THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 39, pp. 26409 -26422, September 26, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Lck-dependent Fyn Activation Requires C
Terminus-dependent Targeting of Kinase-active Lck

to Lipid Rafts”

Received for publication, December 20, 2007, and in revised form, July 18,2008 Published, JBC Papers in Press, July 27, 2008, DOI 10.1074/jbc.M710372200

Dominik Filipp*®', Behrouz Moemeni*', Alessandra Ferzoco®, Kirishanthy Kathirkamathamby*, Jenny Zhang®,
Ondrej Ballek®, Dominique Davidson’, André Veillette’, and Michael Julius**

From the *Sunnybrook Research Institute and the Department of Inmunology, University of Toronto,

Toronto, Ontario M4N 3M5, Canada, §Labomtory of Inmunobiology, Institute of Molecular Genetics AS CR, Videnska 1083,
142 20 Prague 4, Czech Republic, '"Laboratory of Molecular Oncology, Clinical Research Institute of Montréal, Montréal,
Quebec H2W 1R7, Canada, the Department of Medicine, University of Montréal, Quebec H3A 1A1, Canada,

and the Department of Medicine, McGill University, Montréal, Quebec H3T 1J4, Canada

Mechanisms regulating the activation and delivery of func-
tion of Lck and Fyn are central to the generation of the most
proximal signaling events emanating from the T cell antigen
receptor (TcR) complex. Recent results demonstrate that lipid
rafts (LR) segregate Lck and Fyn and play a fundamental role in
the temporal and spatial coordination of their activation. Spe-
cifically, TcR-CD4 co-aggregation-induced Lck activation out-
side LR results in Lck translocation to LR where the activation of
LR-resident Fyn ensues. Here we report a structure-function
analysis toward characterizing the mechanism supporting Lck
partitioning to LR and its capacity to activate co-localized Fyn.
Using NIH 3T3 cells ectopically expressing FynT, we demon-
strate that only LR-associated, kinase-active Y**°*Lck recipro-
cally co-immunoprecipitates with and activates Fyn. Mutational
analyses revealed a profound reduction in the formation of Lck-
Fyn complexes and Fyn activation, using kinase domain mutants
K273R and Y394F of Y?°°FLck, both of which have profoundly
compromised kinase activity. The only kinase-active Lck
mutants tested that revealed impaired physical and enzymatic
engagement with Fyn were those involving truncation of the
C-terminal sequence YQPQP. Remarkably, sequential trunca-
tion of YQPQP resulted in an increasing reduction of kinase-
active Lck partitioning to LR, in both fibroblasts and T cells.
This in turn correlated with an ablation of the capacity of these
truncates to enhance TcR-mediated interleukin-2 production.
Thus, Lck-dependent Fyn activation is predicated by proximity-
mediated transphosphorylation of the Fyn kinase domain, and
targeting kinase-active Lck to LR is dependent on the C-termi-
nal sequence QPQP.

Two Src family tyrosine kinases, Lck and Fyn, provide critical
functions that predicate the generation of the most proximal
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signals emanating from the antigen receptor complex in T cells
(1, 2). Lck- and Fyn-dependent phosphorylation of many cellu-
lar substrates is readily detectable within seconds after T cell
receptor engagement (3), and the provision of catalytic activity
requires an intact molecular structure (4) and post-transla-
tional lipid modifications of these kinases (5-7).

Similar to other Src family kinases, Lck and Fyn contain a
short N-terminal lipid-modified region, a unique domain, Src
homology 3 (SH3)? and SH2 domains, a linker region, a cata-
lytic domain, and a C-terminal tail involved in negative regula-
tion of function (8). Biochemical and crystallographic studies
revealed that kinase activity is regulated through reversible
phosphorylation of two key tyrosine residues. Specifically, the
negative regulatory Tyr®®® and Tyr>*® on Lck and Fyn, respec-
tively, and the positive regulatory Tyr*** and Tyr*'” of Lck and
Fyn, respectively, are positioned within the activation loops of
their respective kinase domains (9-12). As Lck and Fyn can be
phosphorylated on either of these two regulatory tyrosine resi-
dues, the activation of Src kinases is modeled as a sequential
two-step mechanism, which allows transitions between three
functionally different states (4, 13). The inactive, autoinhibitory
conformation is supported in large part by 2-week intra-molec-
ular interactions formed between the SH2 domain and the
phosphorylated C-terminal tyrosine and the SH3 domain and
the linker region, which cooperatively contribute to down-reg-
ulate the kinase activity. CD45-mediated dephosphorylation of
the C-terminal phosphotyrosine results in an “open” structure
and an active conformation of the kinase domain (14). This
initial step of kinase activation can be counteracted by action of
the C-terminal Src kinase (Csk) (15, 16). In the second step, full
kinase activity is achieved upon phosphorylation of the positive
regulatory tyrosine in the activation loop (17).

Although not accounting for all possible activation scenarios,
this simplified model highlights the important difference
between the two activation steps of Lck and Fyn kinases. The
initial transition from “closed” to open conformation is con-

3 The abbreviations used are: SH3, Src homology 3; SH2, Src homology 2; TcR,
T cell antigen receptor; LR, lipid raft; WT, wild type; IL, interleukin; ELISA,
enzyme-linked immunosorbent assay; HRP, horseradish peroxidase; mAb,
monoclonal antibody; MHC, major histocompatibility complex; LM, lauryl-
maltoside; CT, cholera toxin B.
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trolled by extracellular signals, notably by peptide-MHC-medi-
ated co-ligation of TcR and CD4, which alters the balance
between the positive and negative regulating enzymatic activi-
ties of CD45 and Csk, respectively, toward the former. In con-
trast, the phosphorylation of positive regulatory tyrosine in the
activation loop is accomplished by intrinsic catalytic activity of
the kinases themselves, acting in an intra-molecular (18 —20) or
inter-molecular fashion (21), as a consequence of kinase co-
clustering. Moreover, some data indicate that phosphorylation
within the activation loop in trans by other Src or non-Src fam-
ily members can also occur (22).

An additional mode of activation, which does not involve
dephosphorylation of the C-terminal tyrosine, is conferred by
high affinity interactions of the SH3 domain with its ligands,
resulting in the competitive displacement of low affinity intra-
molecular interactions (19, 23-25). This results in an alignment
of kinase domain residues critical for catalysis and enables pro-
ductive binding of ATP and substrates (26).

Whether or how the respective functions of Lck and Fyn in
generating the earliest signals emanating from the TcR are
coordinated and integrated has remained enigmatic. Because of
their abundance in T cells, their involvement in early TcR sig-
naling, their partial ability to compensate for each other’s defi-
ciency in the context of TcR signaling, as well as their ability to
phosphorylate an overlapping set of substrates, it has been sug-
gested that their functions are, at least in part, redundant (2).
However, the above commonalities contrast markedly with dif-
ferences related to the physiology of these kinases. Based simply
on expression patterns, Lck and Fyn belong to separate subfam-
ilies of Src family tyrosine kinases. Whereas Fyn together with
Src and Yes are ubiquitously expressed, the expression of Lck,
Hck, Lyn, and Blk are largely restricted to hematopoietic cells
(11). Interestingly, this physiological distinction is paralleled by
a structural difference in the form of a short C-terminal trun-
cation in Lck subfamily members (14). Furthermore, Lck and
Fyn reconstitution experiments demonstrated their discrete
physiological role in the maintenance and activation of periph-
eral T cells (27, 28). Finally, in T cells, although the majority of
plasma membrane-bound Lck is complexed with co-receptor
CD4 (29), only a small proportion of Fyn tethers to CD3 chains
of the TcR complex (30, 31). Thus, the association of Lck and
Fyn with discrete signaling structures at the plasma membrane,
as well as their preference for specific targets in vivo (28, 32),
suggests that their roles in the initiation of signals emanating
from the TcR could be distinct, independent, and specific.

