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The lymphocyte-specific Src family protein tyrosine kinase p56Lck (Lck) is essential for T cell development
and activation and, hence, for adaptive immune responses. The mechanism by which Lck activity is
directed toward specific substrates in response to T cell receptor (TCR) activation remains elusive. We
used fluorescence lifetime imaging microscopy to assess the activation-dependent spatiotemporal changes
in the conformation of Lck in live human T cells. Kinetic analysis of the fluorescence lifetime of Lck bio-
sensors enabled the direct visualization of the dynamic local opening of 20% of the total amount of Lck
proteins after activation of T cells with antibody against CD3 or by superantigen-loaded antigen-presenting
cells. Parallel biochemical analysis of TCR complexes revealed that the conformational changes in Lck
correlated with the induction of Lck enzymatic activity. These data show the dynamic, local activation
through conformational change of Lck at sites of TCR engagement.
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INTRODUCTION

Src family tyrosine kinases (SFKs) trigger numerous cellular processes,
including proliferation, differentiation, adhesion, and migration. The
SFK family member p56Lck (referred to as Lck) critically induces T cell
responses after activation of cell surface receptors. Lck-deficient periph-
eral T cells cannot be activated through the T cell receptor (TCR). Con-
sequently, T cell development is severely impaired in the absence of Lck
(1). Phosphorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) within the TCR-associated CD3 and z chains by Lck is one of
the earliest detectable events after TCR stimulation, and it initiates multi-
ple signaling cascades that culminate in T cell activation and proliferation
(2); however, despite years of research, the molecular events preceding
ITAM phosphorylation are poorly understood. Changes in the accessibility
of ITAM-containing substrates and in the catalytic activity of Lck have
been proposed to contribute to the initiation of signaling after TCR
stimulation.
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The activity of SFKs is tightly controlled by structural dynamics that
are highly conserved between members and across species (3). Accord-
ingly, the activity of Lck is controlled by conformational changes that
arise from phosphorylation and dephosphorylation of two critical tyrosine
residues, Tyr394 and Tyr505 (4). When phosphorylated by the C-terminal
Src kinase (Csk), the C-terminal tyrosine residue Tyr505 inhibits Lck ac-
tivity (5, 6). Phosphorylation of the inhibitory tyrosine induces an intra-
molecular association with the Src homology 2 (SH2) domain, causing
the kinase to adopt a closed, “inactive” conformation (3, 7), which is sta-
bilized by an additional interaction between the SH3 domain and a polypro-
line helix within the linker region (7, 8). The plasma membrane–localized
tyrosine phosphatase CD45 counteracts Csk by dephosphorylating Tyr505,
thereby generating a pool of Lck in an open, “primed” conformation (9, 10).
Ligand binding to the SH2 and SH3 domains of Lck may additionally con-
tribute to its activation (11–13). Activation of Lck is thought to depend on
the autophosphorylation of Tyr394 within the activation loop of the kinase
domain (14). Only Lck molecules phosphorylated on Tyr394 show enhanced
enzymatic activity and facilitate substrate phosphorylation (15, 16).

Nika et al. demonstrated that in resting T lymphocytes, as well as in
nonstimulated Jurkat cells (a human CD4+ leukemic T cell line), a substan-
tial amount of Lck exists in a constitutively active (Tyr394-phosphorylated)
form (17). The authors described four pools of Lck in resting T cells:
(i) closed, inactive Lck (Tyr505-phosphorylated); (ii) primed (nonphos-
phorylated); (iii) active Lck (Tyr394-phosphorylated); and (iv) active,
doubly phosphorylated (DPho) Lck (phosphorylated on both Tyr394

