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Abstract

Whether or how the activation of Lck and Fyn during T cell receptor (TCR) signaling is coor-
dinated, and their delivery of function integrated, is unknown. Here we show that lipid rafts
function to segregate Lck and Fyn in T cells before activation. Coaggregation of TCR and
CD4 leads to Lck activation within seconds outside lipid rafts, followed by its translocation into
lipid rafts and the activation of colocalized Fyn. Genetic evidence demonstrates that Fyn activa-
tion is strictly dependent on receptor-induced translocation of Lck. These results characterize
the interdependence of Lck and Fyn function and establish the spatial and temporal distinctions
of their roles in the cellular activation process.
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Introduction

It is well established that the initial membrane proximal sig-
nals induced upon engagement of the TCR are dependent
on two Src family tyrosine kinases, Lck and Fyn (1). The
regulation of Lck activation and its delivery of function in
MHC class II restricted T cells is well characterized, in part
due to the high stoichiometry of its interaction with CD4
(2). The juxtaposition of CD4-Lck with TCR/CD3 results
in the phosphorylation of immunoreceptor tyrosine-based
activation motifs (ITAMs) on CD3 chains, providing dock-
ing sites for downstream signaling elements (3).

In contrast, the subcellular distribution of Fyn and the
events supporting its activation and delivery of function are
not well characterized. The vast majority of Fyn is not con-
stitutively associated with any known ligand. Further, bio-
chemical and genetic evidence demonstrates redundancy of
Lck and Fyn function (4, 5). Whether or how the activa-
tion and delivery of function by these two kinases is inter-
related and/or convergent during the process of TCR/
CD3-induced proximal signaling remains obscure.
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Recent reports highlight the essential role of specialized
cholesterol rich membrane micro-domains, or lipid rafts, in
coordinating (6), and sustaining (7), TCR signaling. Here
we demonstrate that lipid rafts function to physically segre-
gate Fyn and Lck in T cells before activation. Using an-
tibodies specific for the phosphorylated forms of the
regulatory tyrosine residues, Y394 and Y417, the phos-
phorylation of which are required to achieve full kinase ac-
tivity of Lck and Fyn, respectively (8, 9), and the direct as-
sessment of kinase activity, we demonstrate a temporal
uncoupling of Lck and Fyn activation. Within the first 10 s
after coaggregation of TCR and CD4, Lck is activated out-
side lipid rafts and translocates into lipid rafts where it in-
duces Fyn activation. These results provide the molecular
basis for both the spatial and temporal coordination of Lck
and Fyn involvement in T cell activation and demonstrate
that their roles are inter-dependent and nonredundant.

Materials and Methods

Mice. 6-8-wk-old C57BL/6 male mice were purchased from
the The Jackson Laboratory. LGF-transgenic mice on an Lck™/~
background have been described previously (10, 11).

Antibodies and Reagents. Polyclonal rabbit anti-mouse Lck
(12), Fyn (13), and pY394 Lck (9) specific antibodies have been
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described elsewhere. For use in immunoprecipitation, antibod-
ies were covalently coupled to Sepharose 4B. Rabbit anti—
mouse pY418 Src, that crossreacts with pY417 Fyn, was pur-
chased from Biosource International. Biotinylated anti-mouse
CD4 specific mAb, GK1.5, and biotinylated as well as unconju-
gated anti-mouse TCRC-specific mAb, H57, were purchased
from BD Biosciences. Phosphotyrosine specific mAb, 4G10, was
purchased from Upstate Biotechnology. Cholera toxin B-HRP
(CTB-HRP), Streptavidin, and Brij58 were purchased from
Sigma-Aldrich.

Isolation and Activation of Primary T Cells. Primary CDA4%
lymph node T cells were isolated using Mouse CD4 Cell enrich-
ment Immunocolumns (Cedarlane). 0.5-10 X 10° CD4" cells
per sample were precoated with 1 pg/ml of biotinylated anti-
TCRCP and 0.3 pg/ml of biotinylated anti-CD4 for 30 min at
4°C. Cells were washed and resuspended in 30 pl of ice cold PBS
and prewarmed to 37°C for 1 min. Coaggregation of TCR and
CD4 was achieved by addition of Streptavidin to a final concen-
tration of 50 pg/ml at 37°C. Aliquots were taken from a single
tube at the indicated time points, and lysed in various buffers de-
pending on the subsequent analysis.

Lsolation of Lipids Rafts. Preparation of lipid rafts by equilib-
rium density gradient centrifugation (EDGC) was as described
previously (14). 5-40 pl of the indicated fractions were trans-
ferred to nitrocellulose and probed for the GM1 ganglioside
(GM1) distribution as a marker for lipid rafts using CTB-HRP.

