loss of
pYEEI-binding to ArgaA2 corresponds to an extended distance
(3.7 A) between HispD4 and the backbone amide of the target
peptide which results in a lower energy hydrogen bond. Based on
these structural analyses, we propose that the weaker bond with
HispD4 in Fyn allows the pYEEI motif to adopt a more extended
conformation. This decreases the distance between a Tyr residue
in the specificity-determining region of the SH2 domain of Fyn
(TyrfD5) and the +1 glutamate residue of the phosphotyrosine
motif (Figure 4D, left). Structural data show an increased
distance between the side chain of the +1 Glu of the pYEEI
motif and TyrfD5 of Lck and Src as evidenced by the distance
between the Glu carboxyl group and Tyr hydroxyl group (3.4 A
in Fyn compared to 4.5 and 5.3 A of Lck and Sr, respectively)
(Figure 4D) (20, 27, 59).

Previous characterization of all three structures revealed
that TyrfD5 binds the +1 glutamate residue of target peptides;
however, varied bond distances suggest that this contact is con-
trolled by different interactions (20, 27, 59). The proximities of
the carboxyl group of the +1 Glu to the hydroxyl group of TyrpD5
suggest that hydrogen bonding may participate in this interaction
in Fyn but not in Src or Lck (20, 27, 59). In Src and Lck, this
interaction is instead likely reliant upon hydrophobic interactions
between the ring group of TyrpD5 of the SH2 domain and the
side chain carbons of the +1 Glu of the pYEEI motif (20, 27, 59).
These hydrophobic interactions may necessitate a longer side
chain with an increased number of carbons in the +1 position
of phosphotyrosine motifs in order to satisfy the hydrophobic
interactions required to tightly bind Src and Lck substrates. This
would prevent binding of peptides with shorter chain amino acids
substituted in the 41 position, thereby preventing Src and Lck
from interacting with the pYDGI motif of ADAP. The specificity
of the Fyn—ADAP interaction may therefore enable lymphocytes
to regulate proinflammatory cytokine production by limiting the
amount of activated SFKs that can initiate downstream signaling
cascades of ADAP.
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A Fyn-SH2 interacting with pYEEI motif B

Fyn Lck Src

D Specificity-determining region

Fyn Lck Src

FIGURE 4 | Specificity of the Fyn—-ADAP interaction. (A) Surface and ribbon models show the Fyn SH2 domain bound to a pYEE!I peptide motif. Green shading
on the surface model represents the phosphotyrosine-binding pocket, while red shading represents the specificity-determining region. The ribbon model shows that
the pYEEI peptide lies orthogonal to the B-sheet of the SH2 domain. This positions the phosphorylated tyrosine in a hydrophilic pocket in between the p-sheet and
the aA helix. The linear conformation of the peptide allows residues C-terminal to the phosphotyrosine to interact with other regions of the SH2 domain, which
increases specificity and affinity of the Fyn—-substrate interaction. Both the surface and ribbon model are derived from PDB deposition 1AQT. (B) An exploded view of
the primary binding pocket highlights the interaction between the phosphotyrosine and the conserved ArgpB5 of Fyn. Salt-bridge formation at this site contributes
roughly 50% of the binding energy required for the SH2 peptide interaction. (C) Comparison of different SFKs bound to pYEEI motifs show varied interactions at the
phosphotyrosine-binding pocket. Ribbon models of Fyn (left), Lck (center), and Src (right) highlight bond distances between ArgaA2 of the SH2 domain and a
backbone carbonyl on the target peptide (#1). Bond distances show that ArgaA2 is capable of interacting with the backbone of the pYEEI motif in Src and Lck but
not in Fyn. Ribbon models also show the distance between the backbone carbonyl of HispD4 of the SH2 domain and backbone amide of the pYEEI motif (#2).
These bond distances suggest that the structure of the Fyn SH2 domain places pYEEI motifs in a more extended conformation than that seen in Src or Lck. (D)
Measurements obtained from PDB depositions show the distance between TyrfD5 of the SH2 domain and the glutamate residue in the +1 position from the
phosphotyrosine. The shorter distance in Fyn (left) means that hydrogen bonding is possible between TyrpD5 and the +1 glutamate residue of the pYEEI motif, while
bonding is based primarily on hydrophobic interactions (red dashes) in Lck (center) and Src (right). This may provide an explanation for the ability of Fyn to act as the
sole kinase responsible for recruitment of ADAP, as less hydrophobic interactions would be possible between the SH2 domain and YDGI motif of ADAP.
Measurements are based on PDB depositions 1AOT for Fyn, 1LKK for Lck, and 1SPS for Src.
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Conclusion