and Tyr505). In Jurkat cells, each pool constitutes about 25% of the total
amount of Lck, whereas in resting human T cells, about 50% of the total
Lck protein is primed (17). Nika et al. did not observe changes in the
enzymatic activity of Lck upon stimulation of the TCR. The authors con-
cluded that the Lck-dependent tyrosine phosphorylation of ITAMs does
not result from TCR-mediated de novo activation of Lck, but rather
from other mechanisms, such as the relocalization of active Lck within
the cell or from ligand-mediated conformational changes within the TCR
(18, 19).
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To assess the potential role of the conformational dynamics of Lck in
T cell activation, Paster et al. constructed a biosensor consisting of the
complete Lck backbone flanked by enhanced cyan fluorescent protein
(ECFP) and enhanced yellow fluorescent protein (EYFP) (20), which
act respectively as donor and acceptor fluorophores for Förster resonance
energy transfer (FRET). When the Lck biosensor molecule is in the active,
open conformation, FRET is low, whereas a closed enzyme (inactive,
Tyr505-phosphorylated) produces a strong FRET signal. With this Lck bio-
sensor, the authors measured FRET with intensity-based detection tech-
niques and observed no substantial changes in the FRET efficiency of
the biosensor upon TCR-mediated activation of Jurkat cells (20, 21).

We investigated the conformational dynamics of Lck in response to TCR
activation with an alternative technique to monitor FRET. FRET affects the
mean lifetime for which the donor fluorophore molecules remain in the
excited state before they relax back to the ground state and release a pho-
ton. Through the use of fluorescence lifetime imaging microscopy (FLIM)
(22, 23), we recorded, at microscopic resolution, donor fluorescence decay ki-
netics, which enabled the measurement of FRET independently of fluorophore
concentrations. We used a new time domain FLIM strategy to follow the con-
formational dynamics of the Lck biosensor of Paster et al. The greatly im-
proved signal-to-noise ratio obtained with our strategy enabled us to directly
measure and visualize the conformational opening of Lck upon TCR activa-
www
tion in live T cells. Moreover, in vitro kinase assays revealed that the open-
ing of Lck correlated with the enhanced enzymatic activity of the kinase.

RESULTS

A fluorescence-based Lck biosensor rescues signaling
in Lck-deficient Jurkat cells
To identify changes in the conformational states of Lck in live cells, we
used a unimolecular biosensor consisting of the complete Lck backbone
flanked by ECFP and EYFP, which acted as donor and acceptor fluoro-
phores, respectively (CLckY-1; Fig. 1A) (20). To assess the function of the
biosensor, we expressed it in the Lck-deficient Jurkat cell line JCam1.6, which
is unresponsive to TCR-mediated signals (24). Expression of CLckY-1 in
JCam1.6 cells reconstituted global tyrosine phosphorylation (Fig. 1B) and
Ca2+ flux in response to soluble stimulation with a monoclonal antibody
against CD3 (aCD3) similar to that in Jurkat cells that express wild-type
Lck (Fig. 1, C and D).

Spectral measurements reveal the FRET behavior
of the CLckY-1 biosensor
To distinguish the true FRET events of the biosensor from other ex-
cited state reactions, we recorded intensity spectra with a time-resolved,
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Fig. 1. Functional characterization of the Lck biosensor CLckY-1. (A)
Schematic illustration of the Lck biosensor (CLckY-1) and the control
constructs used in this study. UD, unique domain; 21 aa, linker of 21
amino acid residues. (B) Wild-type (WT) Jurkat cells (JE6.1) or Lck-
deficient JCam1.6 cells transfected with either control plasmid or
plasmid encoding WT Lck or the CLckY-1 biosensor were stimulated
with antibody against CD3 (aCD3). At the indicated times, cells were
harvested and lysates were analyzed by Western blotting for total
.SCI
tyrosine phosphorylation with the antibody 4G10. A typical result from one of three independent experiments is shown. (C and D) JCam1.6 cells
transfected as described in (B) were loaded with the Ca2+-sensitive dye Indo-1 AM. Ca2+ mobilization of cells after treatment with aCD3 or ionomycin
(Ionom) was measured either (C) by confocal microscopic analysis of individual cells, which showed that only transfected cells responded to an-
tibody stimulation, or (D) by bulk analysis by flow cytometry measured at a flow rate of 300 cells s−1. Representative results out of three (for confocal
analysis) or five (for flow cytometric analysis) independent experiments are shown.
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microspectroscopic delay line (DL) detector. To generate a FRET-positive
control, we transfected cells with a plasmid encoding a plasma membrane–
anchored fusion protein in which the donor and acceptor fluorophores were
separated by 21 amino acid residues (ECYFP; Fig. 1A). Because of the
close proximity of the fluorophores, ECYFP reports on the maximal possi-
ble FRET signal. We also used a variant of CLckY-1 in which Tyr394 was
mutated to phenylalanine (CLckY-1–Y394F; Fig. 1A). This Y394F muta-
tion induces formation of the closed conformation of Lck (20); hence,
the FRET of CLckY-1–Y394F reports on a fraction of the Lck biosensor
that is in the constitutively closed conformation, which is expected to be
greater than that of CLckY-1. As a FRET-negative control, we generated
CLckY-1–Y505F, in which the C-terminal negative regulatory residue Tyr505