In this regard, recent findings demonstrating that lipid rafts
function not only to segregate Lck and Fyn but also to couple
the process of membrane translocation with temporal and spa-
tial regulation of their enzymatic activities provides strong evi-
dence for their nonredundant and interdependent functions
(2). Specifically, although Fyn localizes to LR, the majority of
Lck partitions to soluble membrane fractions. Co-aggregation
of TcR and CD4 results in Lck activation outside LR, followed
by its translocation into LR and the activation of co-localized
Fyn (3). Because activation-induced (3) or genetically targeted
enrichment (33) of Lck in LR results in the activation of co-
localized Fyn, the prediction follows that activation of the latter
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is a consequence of either direct or indirect interaction between
Lck and Fyn.

To address this question, we created a model system using
fibroblasts enabling both biochemical and genetic analyses of
the mechanisms underpinning Lck-dependent Fyn activation.
Here we report that Lck-Fyn complexes are revealed in NIH
3T3 fibroblasts co-expressing WT FynT and constitutively
active Y505F Lck. Complex formation was predicated by the
kinase activity of ectopically expressed Lck, occurred exclu-
sively in LR, and resulted in the phosphorylation of the positive
regulatory Tyr*'” in the activation loop of LR resident Fyn.
Mutational analyses identified two domains of Lck critical for
Lck-Fyn complex formation as follows: (i) the active kinase
domain of Lck that mediates transphosphorylation of the Fyn
kinase domain when co-localized in LR, and (ii) the unexpected
characterization of the C-terminal sequence of Lck that func-
tions as a cis-acting structural element required for partitioning
of Lck to LR.

EXPERIMENTAL PROCEDURES

Cell Lines and T Cell Clones—Generation, selection, and
growth of NIH 3T3 cells expressing WT FynT (3T3-FynT) were
described elsewhere (34). The Src-, Yes-, Fyn-triple knock-out
mouse embryonic fibroblast cell line (SYF) was obtained from
the ATCC and maintained according to distributor’s recom-
mendations. The CD4™ T cell clone 2.5 infected with empty
MigR1 vector or MigR1 containing various mutant constructs
of Lck were selected and maintained as described elsewhere
(35). BI-141 is a CD4~ /CD8 MHC class II-restricted T cell
hybridoma specific for bovine insulin (36) and was maintained
as described previously (37).

Antibodies and Reagents—Polyclonal rabbit anti-mouse Lck-
(38), Fyn- (34), and Tyr(P)*>** Lck (39)-specific antisera have
been described elsewhere. The anti-TcRCpB-specific mAb,
H57.597 (40), was purified on protein A-conjugated Sepharose
4B. For use in immunoprecipitation, IgG fractions of antisera
were affinity-purified and covalently coupled to CNBr-acti-
vated Sepharose 4B (Amersham Biosciences). Rabbit anti-
mouse Tyr(P)*'® Src that cross-reacts with Tyr(P)*'” Fyn was
purchased from BIOSOURCE. Phosphotyrosine-specific mAb,
4@G10, and anti-actin antibodies were purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY) and Sigma, respectively.
Goat anti-mouse IgG-horseradish peroxidase (HRP) and pro-
tein A-HRP were purchased from Bio-Rad. Cholera toxin B
subunit-HRP (CT-HRP) was purchased from Sigma.

Site-directed Mutagenesis—Construction of WT and C20S/
C23S (DC-S, double cysteine to serine mutation) (35) and
Y505F (41) mutants of Lck were described previously. S59A,
WI7K, R154K, P249G, P252G, P249G/P252G (DP-G, double
proline to glycine mutation), K273R, Y394F, AQP, AQPQP, and
AYQPQP mutations were introduced on Y505F Lck template
using “Genetailor” mutagenesis kit (Invitrogen). All mutants of
Lck expressed in clone 2.5, except for those encoding the WT
and DC-S Lck, were generated on a K273R + DC-S Lck tem-
plate. Oligonucleotides carrying desired mutations were
designed and used according the manufacturer’s recommenda-
tion. All mutants were verified by sequencing. The wild type or
mutant Lck constructs were inserted into the murine stem cell
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virus-based internal ribosome entry site-enhanced green fluo-
rescent protein virus MIEV (35) or its analog MigR1 (42), both
permitting the concurrent expression of a given gene and
enhanced green fluorescent protein. Generation of retrovirus
packaging cell lines and retrovirus stock as well as infection of
3T3-FynT were performed as outlined elsewhere (35, 43). The
same protocol was applied to generate SYF, 2.5, and BI-141 cells
expressing indicated Lck mutants.

Cell Lysis, Immunoprecipitations, Immunoblotting, and
Densitometry—4G10 and anti-Lck immunoblots were per-
formed on aliquots of SYF, BI-141, and 2.5 cell infectants
directly lysed in Laemmli loading buffer and boiled for 10 min.
For evaluation of Lck, Fyn, Tyr(P)*** Lck, and Tyr(P)*'” Fyn
levelsin 3T3-FynT infectants, cells were lysed in TNE buffer (50
mM Tris, pH 8,20 mm EDTA, 200 mm Na;VO,, 50 mm NaF, 1%
Nonidet P-40, 20 ug/ml leupeptin, 20 ug/ml aprotinin) and
immunoprecipitated, blotted, and probed as described in detail
elsewhere (33). Densitometric analyses of immunoblots were
performed on a GS800 densitometer (Bio-Rad) utilizing Quan-
tity One quantification software (Bio-Rad). The signal quanti-
fications were calculated using densitometric values obtained
from nonsaturated signals.

Isolation of Lipids Rafts—Preparation of lipid rafts, the
assessment of subcellular partitioning of Lck, Fyn, and the LR
marker GM1, and the immunoprecipitation of Lck and Fyn
from lipid raft fractions were performed as described elsewhere
(33). For comparative analyses of LR solubility in selected deter-
gents, TKM buffer containing 50 mm Tris, pH 7.4, 25 mm KCl, 5
mM MgCl,, 1 mm EDTA, 20 ug/ml leupeptin, 20 ng/ml aproti-
nin, and 100 ug/ml Pefabloc was supplemented with either
0.5% Brij-58, or 1% Nonidet P-40, or 1% n-dodecyl-B-p-malto-
side (laurylmaltoside (LM), Sigma).

Immune Complex Kinase Assays—Lck immunoprecipitates
from SYF infectants were subjected to in vitro kinase assay per-
formed as described previously (33).

Immunofluorescence and Confocal Microscopy—The immu-
nofluorescence protocol was obtained from Cell Signaling
Technology web site. Briefly, 3T3-FynT infectants, grown on
coverslips, were fixed in 4% paraformaldehyde and permeabi-
lized with ice-cold 100% methanol. After washing, the samples
were treated with a blocking solution containing 2.5% bovine
serum albumin and 2.5% fetal cow serum. Immunostaining was
performed with purified rabbit anti-Lck followed by Alexa-647-
conjugated anti-rabbit (Invitrogen). In the second step, Alexa-
555 directly conjugated to anti-Fyn was applied. Cells were
mounted on slides using Vectashield mounting medium with
4',6-diamidino-2-phenylindole (Vector Laboratories). Micros-
copy was performed on a confocal microscope Leica SP5, and
images were acquired using an HCX PL APO 40X/1.25-0.75
Oil CS UV objective. Cropping and brightness/contrast adjust-
ments were performed with Adobe Photoshop CS software.