The Fyn-ADAP axis highlights the importance of structure in
controlling divergent signaling cascades responsible for unique
effector functions in lymphocytes. The structure of multiple SFKs,
including Fyn, reveals the intramolecular interactions between
the SH2 domain and C-terminal phosphotyrosine critical for
regulating kinase activity. These structures in turn play an integral
role in characterizing the conformational changes required to
activate and inhibit SFKs. This provides mechanistic insight into
both intrinsic and extrinsic regulation of Fyn. Once activated, the
intramolecular organization of Fyn’s SH2 and SH3 domains allows
the protein to recognize and phosphorylate multiple targets that
control cellular function. Because Fyn is able to target both PI(3)
K and ADAP, it is able to control cytotoxicity and cytokine pro-
duction in NK cells. Data from our lab and others suggest that the
ability of Fyn exclusively to activate ADAP is a result of structural
differences between SFKs that allow Fyn to bind the pYDGI motif
of ADAP. To date, no mechanistic basis for Fyn-ADAP specificity
has been confirmed, and proving any underlying structural cause
will likely require solving the structure of the Fyn SH2 domain

References

1. Lanier LL. Natural killer cell receptor signaling. Curr Opin Immunol (2003)
15:308-14. doi:10.1016/50952-7915(03)00039-6

2. Parsons SJ, Parsons JT. Src family kinases, key regulators of signal transduc-
tion. Oncogene (2004) 23:7906-9. d0i:10.1038/sj.onc.1208160

3. Parsons JT, Wilkerson V, Parsons SJ. Structural and functional motifs of the
Rous sarcoma virus src protein. Gene Amplif Anal (1986) 4:1-19.

4. Thomas SM, Brugge JS. Cellular functions regulated by Src family
kinases. Annu Rev Cell Dev Biol (1997) 13:513-609. doi:10.1146/annurev.
cellbio.13.1.513

5. Raab M, Cai YC, Bunnell SC, Heyeck SD, Berg L], Rudd CE. p56Lck and
p59Fyn regulate CD28 binding to phosphatidylinositol 3-kinase, growth
factor receptor-bound protein GRB-2, and T cell-specific protein-tyrosine
kinase ITK: implications for T-cell costimulation. Proc Natl Acad Sci U S A
(1995) 92:8891-5. doi:10.1073/pnas.92.19.8891

6. Susa M, Rohner D, Bichsel S. Differences in binding of PI 3-kinase to the
src-homology domains 2 and 3 of p56 Ick and p59 fyn tyrosine kinases. Biochem
Biophys Res Commun (1996) 220:729-34. doi:10.1006/bbrc.1996.0472

7. daSilva AJ, Li Z, de Vera VC, Canto E, Findell P, Rudd CE. Cloning of a novel
T-cell protein FYB that binds FYN and SH2-domain-containing leukocyte
protein 76 and modulates interleukin 2 production. Proc Natl Acad Sci U S A
(1997) 94:7493-8. doi:10.1073/pnas.94.14.7493

8. Gumbleton M, Kerr WG. Role of inositol phospholipid signaling in
natural killer cell biology. Front Immunol (2013) 4:47. doi:10.3389/
fimmu.2013.00047