was mutated to phenylalanine (Fig. 1A). This mutation prevents the intra-
molecular interaction between the C terminus and the SH2 domain of
Lck, thus generating a constitutively open conformation that exhibits a
low FRET efficiency (20).

At an excitation wavelength of 420 nm, which excites the donor
ECFP only, the intensity spectra of all constructs showed a first peak
at 475 nm (Fig. 2A). This peak represents the characteristic emission
spectrum of the donor (ECFP). A prominent second peak at 525 nm
indicates the FRET-induced fluorescence of the acceptor (EYFP) and
marks the FRET signal of the positive control (ECYFP). The peak at
525 nm was also observed in the biosensor molecules (Fig. 2A). As
www
expected, the peak intensity was highest in the spectrum of the Lck
Y394F biosensor, lower in the wild-type Lck biosensor (CLckY-1),
and undetectable in cells with the FRET-negative control (CLckY-1–
Y505F), consistent with the constitutively open conformation of this
mutant Lck.

To differentiate between inter- and intramolecular FRET, we compared
the fluorescence spectra of JCam1.6 cells expressing the CLckY-1 bio-
sensor with those of cells expressing a version that contained only ECFP
(donor-tagged Lck, CLck-1; Fig. 1A) and cells that coexpressed donor-
only (CLck-1) and acceptor-only (LckY-1) tagged biosensors (Fig. 1A).
A FRET-specific peak at 525 nm was not detectable in cells expressing
CLck-1 alone or in those coexpressing CLck-1 and LckY-1 (Fig. 2B). Hence,
the FRET signals measured in cells expressing Lck biosensor variants
were caused by intramolecular energy transfer and correlated with the con-
formational states of the Lck biosensors.

FLIM discriminates between the individual kinetic
components of ECFP fluorescence
For unknown molecular reasons, not all ECFP molecules mediate FRET
(25). Thus, a subfraction of the ECFP molecules that undergo a change
in FRET may escape detection against a background of fluorescence
signal from molecules that do not undergo FRET. To tackle these inher-
ent problems of the low signal-to-noise ratio in FRET measurements,
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Fig. 2. Microspectroscopic characterization of CLckY-1 and different control LckY-1. (C) DAS spectra of the measurements shown in (A) and (B) of ECFP