IL-2 ELISA—Triplicate cultures containing 5 X 10* BI-141
infectants were stimulated or not with plate-bound TcRCp-spe-
cific mAb, H57.597, at coating concentrations of 0.01, 0.03, or 0.1
pg/ml. Supernatants were harvested after 16 h, and IL-2 content
was quantified using an IL-2-specific ELISA (eBiosciences),
according to the manufacturer’s recommendations.
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RESULTS

Kinase-active Lck Forms Complexes with and Activates Fyn—
To determine whether the mechanism underpinning Lck-de-
pendent Fyn activation involves physical interaction of Lck and
Fyn kinases, we generated an NIH 3T3 fibroblast cell line co-
expressing wild type Fyn-T (WT Fyn) (3T3-FynT) with either
wild type (WT) Lck or C20S/C23S (DC-S) Lck or constitutively
active Y505F Lck. Because of the absence of CD4 expression in
3T3, the prediction is that partitioning of WT Lck, used as an
internal control, would mimic that of DC-S Lck, unable to bind
to intracellular portion of CD4 (44). As illustrated in Fig. 14,
Lck as well as Fyn expression levels were comparable (within
10%) among infectants. Of note is that NIH 3T3 cells do not
express Lck (45), and the levels of endogenous Fyn-B are ~30
times lower than those achieved through ectopic expression of
Fyn-T (data not shown and see Ref. 43). Probing anti-Lck
immunoprecipitates (left panels of Fig. 1, A—C) with antibodies
specific for Fyn and anti-Fyn immunoprecipitates (right panels
Fig. 1, A-C) with antibody specific for Lck revealed that only
Y505F Lck reciprocally co-immunoprecipitates with Fyn (Fig.
1B). Redeveloping the blots using ECL™ significantly enhances
the detection of these complexes and reveals low levels of co-
immunoprecipitation of Fyn with both WT and DC-S Lck (Fig.
1B, bottom panel). This “background” co-immunoprecipitation
is likely a reflection of basal kinase activity of W'T and DC-S Lck
(46).

Quantification of the stoichiometry of Fyn-Lck interaction
reveals that ~1.8% of total Fyn and 4.3% of total Y505F Lck are
complexed with the alternative kinase. As illustrated in Fig. 24,
this distinct stoichiometry is consistent with the differential
partitioning of Fyn and Lck to LR in NIH 3T3 fibroblasts. Spe-
cifically >92% of Fyn is LR-associated, whereas up to ~30% of
Lck is not. Hence, anti-Lck immunoprecipitates are diluted
with non-LR-associated Lck, which does not have access to Fyn.
Using levels of Tyr(P)** expression as a surrogate for Lck acti-
vation, Y505F Lck is ~15 times more active compared with the
other two variants of Lck (Fig. 1C). Importantly, as assessed by
quantification of Tyr(P)*'” levels, activation of WT Fyn immu-
noprecipitated from cells co-expressing Y505F Lck was
increased ~7-fold (Fig. 1C), compared with WT Fyn co-ex-
pressed with either WT or DC-S Lck. Thus, complex formation
between kinase-active Lck and WT Fyn correlates with Fyn
activation.

Of note is that although detection of Tyr(P)*** Lck was
assessed using specific antibody (39), detection of Tyr(P)*'” Fyn
utilized a polyclonal antibody that also recognizes Tyr(P)***
Lck. As Fyn immunoprecipitates will contain complexed Lck in
this system, the resulting Tyr(P)*'” signal illustrated in Fig. 1C,
right panel, is composed of the Tyr(P)*** Lck plus that of
Tyr(P)*"” Fyn. However, the contribution of Lck-derived signal
is readily distinguishable from that of Fyn because of the differ-
ence in their molecular weights (Fig. 1C, right panel). Also,
because of the low stoichiometry of the Y505F Lck-Fyn inter-
action, contribution of Tyr(P)*>** Lck signal revealed by anti-
Tyr(P)*"” Fyn is negligible (Fig. 1C, right panel).

Lck-Fyn Complex Formation Is Confined to Lipid Rafts—To
determine whether the interaction between Y505F Lckand W'T
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FIGURE 1. Kinase-active Lck complexes with and activates Fyn. NIH 3T3 cells stably expressing WT FynT
(3T3-FynT) were further infected with either empty vector MIEV (0), or MIEV vector containing WT Lck or
C205/C23S Lck (DC-S Lck) or Y505F Lck cDNA. 10° cells were lysed in 1% Nonidet P-40 lysis buffer and immu-
noprecipitated (/P) with either anti-Lck- (left panels) or anti-Fyn-specific antibodies (right panels). The immuno-
precipitates derived from each infectant were split into three equal portions and probed with immunoprecipi-
tating antibody (A), with antibody against the alternative kinase (B), and with antibodies detecting Tyr(P)*** Lck
and Tyr(P)*'” Fyn (see text for details) (C). Histograms in B show the percentage of total Fyn and total Lck
co-immunoprecipitated with the alternative kinase. Histograms in C show the relative kinase activity of Lck and
Fyn as measured by the quantification of Tyr(P)*** Lck and Tyr(P)*'” Fyn signals normalized to respective total
kinase signals. Sample derived from the 3T3-FynT cells expressing WT Lck was given a reference value of 1. ECL,
regular sensitivity reagent for chemiluminescent development of Western blots. ECL™, supersensitive reagent

for chemiluminescent development of Western blots.

Fyn is spatially confined or occurs ubiquitously on the plasma
membrane, we prepared LR and soluble fractions from 37T3-
FynT cells expressing either WT, DC-, or Y505F mutants of
Lck. As illustrated in Fig. 24, >92% of WT Fyn and 67-75% of
Lck partitions to LR in each of the four infectants. Probing Lck
and Fyn immunoprecipitates derived from LR and soluble frac-
tions with antibodies specific for the alternative kinase demon-
strates that Lck-Fyn interaction is detected exclusively in LR
(Fig. 2B), consistent with the observation that virtually all WT
Fynislocalized within LR. It was therefore critical to determine
whether the co-immunoprecipitation of Y505F Lck and Fyn
from LR reflects a bona fide interaction and is not simply an
artifact of isolating LR using nonstringent conditions of solubi-
lization that could promote nonspecific interactions.
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P-40 lysates redistributed 45 and
55% to LR and soluble fractions,
respectively. As expected, given the
reported efficiency of LM to disag-
gregate LR, Fyn is virtually unde-
tectable in low buoyant density frac-
tions of LM lysates. Specifically,
100% of Fyn was detected in the sol-
uble fractions derived from LM
lysates (Fig. 3, A and B), demon-
strating that LR harboring Fyn are
efficiently solubilized in LM. Impor-
tantly, setting the Fyn signal
detected in Brij 58 to 100%, >95% of
the Fyn signal is rescued in both
Nonidet P-40 and LM lysates, while
partitioning to distinct fractions of
the gradient. This was not the case
for the parallel assessment of GM1
distribution in the three detergents.