9. Veale M, Raab M, Li Z, da Silva AJ, Kraeft SK, Weremowicz S, et al. Novel
isoform of lymphoid adaptor FYN-T-binding protein (FYB-130) interacts
with SLP-76 and up-regulates interleukin 2 production. J Biol Chem (1999)
274:28427-35. doi:10.1074/jbc.274.40.28427

10. Medeiros RB, Burbach BJ, Mueller KL, Srivastava R, Moon JJ, Highfill S, et al.
Regulation of NF-kappaB activation in T cells via association of the adapter
proteins ADAP and CARMAL. Science (2007) 316:754-8. doi:10.1126/
science.1137895

11. Srivastava R, Burbach BJ, Mitchell JS, Pagan AJ, Shimizu Y. ADAP regulates
cell cycle progression of T cells via control of cyclin E and Cdk2 expression
through two distinct CARMA1-dependent signaling pathways. Mol Cell Biol
(2012) 32:1908-17. doi:10.1128/MCB.06541-11

12. Rajasekaran K, Kumar P, Schuldt KM, Peterson EJ, Vanhaesebroeck B, Dixit
V, et al. Signaling by fyn-ADAP via the carmal-Bcl-10-MAP3K7 signalosome

complexed with a pYDGI containing peptide. Solving this struc-
ture has the potential to elucidate the mechanism behind the
signaling specificity responsible for distinct effector functions in
lymphocytes, and serve as a model for identifying other divergent
signaling cascades.

Acknowledgments

The authors would like to thank the investigators who character-
ized the protein structures used in this review. They would also
like to thank Drs. Debra Newman, Paula Traktman, and Brian
Volkman for the guidance and encouragement necessary to
complete this work. This work was supported in part by Hyundai
Scholars Program (MT); Rebecca Jean Slye Endowment (MT);
Midwest Athletes Against Childhood Cancer (MACC) Fund (MT
and SM); the Pablove Foundation (MT); American Cancer Society
Pilot Award from the Cancer Center of MCW (MT and SM);
Alex Lemonade Stand Foundation (SM); RO1 AI102893 (SM);
NCI grant R01CA179363 (SM); Nicholas Family Foundation
(SM); Nan Gardetto Chair (SM); and the HRHM Program of the
MACC Fund (SM).

exclusively regulates inflammatory cytokine production in NK cells. Nat
Immunol (2013) 14:1127-36. doi:10.1038/ni.2708

13. Ishizawar R, Parsons SJ. c-Src and cooperating partners in human cancer.
Cancer Cell (2004) 6:209-14. doi:10.1016/j.ccr.2004.09.001

14. Srivastava R, Burbach BJ, Shimizu Y. NF-kappaB activation in T cells requires
discrete control of IkappaB kinase alpha/beta (IKKalpha/beta) phosphoryla-
tion and IKKgamma ubiquitination by the ADAP adapter protein. J Biol Chem
(2010) 285:11100-5. doi:10.1074/jbc.M109.068999

15. Raab M, Kang H, da SA, Zhu X, Rudd CE. FYN-T-FYB-SLP-76 interactions
define a T-cell receptor zeta/CD3-mediated tyrosine phosphorylation pathway
that up-regulates interleukin 2 transcription in T-cells. J Biol Chem (1999)
274:21170-9. doi:10.1074/jbc.274.30.21170

16. Wolven A, Okamura H, Rosenblatt Y, Resh MD. Palmitoylation of p59fyn
is reversible and sufficient for plasma membrane association. Mol Biol Cell
(1997) 8:1159-73. doi:10.1091/mbc.8.6.1159

17. Liang X, Lu Y, Wilkes M, Neubert TA, Resh MD. The N-terminal SH4 region
of the Src family kinase Fyn is modified by methylation and heterogeneous
fatty acylation: role in membrane targeting, cell adhesion, and spreading. ] Biol
Chem (2004) 279:8133-9. doi:10.1074/jbc.M311180200