Cell Lysis, Immunoprecipitations, Immunoblotting, and Immune
Complex Kinase Assays. 4G10 and pY394 Lck immunoblotting
was performed on aliquots of 5 X 10% and 2 X 10° cells, respec-
tively, directly lysed in loading buffer. pY417 Fyn levels were as-
sessed in anti-Fyn immunoprecipitates from 3 X 10° cell equiva-
lents prepared in Fyn lysis buffer: 20 mM Tris, pH 8, 150 mM
NaCl, 200 mM Na;VO,, 0.9% NP-40, 20 pwg/ml leupeptin, 20
pg/ml aprotinin, and 1 mM PMSF, followed by immunoblotting
with anti-pY418 Src.

Rafts (R) and soluble (S) fractions were diluted fivefold in Fyn
lysis buffer before immunoprecipitation with anti-Fyn. The su-
pernatants were then adjusted with Tris, pH 8, EDTA, pH 8.0,
and NaF to final concentrations of 50, 20, and 50 mM, respec-
tively, before Lck immunoprecipitation. Immunopreciptates
were split for pY394 Lck or pY417 Fyn immunoblotting and im-
mune complex kinase assays as described previously (13, 15).

Densitometry. Densitometric analyses were performed on a
GS800 densitometer using volume analysis of Quantity One
quantification software (Bio-Rad Laboratories). All densitometric
values obtained were calculated from nonsaturated signals.

Results

Coaggregation of TCR and CD4 Results in the Sequential
Activation of Lck and Fyn. A model of T cell activation
was established enabling the tracking of the activation states
of Lck and Fyn during the first seconds after TCR/CD4
engagement. Primary CD4" T cells were precoated with
biotin-conjugated antibodies specific for TCRCB and
CD4, followed by the addition of streptavidin. Coaggrega-
tion of TCR and CD4 induces robust global tyrosine phos-
phorylation of cellular substrates throughout the time
course analyzed, peaking at 10 s and subsiding over the en-
suing 80 s (Fig. 1 a). Of note is that aggregation of
TCRCP alone did result in an increase in phosphotyrosine

content of select substrates and will be discussed further
(Fig. 1 a, lane 2).

The activities of Lck and Fyn were tracked through the
use of antibodies specific for regulatory tyrosine residues
Y394 and Y417, respectively (8, 9). Within the first 10 s,
TCR/CD4 coaggregation induced a maximum pY394 Lck
signal >10-fold higher than that observed in noncoaggre-
gated control cells (Fig. 1 b, lane 4). This signal decreased
roughly twofold over the ensuing 80 s (Fig. 1 b, lane 6).
Aggregation of CD4 alone induced pY394 Lck (reference
16; Fig. 1 b, lane 3), but not global tyrosine phosphoryla-
tion (Fig. 1 a, lane 3). A 1.5-fold increase in pY417 Fyn

9 M 12345 6 plot
176— o
11— -
81— se=

64— i o
49— - .- ‘- pY
- e

37— -

26—

20—
- e e a» - |
[ | Fyn)

b
- Y394 Lek
- - |

12,

x

3

=

3

o

=%

c
IP: aFyn (= & « = e & | pY417 Fyn
e e.e.esw rn

2.5

= z

=

WLy s

=~

a | I

0.5:

U: v - 8 -
Hs7b (1) + + = + + +
GK1sD(03)+ - + + + +
Avidin - ¥ 4+

+ o+ o+
Time(s) 30 30 30 10 30 80

Figure 1. Coaggregation of TCR and CD#4 results in sequential activa-
tion of Lck then Fyn. (a) Total phosphotyrosyl content of each sample
precoated with 1 pg/ml of biotinylated anti-TCRCB (H57° (1)) and/or
0.3 pg/ml of biotinylated anti-CD4 (GK1.5" (0.3)) and coaggregated with
50 pg/ml of streptavidin for 10, 30, and 90 s, was assessed by immuno-
blotting with phosphotyrosine specific mAb. The filter was stripped and
successively probed with anti-Lck followed by anti-Fyn. (b) Cell lysates
probed with pY394 Lck. The filter was stripped and probed with anti-
Lck. () Fyn immunoprecipitates were probed with pY418 Src. The filter
was stripped and probed with anti-Fyn. Histograms in b and ¢ show the
quantification of pY394 Lck and pY417 Fyn normalized to total kinase
signals. The nonaggregated control sample was given a reference value
“1.” All sample lanes in a, b, and c¢ are aligned over a common legend.
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Figure 2. Lck and Fyn localize to different subcellular compartments.
Primary CD4* lymph node T cells were lysed in TKM + 0.5% Brij58
buffer and subjected to sucrose EDGC. The presence of GM1 (top
panel), Lck (middle panel), and Fyn (bottom panel) were assessed by
probing with CTB-HRP, anti-Lck, and anti-Fyn, respectively.

coincided with the peak induction of pY394 Lck, and con-
tinued to increase over the subsequent 80 s (Fig. 1 ¢).