The distribution of the classical LR resident ganglioside,
GM1, was assessed in parallel to Fyn in each of the three deter-
gents. As illustrated in Fig. 3, Cand D, >99% of the GM1 signal
in Brij 58 lysates localized to LR. The re-distribution of GM1 in
Nonidet P-40 and LM lysates was qualitatively comparable with
that observed for Fyn. Specifically, streaming of GM1 to higher
buoyant density fractions was observed in Nonidet P-40 and
virtually all detectable GM1 localized to SF in LM lysates (Fig.
3C). However, in striking contrast to quantitative analyses of
Fyn redistribution in these three detergents, setting the value of
the GML1 signal in Brij 58 to 100%, only ~14 and 3.7% of the
total GM1 signal was observed in Nonidet P-40 and LM lysates,
respectively (Fig. 3D). Hence, after solubilization of LR, GM1 is
largely undetectable as assessed by cholera toxin (CT) binding.

—pY417 Fyn
" |—pY394 Lck

6.6
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FIGURE 2. Lck-Fyn complex formation is confined to lipid rafts. A, 10° 3T3-FynT cells infected with empty vector MIEV (0), or MIEV vector containing WT Lck
or S20C/S23C Lck (DC-S Lck) or Y505F Lck cDNA were lysed in TKM buffer containing 0.5% Brij 58 and subjected to sucrose gradient centrifugation. 10 ul of each
fraction was probed with cholera toxin B-HRP recognizing lipid raft marker GM1 (top panels), anti-Lck (middle panel), or anti-Fyn (bottom panel). Numbers below
the panelsindicate the percentage distribution of Lck and Fyn to lipid rafts (R) and membrane-soluble (S) fractions. B, Lck and Fyn immunoprecipitates (/P) from
LR (R) and soluble (S) fractions derived from each infectant highlighted in A were split into equal portions and immunoblotted with anti-Lck and anti-Fyn.

Impaired CT binding to GM1 in Nonidet P-40 and LM lysates,
in which LR are disaggregated, is consistent with previous
reports suggesting that LR resident GM1 is clustered and there-
fore supports multivalent binding of CT (54). In contrast, dis-
aggregation of LR in Nonidet P-40 and LM lysates would
destroy the GM1 geometry predicating CT binding.

The key observation derived from this detergent analysis is
illustrated in Fig. 3E. Notwithstanding undetectable LR derived
from cells lysed in LM, the capacity to co-immunoprecipitate
Y505F Lck-Fyn complexes is unimpaired (Fig. 3E). Thus,
although LR play a fundamental role in supporting the co-lo-
calization of Lck and Fyn, the retention of these ordered
microdomains upon solubilization does not predicate the sta-
bility of Y505F Lck-Fyn complexes once they are formed.

Structure-Function Analysis of Lck-Fyn Interaction—We
next sought to define domain mutant(s) of Y505F Lck mediat-
ing its interaction with Fyn. Previous mutational and functional
analyses suggest that several regions/residues on Lck could
mediate either a direct Lck-Fyn interaction or interactions with
intermediate molecule(s) as follows: the unique domain (55—
57) and the SH2 (58) and SH3 (59) domains; the proline-medi-
ated PPII conformation of the linker region (8); and the kinase
domain (60, 61) or specific residues within the C terminus (17,
62). Toward determining which of these sequences might be
involved in supporting Y505F Lck-Fyn complex formation,
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mutants with disabled function of each of these individual
domains, and the last five amino acid truncated at the C termi-
nus, were prepared on Y505F Lck cDNA template by site-di-
rected mutagenesis. 3T3-FynT infectants, ectopically express-
ing matched levels of mutant forms of Lck (Fig. 4, top row) and
WT Fyn (Fig. 4, 2nd row), were screened for their ability to
support Lck-Fyn complex formation.

Introduction of single point mutations ablating the function
of either the SH2 or SH3 domain or substitution of the two
proline residues in the linker region or various ablating substi-
tutions in the unique domain, including the two cysteine resi-
dues involved in CD4 interaction and the serine residue known
to impact the function of the SH3 domain, have no impact
on Lck-Fyn co-immunoprecipitation (Fig. 4, 3rd row of panels).
In contrast, a profound reduction in the formation of Lck-Fyn
complexes is observed using K273R and Y394F mutations of
Y505F Lck (Fig. 4, 3rd row of panels), both of which are unable
to support the activation of WT Fyn as assessed by increased
Tyr(P)*'” levels (Fig. 4, bottom panels).

Sequential Truncation of FQPQP C-terminal Sequence Cor-
relates with Increasing Loss of Lck-Fyn Complex Formation—
The established role of C-terminal sequences in the regulation
of Src family kinases and the Src-related kinase c-Abl (4, 14)
prompted us to investigate the involvement of C-terminal res-
idues unique to the Lck subfamily of Src family PTK in support-
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Localization—As illustrated in Fig.
6, confocal images of 3T3-FynT
cells infected with WT, Y505F,
AQPYSO5F, AQPQPY505F, or
AFQPQP Lck demonstrate compa-
rable plasma membrane localiza-
tion of all Lck variants, as well as
that of Fyn. Thus, the absence of
the QPQP sequence does not
impair Lck tethering to the plasma

FIGURE 3. Co-immunoprecipitation of Lck-Fyn complexes is not dependent on integrity of lipid rafts. ., hrane.

Aand C, 5 X 10° 3T3-FynT cells were lysed in buffers containing either Brij 58, No

nidet P-40, or laurylmaltoside

(LM) and subjected to sucrose gradient centrifugation. An equal amount of each fraction was probed using C Terminus of Lck Functions as a
anti-Fyn antibody (A) or cholera toxin B subunit-HRP detecting lipid raft marker GM1 (C). Band D, quantification Lipid Raft Targeting Sequence—ln

of A and C, relative distribution of Fyn (B) and GM1 (D) signals in LR (fractions 1-8, open bars) and soluble
fractions (fractions 9-10, SF, closed bars) in all three detergents are expressed in %.

(B)and GM1 (D) detected in each lysis condition is normalized to the total amount

The relative total signal of Fyn marked contrast, sequential trunca-
of FynorGM1inBrij58lysate, tion of the C terminus of Lck has a

which were assigned an arbitrary reference value of 100%. ND = not detectable. £, 3T3-FynT cells expressing profound impact on partitioning to

either WT Lck or Y505F Lck cDNA were lysed in Nonidet P-40 or LM containi

immunoprecipitation (/P) using anti-Lck antibody. Immunoprecipitates were s
anti-Lck (top panel) or anti-Fyn (bottom panel) antibodies.

ing Lck-Fyn interactions. Remarkably, truncation of the last five
C-terminal residues (AFQPQP) profoundly reduces complex
formation with Fyn in this fibroblast system (Fig. 4). Further-
more, this impaired complex formation correlates with
decreased Tyr(P)*'” Fyn levels (Fig. 4, bottom panels). This
result was further analyzed by comparing the impact using
sequential truncates of Y>°**Lck, AQP, AQPQP, and AFQPQP,
and correlating levels of Tyr(P)** Lck and Tyr(P)*'” Fyn.