18. Schlessinger J. SH2/SH3 signaling proteins. Curr Opin Genet Dev (1994)
4:25-30. doi:10.1016/0959-437X(94)90087-6

19. Morton CJ, Pugh DJ, Brown EL, Kahmann JD, Renzoni DA, Campbell ID.
Solution structure and peptide binding of the SH3 domain from human Fyn.
Structure (1996) 4:705-14. doi:10.1016/S0969-2126(96)00076-7

20. Mulhern TD, Shaw GL, Morton CJ, Day AJ, Campbell ID. The SH2 domain
from the tyrosine kinase Fyn in complex with a phosphotyrosyl peptide
reveals insights into domain stability and binding specificity. Structure (1997)
5:1313-23. doi:10.1016/50969-2126(97)00283-9

21. Schindler T, Sicheri F, Pico A, Gazit A, Levitzki A, Kuriyan J. Crystal structure
of Hek in complex with a Src family-selective tyrosine kinase inhibitor. Mol Cell
(1999) 3:639-48. doi:10.1016/S1097-2765(00)80357-3

22. Sicheri F, Moarefi I, Kuriyan J. Crystal structure of the Src family tyrosine
kinase Hck. Nature (1997) 385:602-9. doi:10.1038/385602a0

23. Xu W, Doshi A, Lei M, Eck MJ, Harrison SC. Crystal structures of c-Src
reveal features of its autoinhibitory mechanism. Mol Cell (1999) 3:629-38.
doi:10.1016/S1097-2765(00)80356-1

24. Gan W, Roux B. Binding specificity of SH2 domains: insight from free energy
simulations. Proteins (2009) 74:996-1007. doi:10.1002/prot.22209

25. Majkut P, Claussnitzer I, Merk H, Freund C, Hackenberger CP, Gerrits M.
Completion of proteomic data sets by Kd measurement using cell-free

Frontiers in Immunology | www.frontiersin.org

September 2015 | Volume 6 | Article 472


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/S0952-7915(03)00039-6
http://dx.doi.org/10.1038/sj.onc.1208160
http://dx.doi.org/10.1146/annurev.cellbio.13.1.513
http://dx.doi.org/10.1146/annurev.cellbio.13.1.513
http://dx.doi.org/10.1073/pnas.92.19.8891
http://dx.doi.org/10.1006/bbrc.1996.0472
http://dx.doi.org/10.1073/pnas.94.14.7493
http://dx.doi.org/10.3389/fimmu.2013.00047
http://dx.doi.org/10.3389/fimmu.2013.00047
http://dx.doi.org/10.1074/jbc.274.40.28427
http://dx.doi.org/10.1126/science.1137895
http://dx.doi.org/10.1126/science.1137895
http://dx.doi.org/10.1128/MCB.06541-11
http://dx.doi.org/10.1038/ni.2708
http://dx.doi.org/10.1016/j.ccr.2004.09.001
http://dx.doi.org/10.1074/jbc.M109.068999
http://dx.doi.org/10.1074/jbc.274.30.21170
http://dx.doi.org/10.1091/mbc.8.6.1159
http://dx.doi.org/10.1074/jbc.M311180200
http://dx.doi.org/10.1016/0959-437X(94)90087-6
http://dx.doi.org/10.1016/S0969-2126(96)00076-7
http://dx.doi.org/10.1016/S0969-2126(97)00283-9
http://dx.doi.org/10.1016/S1097-2765(00)80357-3
http://dx.doi.org/10.1038/385602a0
http://dx.doi.org/10.1016/S1097-2765(00)80356-1
http://dx.doi.org/10.1002/prot.22209

Gerbec et al.