This analysis reveals the temporal uncoupling of Lck
and Fyn activation. We reasoned that a plausible mecha-
nism underpinning this result could be based on the dis-
tinct subcellular localization of these two kinases in un-
stimulated cells.

Lipid Rafts Partition Lck and Fyn in a Cellular Activation-
dependent Fashion. Isolation of lipid rafts from unstimulated
CD4" T cells and analysis of Lck and Fyn distribution re-
veals that while 75-95% of Lck is found in soluble frac-
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tions, >98% of Fyn localizes to lipid rafts (Fig. 2 and Fig. 3,
a and d). Strikingly, within the first 10 s after TCR/CD4
coaggregation the amount of Lck associated with lipid rafts
increases, reaching a peak of twofold at 30 s (Fig. 3, a-c).
Lck redistribution to lipid rafts is dependent on antibody
concentration and can result in up to a fourfold increase at
the highest concentrations anti-CD4 and anti-TCRC(
used for coaggregation (Fig. 3 d). Fyn distribution re-
mained unaltered in all conditions analyzed (Fig. 3 a).

Since the total Lck signal detected throughout the time
course (Fig. 3 b) is not significantly altered, the enrichment
of lipid raft-associated Lck reflects translocation of Lck
from the soluble fraction. Moreover, this translocation is
predicated by TCR/CD4 coaggregation, as coaggregation
of neither CD28 nor MHC class I with TCR perturbed
the subcellular distribution of Lck (not shown). Further,
aggregation of TCRCP alone has no impact on either Lck
activity (Fig. 1 b, lane 2), or distribution (Fig. 3, a—c), and
while aggregation of CD4 alone does result in an increase
in pY394 Lck (Fig. 1 b, lane 3), it does not alter the subcel-
lular distribution of Lck (Fig. 3, a—c). These results charac-
terize Lck as a mobile signaling element during the first
seconds after TCR/CD4 coaggregation.
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Figure 3. Coaggregation of TCR
and CD#4 induces the translocation
of Lck into lipid rafts. (a) 107 primary
CD4* lymph node T cells were pre-
coated with biotinylated  anti-
TCRCB (H57%) and/or biotin-
ylated anti-CD4 (GK1.5) followed
by the addition of Streptavidin for
10, 30, or 90 s, as indicated. Distri-
bution of GM1, Lck, and Fyn was
assessed in fractions 1-2 and 9-10,
representing lipid raft (R) and solu-
ble fractions (S), respectively. (b)
Quantification of Lck subcellular dis-
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Activation and Subcellular Redistribution of Lck Regulates
Sequential Fyn Activation. The temporal and spatial relation-
ships governing the activation of Lck and Fyn were charac-
terized by analyzing the kinetics of induction and subcellu-
lar distribution of pY394 Lck and pY417 Fyn in soluble
fractions and lipid rafts isolated from primary T cells over
the coaggregation time course. Virtually all pY394 Lck re-
sides in the soluble fraction in cells before activation (Fig. 4
a). Of note is that this pY394 Lck signal is consistent with
the basal kinase activity of Lck in unstimulated primary T
cells, as previously reported (15). At 10 s after TCR/CD4
coaggregation there is a >3-fold increase in the level of
pY394 Lck, that decreases to basal levels by 90 s (Fig. 4, a
and b). pY394 Lck in lipid rafts increases to 7- and 18-fold
over unstimulated levels at 10 and 30 s after coaggregation,
respectively (Fig. 4, a and b).

Lipid raft-associated pY417 Fyn increases with the first
detectable translocated pY394 Lck (Fig. 4, c and d). At 10s
after TCR/CD4 coaggregation pY417 Fyn levels are five-
fold over those observed in unstimulated cells, and increase
to 10-fold by 90 s (Fig. 4, ¢ and d). Longer exposure of
pY417 Fyn immunoblots reveal that the small pool of non-
raft associated Fyn also increases pY417 content with kinet-
ics similar to raft associated Fyn (Fig. 4, ¢ and d).