As illustrated in Fig. 5, A and B, left panels, these sequential
truncations have no effect on levels of Tyr(P)*** Lck. In con-
trast, and as illustrated in the left panel of Fig. 5C, the ability to
co-immunoprecipitate Fyn with anti-Lck is sequentially lost,
such that the AFQPQP Lck co-immunoprecipitated ~5-10% of
the Fyn in comparison with that co-immunoprecipitated with
Y505F Lck. This in turn is observed in the reciprocal circum-
stances in which anti-Fyn immunoprecipitates were probed
with anti-Lck, as shown in the right panel of Fig. 5C. Further-
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ng buffers and subjected to

plit and probed using either LR. As control, the partitioning of

WT Lck and Y505F Lck was reas-
sessed. As illustrated in Fig. 7, 64
and 58% of WT Lckand Y505F Lck partition to LR, respectively.
Sequential truncation of the five C-terminal residues of Lck
exhibit increasing impact on LR localization (Fig. 7, bottom
three rows of panels), Specifically, whereas a marginal (46%) to
moderate (29%) reduction of AQP*°**Lck and AQPQP****Lck
partitioning to LR was observed, respectively, only 10-15% of
AFQPQP Lck partitioned to LR (Fig. 7, bottom panel). Of note,
the sequential decrease in the proportions of these truncates
partitioning to LR correlates well with the sequential loss of
complex formation with FynT (Fig. 5). In contrast, Y394F and
K273R kinase domain mutants of Y505F Lck (Y394F°°°F and
K273R%%°F, respectively), which were also unable to form com-
plexes with and activate Fyn (Fig. 4), exhibit Lck distribution
similar to control samples (Fig. 7, 3rd and 4th row of panels).
Two plausible scenarios could account for impaired parti-
tioning of C-terminal truncates of Lck to LR: (i) the YQPQP
sequence is required for Lck partitioning to LR, or (ii) its reten-
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FIGURE 4. Structure-function analysis of Lck-Fyn interaction. C20S/C23S, S59A, W97K, R154K, P249G,
P252G, P249G+P252G, K273R, Y394F, and AFQPQP mutations on a Y505F Lck template, each inactivating
asingle functional domain/region of constitutively active Y505F Lck, were cloned into the retroviral vector
Migr1 vector and expressed in 3T3-FynT cells. Anti-Lck or anti-Fyn immunoprecipitates (IP) were probed
with anti-Lck (upper panels) and anti-Fyn (2nd row of panels), respectively, and illustrate the total amount
of Lck and Fyn co-expressed in each mutant. To reveal which Lck domain mutant abrogates Lck-Fyn
complex formation, anti-Fyn immunoprecipitates were probed with anti-Lck (3rd row of panels). Anti-Fyn
immunoprecipitates from cells co-expressing WT Fyn with either WT Lck or Y505F Lck immunoblotted
with anti-Lck served as negative and positive controls, respectively (3rd row, left panel). To assess the
activation status of Fyn, anti-Fyn immunoprecipitates were also immunoblotted with anti-Tyr(P)*'” Fyn
(bottom panels).
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FIGURE 5. Sequential truncation of FQPQP C-terminal sequence correlates with gradual decrease in
Lck-Fyn complex formation without affecting kinase activity of Lck. 10° 3T3-FynT cells co-expressing
either WT, Y505F, Y505F +AQP (AQP*°%F), Y505F + AQPQP (AQPQP>°°F), or AFQPQP Lck were lysed in 1% Non-
idet P-40 lysis buffer and immunoprecipitated (/P) with either anti-Lck (left panels) or anti-Fyn-specific antibod-
ies (right panels). The immunoprecipitates derived from each infectant were split into three equal portions and
probed with immunoprecipitating antibody- (4), Tyr(P)*** Lck-, and Tyr(P)*'” Fyn-specific antibodies (B) and
antibodies against the alternative kinase (C). Histograms in B show the relative kinase activity of Lck and Fyn
measured by normalization of the Tyr(P)*?* Lck and Tyr(P)*'” Fyn signals to their respective total kinase signals.
Histograms in C show the relative amount of Fyn and Lck co-immunoprecipitating with alternative kinase after
normalization to their respective total kinase signals. Samples derived from the 3T3-FynT cells co-expressing
Y505F Lck were given a reference value of “100%.” ECL™, supersensitive reagent for chemiluminescent devel-
opment of Western blots.
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tion in LR. Although the former sce-
nario discount the effect of LR-resi-
dent Fyn on Lck distribution, the
latter could involve the role of LR-
resident Fyn in retaining Lck in LR.

LR Resident Fyn Does Not Impact
on Partitioning of Lck—To address
the potential role of Fyn in retaining
Lck in LR, the impact of the pres-
ence of WT Fyn in LR on partition-
ing of Y505F or AFQPQP Lck vari-
ants was assessed in stable
infectants of the embryonic fibro-
blast cell line (SYF), genetically defi-
cient in Src, Yes, Fyn, and Lck (not
shown). The results presented in
Fig. 8 demonstrate two points. The
partitioning of AFQPQP Lck to LR
in SYF cells is reduced ~60-80%
compared with that observed for
Y505F Lck (Fig. 8), a reduction com-
parable with that observed in NIH
3T3 cells (Fig. 7); and that the extent
to which either Y505F or AFQPQP
Lck variants do partition to LR is
independent of LR resident Fyn.
Specifically, the partitioning of both
Lck mutants was comparable in the
presence or absence of WT Fyn as
follows: 31 and 34% for Y505F Lck
and 13 and 7% for AFQPQP Lck,
respectively. Thus, if the C-terminal
sequence of Lck is required for LR
retention, the underlying molecu-
lar mechanism does not directly
involve Fyn.

Comparative Assessment of the
Kinase Activity of C-terminal
Truncates—The kinase activity of
each of the Lck variants was
assessed using stable infectants of
SYF cells to ensure that activity
measured was due exclusively to the
Lck mutant. Two assays were uti-
lized in this regard as follows: the
induction of tyrosine phosphoryla-
tion of cellular substrates (Fig. 94)
and immune complex kinase assays,
in which the phosphorylation of the
exogenous substrate enolase was
measured, as well as the transphos-
phorylation of immunoprecipitated
Lck (Fig. 9B). As predicted and con-
sistent with previously published
data (65, 66), the kinase activities of
both K273R>%°F Lck and Y394F>°°F
Lck are profoundly impaired in
comparison with the respective sig-
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3T3 FynT

AQP9F | ck

AQPQP3%F Lck

AFQPQP Lck

FIGURE 6. C-terminal truncation of Lck does not impair tethering to the plasma membrane. 3T3-FynT cells
infected with either empty Migrl vector (0) or vector containing either WT Lck, Y505F Lck, AQPY*%%F,
AQPQP">°*F, or AFQPQP were probed with anti-Lck (green) and anti-Fyn (red). One representative image of
each infectant is shown. The nucleus was stained with 4’,6-diamidino-2-phenylindole (blue). (X400 zoom).

nals obtained with Y505F Lck (Fig. 9B). None of the other Lck
mutants exhibit impaired global tyrosine phosphorylation with
the unexpected exception of the AFQPQP C-terminal truncate.

As demonstrated in Fig. 9, A and B, the kinase activities of
AQP®°°F Lck and AQPQP*%°F Lck assessed by both the induc-
tion of global tyrosine phosphorylation and immune complex
kinase assays are comparable with that mediated by Y505F Lck.
In striking contrast the capacity of AFQPQP Lck to induce glo-
bal tyrosine phosphorylation is as compromised as that
observed for both the K273R%°F and Y394F>°°F mutants of Lck
(Fig. 9A). This observation is recapitulated in immune complex
kinase assays for AFQPQP Lck in which the enolase signal
observed is less than that induced by WT Lck (Fig. 9B). In con-
trast, the ability of AFQPQP Lck to trans-phosphorylate other
AFQPQP Lck molecules was ~30% that observed with Y505F
Lck (Fig. 9B). This apparent dichotomy of function is empha-
sized upon consideration of the “T'yr(P) index.” Specifically, the
ratio of the Tyr(P)-Lck signal and the Tyr(P)-enolase signal cal-
culated for each of the Lck mutants is approximately “1,” with
the notable exception of AFQPQP Lck, which has a Tyr(P)
index approaching 4 (Fig. 9B). Thus, with the exception of
AFQPQP Lck, the efficacy with which each variant phospho-
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rylates exogenous substrate, or
itself, is comparable. Importantly,
the unimpaired kinase activities
associated with AQP*°°F Lck and
AQPQP*%F Lck prompted us to
assess their partitioning to LR in
more physiological circumstances.