The Fyn-ADAP signaling axis

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

synthesis of site-specifically labeled proteins. PLoS One (2013) 8:e82352.
doi:10.1371/journal.pone.0082352

Ladbury JE, Lemmon MA, Zhou M, Green J, Botfield MC, Schlessinger J.
Measurement of the binding of tyrosyl phosphopeptides to SH2 domains:
a reappraisal. Proc Natl Acad Sci U S A (1995) 92:3199-203. doi:10.1073/
pnas.92.8.3199

Waksman G, Shoelson SE, Pant N, Cowburn D, Kuriyan J. Binding of
a high affinity phosphotyrosyl peptide to the Src SH2 domain: crystal
structures of the complexed and peptide-free forms. Cell (1993) 72:779-90.
doi:10.1016/0092-8674(93)90405-F

Hirai H, Varmus HE. Site-directed mutagenesis of the SH2- and SH3-coding
domains of c-src produces varied phenotypes, including oncogenic activation
of p60c-src. Mol Cell Biol (1990) 10:1307-18.

Davidson D, Fournel M, Veillette A. Oncogenic activation of p59fyn tyrosine
protein kinase by mutation of its carboxyl-terminal site of tyrosine phosphor-
ylation, tyrosine 528. ] Biol Chem (1994) 269:10956-63.

Veillette A, Caron L, Fournel M, Pawson T. Regulation of the enzymatic
function of the lymphocyte-specific tyrosine protein kinase p56lck by the
non-catalytic SH2 and SH3 domains. Oncogene (1992) 7:971-80.

Davidson D, Schraven B, Veillette A. PAG-associated FynT regulates calcium
signaling and promotes anergy in T lymphocytes. Mol Cell Biol (2007)
27:1960-73. doi:10.1128/MCB.01983-06

Draberova L, Bugajev V, Potuckova L, Halova I, Bambouskova M, Polakovicova
I, et al. Transmembrane adaptor protein PAG/CBP is involved in both
positive and negative regulation of mast cell signaling. Mol Cell Biol (2014)
34:4285-300. doi:10.1128/MCB.00983-14

Solheim SA, Torgersen KM, Tasken K, Berge T. Regulation of fynT function
by dual domain docking on PAG/Cbp. ] Biol Chem (2008) 283:2773-83.
doi:10.1074/jbc.M705215200

Solheim SA, Petsalaki E, Stokka AJ, Russell RB, Tasken K, Berge T. Interactions
between the fyn SH3-domain and adaptor protein Cbp/PAG derived
ligands, effects on kinase activity and affinity. FEBS J (2008) 275:4863-74.
doi:10.1111/j.1742-4658.2008.06626.x

Huntington ND, Xu Y, Nutt SL, Tarlinton DM. A requirement for CD45 dis-
tinguishes Ly49D-mediated cytokine and chemokine production from killing
in primary natural killer cells. ] Exp Med (2005) 201:1421-33. doi:10.1084/
jem.20042294

Hesslein DG, Takaki R, Hermiston ML, Weiss A, Lanier LL. Dysregulation
of signaling pathways in CD45-deficient NK cells leads to differentially regu-
lated cytotoxicity and cytokine production. Proc Natl Acad Sci U S A (2006)
103:7012-7. doi:10.1073/pnas.0601851103

Martin SM, Mehta IK, Yokoyama WM, Thomas ML, Lorenz RG. Development
of intestinal intraepithelial lymphocytes, NK cells, and NK 1.1+ T cells
in CD45-deficient mice. JImmunol (2001) 166:6066-73. doi:10.4049/
jimmunol.166.106066

Mason LH, Willette-Brown J, Taylor LS, McVicar DW. Regulation of Ly49D/
DAPI12 signal transduction by Src-family kinases and CD45. ] Immunol (2006)
176:6615-23. doi:10.4049/jimmunol.176.11.6615

Zikherman J, Jenne C, Watson S, Doan K, Raschke W, Goodnow CC, et al.
CD45-Csk phosphatase-kinase titration uncouples basal and inducible T cell
receptor signaling during thymic development. Immunity (2010) 32:342-54.
doi:10.1016/j.immuni.2010.03.006

Stone JD, Conroy LA, Byth KF, Hederer RA, Howlett S, Takemoto Y, et al.
Aberrant TCR-mediated signaling in CD45-null thymocytes involves dys-
functional regulation of Lck, fyn, TCR-zeta, and ZAP-70. J Immunol (1997)
158:5773-82.