Immune complex kinase assays were performed in paral-
lel with the above experiments and yielded convergent re-
sults. A 1.2-1.3-fold increase in kinase active Lck in the
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soluble fraction at 10 s after TCR/CD4 coaggregation is
observed (Fig. 4, e and f). Consistent with the kinetics of
TCR/CD4 induced redistribution of pY394 Lck into rafts,
the appearance of raft-associated Lck kinase activity initiates
within 10 s, and peaks at 30 s (Fig. 4, e and f). The eftect of
the redistribution of kinase active Lck on the activity of
raft-associated Fyn was profound. Fyn kinase activity in-
creased roughly 2.5-fold over basal levels at 10 s, and 19-
and 23-fold at 30 and 90 s, respectively (Fig. 4, g and h).
Fyn kinase activity in the soluble fraction increased in tan-
dem (Fig. 4, g and h).

Genetic Evidence for Lck-dependent Fyn Activation.  For-
mal demonstration that the activation of raft-associated Fyn
is dependent on the translocation of Lck is derived from
the use of conditional Lck-deficient animals. These animals
express an Lck transgene under the control of the Lck
proximal promoter, and provide a model system in which
the fundamental roles of Lck in intrathymic T cell develop-
ment (10), and mature T cell TCR signaling (11), are un-
coupled (17). Thus, while immature thymocytes are Lck
sufficient, upon their maturation expression of the Lck
transgene is down-regulated and the resultant mature pe-
ripheral T lymphocytes are severely deficient in Lck ex-
pression (11).

Less than 1% of the Lck signal observed in wild-type
cells was detected in either lysates (Fig. 5 a) or in lipid rafts
(Fig. 5 ¢) prepared from CD4* transgenic peripheral T

Co-Aggregation

Figure 4. Lck-dependent Fyn ac-
blot: tivation is spatially and temporally
regulated. Lck and Fyn immuno-
precipitates from lipid rafts (R) and
soluble fractions (S) derived from
noncoaggregated control samples
and those aggregated for the indi-
cated time were probed with
pY394 Lck (a, top panel) and
pY417 Fyn (c, top panel), respec-
tively. Both filters were stripped
and probed with anti-Lck (a, bot-
tom panel) or anti-Fyn (c, bottom
panel), respectively. Quantification
of pY394 Lck (b) and pY417 Fyn
(d) were determined subsequent to
normalizing for the presence of to-
. blot: tal Lck and Fyn. In parallel, im-
mune complex kinase assays were
performed using immunoprecipi-
— tates from each of the above sam-
ples. The phospho-enolase signals
(pY Enolase) for Lck (e, top panel)
and Fyn (g, top panel) were nor-
malized to total Lck (e, bottom
panel) and Fyn (g, bottom panel)
content, respectively. Specific ki-

O soluble

pY Enolase

+ + * nase activity was expressed as a ratio
* * * between pY Enolase and total Lck
10 30 90

(f) and Fyn (h), respectively. Levels
of pY394 Lck and pY417 Fyn as

well as their specific kinase activities in nonaggregated control samples, were given a reference value “1.” All sample lanes in a—d and e—h are aligned
over common figure legends. Bars representing R and S fractions from the same sample are grouped.

1224 Activation-induced Colocalization and Sequential Activation of Lck and Fyn



The Journal of Experimental Medicine

cells. This impacts profoundly on the induction of global
tyrosine phosphorylation observed at 90 s after TCR/CD4
coaggregation (Fig. 5 a). There 1s induction of phosphory-
lation of select substrates in these transgenic T cells, specifi-
cally those induced in Lck sufficient cells upon the aggrega-
tion of TCRCP alone (compare Figs. 1 a, track 2, and 5 a,
track 2). This result is consistent with the role of CD3 asso-
ciated Fyn. Importantly, the lack of Lck precluded the in-
duction of pY417 Fyn observed in Lck sufficient T cells
upon TCR/CD4 coaggregation (Fig. 5 b).

Fyn distribution in these transgenic T cells was identical
to that observed in wild-type cells (Fig. 5 ¢). However, the
kinase activity of raft-associated Fyn did not increase over
control at 90 s after TCR/CD4 coaggregation, at which
point there is a 20-fold increase in wild-type cells (Fig. 5
d). The pool of Fyn observed in the soluble fractions de-
rived from transgenic T cells was constitutively active, and
in contrast to observations in wild-type cells, this activity
did not increase upon TCR/CD4 coaggregation (Fig. 5 d).
The mechanism(s) underpinning this phenotype remain
obscure. Taken together, these results provide formal proof
that the activation of the majority of cellular Fyn, that
which is raft-associated, is strictly dependent on receptor
induced translocation of kinase active Lck into lipid rafts.