C-terminal “QPQP” Sequence Tar-
gets Lck to Lipid Rafts in T Cells—
To assess the function of C-termi-
nal residues of Lck in partitioning
to LR in T cells, we employed a T
cell clonal system. Clone 2.5 is
Lck-sufficient and CD4™" (44, 46).
As controls, 2.5 cells were infected
with WT Lck or DC-S Lck, which
is unable to bind to CD4 (35). To
obviate the potential role of kinase
activity in the partitioning of DC-S
Lckin clone 2.5, a kinase dominant
negative mutant K273R of DC-S
(DC-S/K273R) Lck was used as a
template for the preparation of
AQP, AQPQP, and AYQPQP Lck
mutants. As illustrated in Fig. 104,
all of the Lck variants are ex-
pressed at levels ~5-9-fold in
excess of endogenous Lck in clone
2.5. The partitioning of Lck to LR
and soluble fractions in each of
these infectants was then assessed.

As reported previously (33) and
illustrated in the fop three panels of
Fig. 10B, ectopically expressed WT
Lck and DC-S Lck display distinct
subcellular localization patterns.
Specifically, although the overexpression of WT Lck achieved
saturation of binding sites on endogenous CD4 with the excess
Lck localizing to LR (~20% of total Lck), the overexpressed
DC-S Lck, unable to bind to CD4, is preferentially enriched in
LR (~50%). Furthermore, the basal kinase activity of DC-S Lck
is dispensable for preferential targeting to LR, as DC-S/K273R
Lck displays the same partitioning ratio (Fig. 10B). The predic-
tion is that if the C-terminal sequence of Lck functions as an LR
targeting sequence in T cells, sequential truncates of DC-S/
K273R Lck will skew toward membrane-soluble fractions. As
illustrated in Fig. 108, DC-S/K273R truncates display increas-
ingly impaired partitioning to LR, such that >90% of AYQPQP
Lck was observed in the soluble fractions. Taken together these
results define a novel role for the C-terminal residues in target-
ing Lck to LR in T cells.

LR Localization of Kinase-active Lck Predicates Enhanced
TcR Signaling—Given that the indispensable role of Lck in TcR-
mediated cellular activation has been established, and the role
of LR in providing a signaling scaffold for TcR-mediated signal-
ing is gaining acceptance (67), the results presented herein
proffered the opportunity to assess whether LR localization of
Lck predicates its function in TcR-mediated cellular activation.

VOLUME 283 +NUMBER 39-SEPTEMBER 26, 2008



Mechanism of Lck-dependent Fyn Activation

Blot: GM1 Fyn Lck prepared. As illustrated in Fig. 114,

R S R 3 R 5 these infectants expressed 5-7-fold

fraction: 1 2 o 10 1 2 9 10 1 T higher levels of Lck than the empty

vector control. As illustrated in Fig.

wr | @ ‘- . - - B Fyn and Lck distribution pr(;g—

83 H 64 36 files in BI-141 recapitulated those

- observed in both 3T3 and SYF

=05k . . ‘- - - fibroblasts and the T cell clone 2.5.

3 4 >8 42 Specifically, the vast majority of

v394.°05F | gy ‘. .4 #8 Fyn localized to LR in all infec-

— a8 12 53 47 tants. Furthermore, and as
EC: — observed in both fibroblast lines
o K273R [+] ‘. e #8  and clone 2.5, the partitioning
= e P A 29 of AQPYSOSF’ AQPQPYSOEF’ or
55 T : AFQPQP Lck to LR in BI-141 was

AQPT | ‘. - - significantly impaired. Specifically,

87 13 46 >4 3—4 times more Y505F Lck was

505F ' found associated with LR compared

AQPeF . ‘- - - that observed in the C-terminal

92 &8 7 truncates (Fig. 11B). The skewed

AFQPQP . ‘. " ‘ - . distribution of these truncates

20 10 14 86 outside LR correlated with their

FIGURE 7. C terminus of Lck functions as a lipid raft targeting sequence. 10° 3T3-FynT cells infected with
Migr1 vector containing either WT Lck (WT), Y505F Lck (Y505F), Y505F +Y394F Lck (Y394F>°%F), Y505F+K273R
Lck (K273R®%%F), Y505F +- AQP Lck (AQP>%°F), Y505F + AQPQP Lck (AQPQP?°°F), or AFQPQP Lck cDNA were lysed
in TKM buffer +0.5% Brij-58 and subjected to sucrose gradient centrifugation. 10 ul of each fraction was
probed with cholera toxin B subunit-HRP detecting lipid raft marker GM1 (left panels), anti-Fyn (middle panels),
and anti-Lck (right panels). Numbers below the panels indicate the percentage distribution of Lck and Fyn to

lipid rafts (R) and membrane-soluble (S) fractions in each variant.
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single infectants
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inability to support enhanced
TcR-mediated IL-2 production
observed in Lck¥?°F infectants.
As illustrated in Fig. 11C, anti-
TcR-mediated IL-2 production in
AQPY505F, AQPQPY505F, or
AFQPQP Lck infectants was 2—4
times less than that observed in
Lck¥®°°F infectants and compara-
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DISCUSSION

FIGURE 8. Partitioning of Lck to lipid rafts is Fyn-independent. Lipid rafts from Fyn- and Lck-deficient SYF

infectants ectopically expressing either WT FynT, or Y505F Lck, or AFQPQP Lck (single infectants) or a combi-
nation of WT Fyn and Y505F Lck or WT FynT and AFQPQP Lck (double infectants) were prepared and analyzed
asin Fig. 7. Numbers below the panels indicate the percentage distribution of Lck and Fyn to lipid rafts (R) and

membrane-soluble (S) fractions in each infectant.

To address this question, we utilized the previously described
system demonstrating that ectopic expression of Y505F Lck
enhanced TcR-mediated IL-2 production in the T cell hybri-
doma BI-141 (37). Specifically, the prediction follows that if Lck
needs be LR-associated to support enhanced TcR-mediated
IL-2 production, the C-terminal truncates of Lck™°°F should
not be as effective as LckY?°°F,