Shiroo M, Goff L, Biffen M, Shivnan E, Alexander D. CD45 tyrosine phos-
phatase-activated p59fyn couples the T cell antigen receptor to pathways of
diacylglycerol production, protein kinase C activation and calcium influx.
EMBO ] (1992) 11:4887-97.

Weiss A, Irving BA, Tan LK, Koretzky GA. Signal transduction by the T cell
antigen receptor. Semin Immunol (1991) 3:313-24.

Moarefi I, LaFevre-Bernt M, Sicheri F, Huse M, Lee CH, Kuriyan J, et al.
Activation of the Src-family tyrosine kinase Hck by SH3 domain displacement.
Nature (1997) 385:650-3. doi:10.1038/385650a0

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

MorocoJA, Craigo JK, Iacob RE, Wales TE, Engen JR, Smithgall TE. Differential
sensitivity of Src-family kinases to activation by SH3 domain displacement.
PLoS One (2014) 9:e105629. doi:10.1371/journal.pone.0105629
Breitenlechner CB, Kairies NA, Honold K, Scheiblich S, Koll H, Greiter E, et al.
Crystal structures of active Src kinase domain complexes. J Mol Biol (2005)
353:222-31. d0i:10.1016/§.jmb.2005.08.023

Cowan-Jacob SW, Fendrich G, Manley PW, Jahnke W, Fabbro D, Liebetanz
J, et al. The crystal structure of a c-Src complex in an active conformation
suggests possible steps in c-Src activation. Structure (2005) 13:861-71.
doi:10.1016/j.5tr.2005.03.012

Yamaguchi H, Hendrickson WA. Structural basis for activation of human lym-
phocyte kinase Lck upon tyrosine phosphorylation. Nature (1996) 384:484-9.
doi:10.1038/384484a0

Boggon TJ, Eck MJ. Structure and regulation of Src family kinases. Oncogene
(2004) 23:7918-27. doi:10.1038/sj.0nc.1208081

Karnitz LM, Sutor SL, Abraham RT. The Src-family kinase, Fyn, regulates the
activation of phosphatidylinositol 3-kinase in an interleukin 2-responsive T
cell line. ] Exp Med (1994) 179:1799-808. doi:10.1084/jem.179.6.1799

Prasad KV, Kapeller R, Janssen O, Repke H, Duke-Cohan JS, Cantley LC, et al.
Phosphatidylinositol (PI) 3-kinase and PI 4-kinase binding to the CD4-p56lck
complex: the p56lck SH3 domain binds to PI 3-kinase but not PI 4-kinase. Mol
Cell Biol (1993) 13:7708-17.

Prasad KV, Kapeller R, Janssen O, Duke-Cohan JS, Repke H, Cantley LC,
et al. Regulation of CD4-p56lck-associated phosphatidylinositol 3-kinase
(PI 3-kinase) and phosphatidylinositol 4-kinase (PI 4-kinase). Philos
Trans R Soc Lond B Biol Sci (1993) 342:35-42. d0i:10.1098/rstb.1993.0132
Prasad KV, Janssen O, Kapeller R, Raab M, Cantley LC, Rudd CE. Src-homology
3 domain of protein kinase p59fyn mediates binding to phosphatidylinositol
3-kinase in T cells. Proc Natl Acad Sci U S A (1993) 90:7366-70. doi:10.1073/
pnas.90.15.7366

Awasthi A, Samarakoon A, Dai X, Wen R, Wang D, Malarkannan S. Deletion
of PI3K-p85alpha gene impairs lineage commitment, terminal maturation,
cytokine generation and cytotoxicity of NK cells. Genes Immun (2008)
9:522-35. doi:10.1038/gene.2008.45

Machida K, Mayer BJ. The SH2 domain: versatile signaling module and
pharmaceutical target. Biochim Biophys Acta (2005) 1747:1-25. doi:10.1016/j.
bbapap.2004.10.005