Discussion

The results presented are the first to characterize the dis-
tinct yet interdependent roles of Lck and Fyn in the propa-
gation of signals emanating from the T cell antigen recep-
tor. Lipid rafts are shown to spatially segregate 75-95% of
Lck from >98% of Fyn in unstimulated primary CD4* T
cells. This might suggest parallel yet independent functions

regulated by these two kinases. However, the demonstra-
tion of TCR/CD4-induced translocation of activated Lck
into lipid rafts, and the ensuing Lck-dependent activation
of colocalized Fyn, supports the conclusion that their func-
tions are interdependent, yet tightly regulated.

While the biochemical analyses undertaken in this study
precluded the use of antigen mediated TCR/CD4 coag-
gregation, recent studies demonstrate that antigen-depen-
dent and specific T cell~APC conjugation does result in
the translocation of TCR, CD4, and Lck, into lipid rafts
(7, 18). Further, the recent demonstration that antigen
mediated induction of pY394 Lck and its recruitment to
the T cell-APC interface (9, 19), supports the conclusion
that the antibody mediated TCR/CD4 coaggregation
model used in this study accurately recapitulates antigen
induced changes in Lck physiology. Moreover, as 75-95%
of cellular Lck is CD4 associated, and CD4 is excluded in
the vast majority from lipid rafts in primary unstimulated
T cells, CD4 could be viewed as the “gate keeper” main-
taining Lck outside of lipid rafts. Whether or how alter-
ations in palmitoylation of CD4 and Lck induced upon
activation supports their translocation into lipid rafts re-
mains to be determined.

As previously reported, sustaining pY394 Lck during the
first minutes of antigen-mediated T cell activation is de-
pendent on CD28 signaling (9). The results presented here
are consistent. Levels of raft-associated pY394 Lck and as-
sociated kinase activity peak at 30 s after TCR/CD4 coag-
gregation, and fall rapidly over the next 60 s. In contrast,
pY417 Fyn and associated kinase activity increased in paral-
lel throughout the time course of coaggregation. This
demonstrates that in contrast to Lck, sustaining Fyn activity
appears CD28 independent over the time course tested,
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and may reflect the recruitment of SHP-1 to lipid rafts,
functioning as an Lck-specific phosphatase (20). The differ-
ential persistence of Fyn kinase activity suggests that the in-
terdependence of Lck and Fyn is unidirectional. Specifi-
cally, while Fyn activation is preceded by the translocation
of activated Lck, active Fyn appears not to impact on the
activity of colocalized Lck.

Two key molecules are involved in regulating pY levels
of critical tyrosine residues on Fyn and Lck. The COOH-
terminal Src kinase (Csk) phosphorylates negative regula-
tory COOH-terminal tyrosines, and the CD45 phos-
phatase opposes this action (1). Some CD45 is associated
with lipid rafts in unstimulated T cells (21), and in light of
the present and a previous report (22), Fyn is likely the pre-
dominant target. Counterbalancing this activity could be
maintained through negative feedback involving the op-
posing action of Csk. Thus, Fyn-mediated phosphorylation
of raft-associated Cbp/PAG would provide a Csk docking
site (22). The balance of CD45/Csk activities in maintain-
ing basal Fyn function in unstimulated cells would be dis-
rupted by TCR/CD4-induced translocation of active Lck
into rafts, culminating in the amplification of Fyn activity.

The results presented here demonstrate that Lck-depen-
dent Fyn activation is initiated before the formation of a
stabilizing immunological synapse. This is consistent with
the increase of both pY394 Lck and pY319 ZAP70 within
minutes of TCR engagement at the periphery of the T
cell-APC interface (19). Thus, lipid rafts play a central role
in supporting the full sequelae of signals preceding the for-
mation of the immunological synapse. During the first sec-
onds, in parallel with Lck-mediated hyperphosphorylation
of CD3-{ and the de novo recruitment and activation of
ZAP70 (3), the translocation of activated Lck into lipid
rafts would initiate a scaffolding process through the se-
quential activation of Fyn, its ensuing phosphorylation of
Pyk2 and Fyb (23, 24), and initiation of the cascade culmi-
nating in de novo IL-2 transcription (24). This would be
accompanied by aggregation of lipid rafts, shown to be de-
pendent on raft-associated Lck (25). The formation of the
immunological synapse through the coalesence of these raft
aggregates would sustain signaling that ultimately leads to T
cell proliferation (7).
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