To test this prediction, BI-141 infectants expressing WT,
Y505F, AQPY*%°F, AQPQPY*°%F, or AFQPQP Lck variants were
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Modeling Lck activation and
delivery of function in MHC class
II-restricted T cells has been facili-
tated because of its high stoichio-
metric interaction with CD4 (68,
69). In contrast, no such functional analog has been described
for Fyn. Furthermore, the similarity of functions, and overlap-
ping arrays of targets of these two Src family PTKs, hasled some
to postulate their redundant function in TcR signaling. Our
recent results provide evidence for nonredundant and essential
functions of Lck and Fyn in generating the most proximal sig-
nals emanating from the TcR. The question of their redundancy
is largely obviated with the demonstration that in primary rest-
ing CD4™ T cells, these two kinases are physically separated.
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FIGURE 9. Comparative assessment of the kinase activity of C-terminal truncates. A, crude cell lysates
derived from 3 X 10° uninfected (—) or SYF cells infected with empty Migr1 vector (0) or vector containing
either WT Lck (WT) or Y505F Lck (Y505F), or Y505F+C20S/C23S (DC-S°%°F), or Y505F+S59A (S59A°°F),
Y505F+W97K  (W97K>%°F), or Y505F+R154K (R154K>%F), or Y505F+P249G+P252G (DP-G*°*F), or
Y505F+K273R (K273R°%%F), or Y505F+Y394F (Y394F°°F), or Y505F+AQP (AQP*°*f), or Y505F-+AQPQP
(AQPQP>°F), or AFQPQP Lck cDNA were resolved on 12.5% SDS-PAGE and immunoblotted with anti-phos-
photyrosine-specific mAb 4G 10 (upper panel). Using the same lysates, 5 X 10* cell equivalents were resolved on
9% SDS-PAGE and immunoprobed using anti-Lck antibody. B, anti-Lck immunoprecipitates from 2 X 10° cells
of selected SYF infectants shown in A were subjected to immune complex kinase assays. The relative Tyr(P)
content of each infectant is expressed either as a relative level of phospho-Lck (pY-Lck, black bars) or phospho-
enolase (pY-Eno, gray bars) signal (shown in the upper panel) after normalization to total Lck levels (bottom
panel). Bars representing Tyr(P)-Lck and Tyr(P)-Eno from the same sample are grouped and aligned with their

kinase-active Lck translocates into
LR. Hence the essential function of
these lipid microdomains is to con-
centrate kinase-active Lck in a Fyn-
rich environment. Consistent with
this function is the observation that
Lck-Fyn complexes and robust
increases in Tyr(P)*'” Fyn are
observed exclusively in LR.

In this context, the demonstra-
tion that the integrity of LR is dis-
pensable for detection of Y505F
Lck-Fyn complexes contrasts with
their critical role in initiation of this
interaction by juxtaposing Lck and
Fyn. However, several lines of evi-
dence support this conclusion. First,
Lck and Fyn complexes are detected
exclusively in LR (Fig. 2B). Second,
an argument that non-GM1 con-
taining LR, which escape detection
by cholera toxin, could harbor Fyn-
Lck complexes is largely obviated by
the demonstration that a full solubi-

respective tracks.

Within seconds following TcR/CD4 engagement, Lck is acti-
vated outside of LR, translocates into LR, and the activation of
LR-associated Fyn ensues (2, 3) Thus, although interdependent,
the activation of Lck and Fyn is spatially and temporally uncou-
pled. The object of this study was to test the predication derived
from the above observation that Lck-dependent Fyn activation
may reflect the interaction of these two kinases. Toward this
end, the characterization of the structural features of constitu-
tively active Lck required for the activation of Fyn was assessed.

The fibroblast model described here enabled a biochemical
analysis of Lck-Fyn complex formation. As observed for endog-
enous WT Fyn in T lymphocytes (3), 87-95% of the exogenous
WT Fyn partitioned to LR in fibroblasts. However, in sharp
contrast to primary CD4™" T cells, perhaps in part because of
the absence of CD4 in NIH 3T3 fibroblasts, 53—75% of exoge-
nous Lck also partitioned to LR. As described, this steady-state
distribution of mutated forms of Lck to LR and their co-local-
ization with WT Fyn enabled the analysis of Lck structures that
predicate its partitioning to LR, its ability to complex with WT
Fyn, and in turn the further characterization of the process(es)
underpinning Lck-dependent Fyn activation.

The results presented demonstrate that Lck and Fyn physi-
cally interact with sufficient stability to enable co-immunopre-
cipitation. Thus, in the appropriate circumstances, Lck-Fyn
complexes can be reciprocally immunoprecipitated with anti-
body specific for either Lck or Fyn. Revealing these complexes is
predicated by co-localization of fully kinase-active Lck with Fyn
in LR. The requirement for co-localization of kinase-active Lck
with Fyn in LR in the fibroblast model reported here precisely
parallels the sequence of events triggered by TcR/CD4 engage-
ment in primary T cells (3). Specifically, in the latter system, Lck
is activated within seconds outside of LR, and a fraction of
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lization of GM1 containing LR with

laurylmaltoside is concomitant with
a complete shift of Fyn from LR to soluble fractions (Fig. 3).
Third, despite the full solubilization of LR and displacement of
Fyn to soluble fractions, the detection of Lck-Fyn complexes is
unperturbed (Fig. 3E). These results strongly support the con-
clusion that interacting kinase-active Lck and Fyn in LR get
transiently locked in a conformation resistant to LR
solubilization.

The structure/function analysis reported herein revealed
that stable complex formation between kinase-active Lck and
Fyn was not dependent on any specific sequence(s) and/or
modular domains of Lck, except those indispensable for its full
kinase activity. These results support the conclusion that LR
function to provide a constricted environment that supports
proximity of the two kinases and increases the probability of
Lck-mediated transphosphorylation of Fyn through kinase
domain interaction. Importantly, whereas LR are required to
mediate juxtaposition of kinase-active Lck with Fyn, they are
dispensable for observing the two kinases in complex. The
observed robust increase in LR-associated Tyr(P)*'” Fyn levels,
coupled with the observation that only a small fraction of
kinase-active Lck and Fyn are found in complex at any given
time, suggests that the transphosphorylation reaction is short
lived with a high rate of turnover.

Furthermore, this study does not formally prove that the
observed Lck-Fyn complexes are a result of the direct interac-
tion between these two kinases. It is not implausible that the
observed interaction is supported by an intermediate mole-
cule(s). In this regard, protein analysis of Lck-Fyn complexes by
silver staining did not reveal any bands other than those attrib-
utable to the two kinases (data not shown). However, the reso-
lution of this assay may have precluded the visualization of a
low stoichiometric interaction with a potential intermediate.
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experiments.

Minimally, we can conclude that should an intermediate be
involved, it would have to be one that is not lymphocyte-spe-
cific, and its function in this context is not dependent on Lck
modular domains.

Two unexpected, although plausibly related results, are pre-
sented in this study. The C-terminal (Y/F)QPQP sequence is
characterized as a novel cis-acting component essential for par-
titioning Lck to LR in at least two different fibroblast cell lines
(373, Fig. 7, and SYF, Fig. 8) and, importantly, also in two unre-
lated T cell model systems (2.5, Fig. 10, and BI-141, Fig. 11).
Several cis-acting protein sequences and domains supporting
protein targeting to LR have been described in recent years.
These sequences include the following: (i) serve as attachment
sites for glycosylphosphatidylinositol anchor to proteins (39,
70); (ii) contain palmitoylated cysteine residues found at the N
termini (71) or the C-terminal end of protein (72) or in the
proximity of transmembrane domain (73); and (iii) can be post-
translationally modified through acylation and/or addition of a
cholesterol moiety (74, 75). In addition, it has been shown that
the prohibitin homology domain (76) and the SoHo domain
containing proteins (77) preferentially partition to LR. In com-
parison with the above modifications that impact on protein
trafficking and subcellular partitioning, the (Y/F)QPQP
sequence is unique. It does not contain residues permitting
post-translational acylation nor does it exhibit any characteris-
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tics known to predispose to LR targeting. The working
hypothesis is that the C-terminal sequence targets Lck to
proteins of the cytoskeletal network, which in turn controls
the re-distribution of Lck to LR. Although the ability of the
C-terminal sequence of c-Src and Lck to interact with other
proteins has been previously documented (62, 78, 79), the
scope and nature of these interactions in terms of regulation
of subcellular protein distribution remain uncharacterized.
Thus, in aggregate, these results support a dual role for the C
terminus of Lck as follows: (i) its previously established neg-
ative regulatory role through Tyr®°®, and (ii) its novel role in
targeting to LR.