Saksela K, Permi P. SH3 domain ligand binding: whats the consensus
and where’s the specificity? FEBS Lett (2012) 586:2609-14. doi:10.1016/j.
febslet.2012.04.042

Songyang Z, Shoelson SE, Chaudhuri M, Gish G, Pawson T, Haser WG,
et al. SH2 domains recognize specific phosphopeptide sequences. Cell (1993)
72:767-78. doi:10.1016/0092-8674(93)90404-E

Ladbury JE, Hensmann M, Panayotou G, Campbell ID. Alternative modes
of tyrosyl phosphopeptide binding to a Src family SH2 domain: implications
for regulation of tyrosine kinase activity. Biochemistry (1996) 35:11062-9.
doi:10.1021/bi960543e

Filippakopoulos P, Muller S, Knapp S. SH2 domains: modulators of non-
receptor tyrosine kinase activity. Curr Opin Struct Biol (2009) 19:643-9.
doi:10.1016/j.sb1.2009.10.001

Eck MJ, Shoelson SE, Harrison SC. Recognition of a high-affinity phos-
photyrosyl peptide by the Src homology-2 domain of p56lck. Nature (1993)
362:87-91. doi:10.1038/362087a0

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2015 Gerbec, Thakar and Malarkannan. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic prac-
tice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

10

September 2015 | Volume 6 | Article 472


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1371/journal.pone.0082352
http://dx.doi.org/10.1073/pnas.92.8.3199
http://dx.doi.org/10.1073/pnas.92.8.3199
http://dx.doi.org/10.1016/0092-8674(93)90405-F
http://dx.doi.org/10.1128/MCB.01983-06
http://dx.doi.org/10.1128/MCB.00983-14
http://dx.doi.org/10.1074/jbc.M705215200
http://dx.doi.org/10.1111/j.1742-4658.2008.06626.x
http://dx.doi.org/10.1084/jem.20042294
http://dx.doi.org/10.1084/jem.20042294
http://dx.doi.org/10.1073/pnas.0601851103
http://dx.doi.org/10.4049/jimmunol.166.106066
http://dx.doi.org/10.4049/jimmunol.166.106066
http://dx.doi.org/10.4049/jimmunol.176.11.6615
http://dx.doi.org/10.1016/j.immuni.2010.03.006
http://dx.doi.org/10.1038/385650a0
http://dx.doi.org/10.1371/journal.pone.0105629
http://dx.doi.org/10.1016/j.jmb.2005.08.023
http://dx.doi.org/10.1016/j.str.2005.03.012
http://dx.doi.org/10.1038/384484a0
http://dx.doi.org/10.1038/sj.onc.1208081
http://dx.doi.org/10.1084/jem.179.6.1799
http://dx.doi.org/10.1098/rstb.1993.0132
http://dx.doi.org/10.1073/pnas.90.15.7366
http://dx.doi.org/10.1073/pnas.90.15.7366
http://dx.doi.org/10.1038/gene.2008.45
http://dx.doi.org/10.1016/j.bbapap.2004.10.005
http://dx.doi.org/10.1016/j.bbapap.2004.10.005
http://dx.doi.org/10.1016/j.febslet.2012.04.042
http://dx.doi.org/10.1016/j.febslet.2012.04.042
http://dx.doi.org/10.1016/0092-8674(93)90404-E
http://dx.doi.org/10.1021/bi960543e
http://dx.doi.org/10.1016/j.sbi.2009.10.001
http://dx.doi.org/10.1038/362087a0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Fyn–ADAP axis: cytotoxicity versus cytokine production in killer cells
	Introduction – Fyn, PI(3)K, and ADAP
	Domain Structures of Fyn
	Intrinsic Regulation of Fyn Activation
	Extrinsic Regulation of Fyn Activation by Csk and PAG
	Fyn Structure in Activation
	Fyn Recruits Distinct Signaling Partners to Regulate Multiple Cellular Functions
	The Fyn–ADAP Interaction: Cytotoxicity Versus Cytokine Production
	Conclusion
	Acknowledgments
	References