The C-terminal QPQP sequence was characterized as the
minimal truncate that significantly affected Lck distribution to
LR in the T cell clonal system 2.5 (Fig. 10B). Importantly, this
trans-acting, Lck lipid-raft targeting sequence predicates the
activation of T cells (Fig. 11, Band C). This is in agreement with
our previously published data reporting a requirement for an
enrichment of Lck in LR for the initiation of proximal TcRaf3
signaling (33). Src family tyrosine kinases are generally consid-
ered as LR-associated molecules (6, 80, 81). The question
remains whether QPQP-dependent LR targeting is a unique
feature of Lck or represents a more universal trait among other
Src family members. Analysis of the C-terminal sequences
downstream of the negative regulatory tyrosine among Src fam-
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ily members reveals a striking conservation, one that discrimi-
nates among members of the Lck and Src subfamily members of
Src family tyrosine kinases. Notably, the C terminus of Lck,
Hck, Lyn, and Blk kinases invariably contain Gln and Pro resi-
dues in QQQP, QPQP, or LQP combinations, in striking con-
trast to the conserved QPGENL tail sequence found in Src, Fyn,
Yes, and Fgr, the latter containing a slight modification of this
sequence, QPGDQT (14). In this context, a recent report dem-
onstrates that the intracellular C-terminal tail of the catfish
gonadotropin-releasing and murine-luteinizing hormone
receptors contribute to constitutive (82) and activation-in-
duced (83) LR targeting, respectively. It was suggested that
the underpinning mechanism involved palmitoylation of
cysteine residues (63). However, analysis of their respective
C-terminal sequences revealed the presence of QP-based
motifs, specifically, QPSGQ and QQPIPP (63). These
sequences may also contribute materially in targeting hor-
mone receptors to LR. Thus, because of their sequence sim-
ilarities, it is tempting to speculate that short, QP-based
C-terminal motifs function as cis-acting elements guiding
proteins to LR via their interaction with a postulated LR
translocation/distribution machinery.
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observed in CD4-deficient 3T3-
FynT cells (Fig. 24 and Fig. 6). These
observations support the conclu-
sion that additional structural fac-
tors contribute to this phenotype. In
this regard, recent crystallographic
data revealed that the dephospho-
rylated C-terminal tail of c-Src is
folded back on the C-lobe of the
kinase domain and further stabi-
lized by the binding of the terminal
leucine residue to a pocket (14).
Thus, the structural constraints
imposed by a shorter C-terminal tail
of Lck subfamily members pre-
cludes interaction with the binding
pocket, resulting in limited interac-
tion with the surface of the C-lobe
kinase domain. This in turn could
result in increased availability for
other protein interactions. We pos-
tulate that these interactions are
precisely those involved in tethering Lck to cellular transloca-
tion/distribution machinery that could account for observed
differences in partitioning to LR, and in turn dictate substrate
specificity.

The second untoward observation reported herein relates to
the impaired kinase activity associated with AFQPQP Lck (Fig.
9, A and B). Remarkably, the activity of this mutant in terms of
its capacity to phosphorylate exogenous substrates is as low as
that observed for Y394F and K273R kinase mutants of Y505F
Lck. Of note, and in contrast to the latter two mutants, the
Tyr(P)*** signal of AFQPQP Lck remains comparable with that
observed in ¥°°°Lck (Fig. 5B). Analysis of the structure of Lck
does not provide any insight into the potential structural
basis for the impaired kinase activity observed in this
mutant. However, the results presented support the conclu-
sion, as discussed above, that the C-terminal sequence of Lck
may be involved in supporting/stabilizing its interactions
with exogenous substrates.

Specifically, the assays used to directly measure the kinase
activity of AFQPQP Lck are, with one notable exception, geared
toward assessing phosphorylation of exogenous substrates:
intracellular proteins when assessing global tyrosine phospho-
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rylation, or enolase, in immune complex kinase assays. How-
ever, the observation that AFQPQP Lck itself is tyrosine-phos-
phorylated in immune complex kinase assays with efficacy
~30% of that observed with Y505F Lck demonstrates that it is
indeed kinase-active (Fig. 9B). However, the profoundly
impaired global tyrosine phosphorylation (Fig. 94) or phospho-
rylation of enolase (Fig. 9B) supported by this mutant strongly
suggests its impaired capacity to interact with substrates with
sufficient stability to support phosphotransfer.

Consideration of the “T'yr(P) Index” calculated for selected
Lck variants as the ratio of the relative Tyr(P) content of the
kinase itself, and that for enolase in immune complex kinase
assays, underscores the point. Independent of relative kinase
activity, the Tyr(P) index of all Lck variants tested approaches 1,
except that for AFQPQP Lck, which approaches “4” (Fig. 9B). If
the C terminus of Lck is indeed involved in supporting/stabiliz-
ing its interaction with potential substrates, then how could the
transphosphorylation of Lck itself be 3—4 times more efficient
than that of enolase? We posit that this mutant can function,
albeit to a lesser degree, to transphosphorylate substrates held
in stable proximity through immobilization on anti-Lck-Sepha-
rose beads. In this way, both AFQPQP Lck phenotypes
described in this study, the failure to distribute to LR, and the
inability to transphosphorylate its in vivo and in vitro substrates
could be uniformly explained by its impaired ability to engage
substrates via an intact C-terminal tail sequence.

There is precedent for the role of the C-terminal sequence
of Src kinase in either stabilizing and/or dictating substrate
interactions. Specifically, whereas C-terminal truncates of
chicken pp60°, including the YQPGENL tail sequence,
retained kinase activity, as assessed by their ability to trans-
form NIH 3T3 cells (78, 79), they exhibited compromised
activity in immune complex kinase assays (79). Furthermore,
observed changes in the phosphorylation patterns of several
intracellular targets support the involvement of the C termi-
nus in targeting and/or stabilizing its substrate interactions
(78). These observations are consistent with those reported
here and further support the concept of the dual role of the C
terminus of Src family kinases in both regulation of activity
and substrate interaction.

In sum, the results presented are in agreement with and
extend a model for Lck-dependent Fyn activation (2). They
confirm the principal role of ordered lipid microdomains in the
coordination of Lck and Fyn activation through the provision of
an essential microenvironment that supports the proximity of
the two kinases. This in turn enables the observed high turn-
over kinetics of the transphosphorylation reaction. The results
also support the conclusion that the distribution and/or
induced translocation of Lck to LR mediated upon TcR/CD4
co-aggregation (3, 33) functions as a critical regulatory step that
limits kinase domain-mediated complex formation and predi-
cates the activation of co-localized Fyn through kinase domain-
mediated transphosphorylation. Finally, the results demon-
strate a previously uncharacterized function of the C-terminal
sequence of Lck and establish its Fyn-independent role in par-
titioning of Lck to LR, and the physiological and functional
relevance of targeting Lck to LR in the context of TcR-mediated
IL-2 production in double negative T cells.
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We posit that this sequence functions to tether Lck directly
to cytoskeletal elements. Future studies will resolve the role of
the QPQP sequence of Lck in a CD4™ system, and in the con-
text of TcR/CD4-mediated initiation of the activation signaling
sequelae induced upon TcR/CD4 engagement. However, even
at this early juncture, the model proposed provides a biological
framework based on structural distinctions, and we posit their
related impact on subcellular distribution of Lck and Src sub-
family members, that rationalizes the involvement and regula-
tion of function of multiple Src family tyrosine kinases reported
to be critically involved in a variety of receptor-mediated sig-
naling pathways.
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