constructs. (A and B) Spectral emissions along a wavelength range of 460 to
650 nm were resolved and collected by the DL detector after excitation at
420 nm. Represented are the relative fluorescence intensities against the
emission wavelength of five independent measurements for JCam1.6 cells
transfected with the appropriate plasmids encoding (A) ECYFP, CLckY-1,
CLckY-1–Y394F, or CLckY-1–Y505F or (B) CLckY-1, CLck-1, or CLck-1 and
subpopulations that were identified by a three-exponential fit of the experimen-
tal data with individual characteristic lifetimes of t1 (3.2 ns), t2 (1.4 ns), and t3
(0.8 ns), respectively. Diagrammed are the changes in the pre-exponential
factors of the three lifetimes as a function of the wavelengths for ECYFP, the
Lck-biosensor CLckY-1, CLckY-1–Y394, and CLckY-1–Y505F. Negative pre-
exponential factors result from FRET between the donor and acceptor.
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we made use of detailed characterizations of the decay kinetics of ECFP
fluorescence. Our work and that of others showed that in an ECFP-EYFP
FRET pair, the mean decay of ECFP fluorescence, described by the
mean lifetime tmean, can be fitted with three exponential decay com-
ponents. These kinetic components are defined by three individual
decay lifetimes: t1, t2, and t3, which characterize individual subpopu-
lations of fluorophore pairs that can be individually selected for FRET
measurements (26–31). We applied a Levenberg-Marquardt nonlinear,
least-squares algorithm to dissect the decay kinetics of ECFP fluores-
cence in the Lck biosensor into individual lifetimes. A three-exponential
fit resulted in a precise (c2 < 1.3) description of the experimental data and
revealed three individual t values of ECFP within the biosensor of 3.2 ns
(t1), 1.4 ns (t2), and 0.8 ns (t3), respectively. The fractional distribu-
tions of the individual lifetimes were calculated as 40% (t1), 35% (t2),
and 25% (t3).
www
Analysis of decay-associated spectra identifies the ECFP
subpopulation of the Lck biosensor involved in FRET
Plotting the pre-exponential factors of the individual lifetimes against the
emission wavelength yielded the decay-associated spectra (DAS) (Fig.
2C), which were used to identify those ECFP molecules engaged in FRET.
When the component undergoes FRET, the pre-exponential factor of an in-
dividual lifetime acquires a more negative value relative to the baseline at
the emission wavelength of the acceptor. At the acceptor emission maxi-
mum of 525 nm, only t3 acquired negative values in Jurkat cells expressing
ECYFP, CLckY-1, or CLckY-1–Y394F (Fig. 2C). Comparing the FRET sig-
nals of these constructs led to the following arrangement of FRET signals:
ECYFP > CLckY-1–Y394F > CLckY-1. No negative value for t3 was found
in cells expressing the constitutively open CLckY-1–Y505F, which indicated
that among the three components contributing to the mean fluorescence decay
of ECFP, only t3 was affected by FRET. In addition, t3 contributed to 25% of
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Fig. 3. Conformational changes in the Lck biosensor in response to stim- Lck molecules (high FRET), whereas yellow to red pixels indicate mole-

ulation of cells with anti-CD3 antibody. (A to C) Live JCam1.6 cells that had
been transfected with plasmid encoding the biosensor (CLckY-1) or with a
control plasmid lacking the FRET acceptor EYFP (CLck-1) were analyzed
with the QA detector. After excitation at 420 nm, the spectral emissions of
the FRET donor ECFP were detected at 465 to 485 nm. Data from at least
three independent experiments were analyzed, and representative results
are shown in (A) and (B). (A and B) ECFP intensity images captured by the
QA detector are represented in the upper panels. (A to C) Pseudocolored
images for the pre-exponential factors of t3 and tmean revealed the location
of FRET events within the cells. Purple to blue pixels correspond to closed
cules with low FRET because of an open conformation of the Lck biosensor.
(A) JCam1.6 cells transfected with plasmids encoding CLckY-1 or CLck-1
before and 7 min after stimulation with aCD3. (B) JCam1.6 cells transfected
with plasmid encoding CLckY-1 were pretreated for 30 min with 10 mM PP2
or 10 mM PP3. Nonstimulated cells and cells stimulated with aCD3 for 7 min
are depicted. (C) Time-resolved analysis of changes in the pre-exponential
factor of t3 at the plasma membrane of JCam1.6 cells transfected with plas-
mid encoding CLckY-1 (n = 10 cells, from n = 3 independent experiments;
data are means ± SD). The measured area in the lower micrograph is high-
lighted in red.
.SCIENCESIGNALING.org 19 February 2013 Vol 6 Issue 263 ra13 4
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the total mean lifetime and therefore may
remain undetected when conventional meth-
ods of FRET detection, such as intensity-
based measurements or mean lifetime FLIM
measurements, are applied.

The biosensor reports on the
conformational dynamics of Lck
at sites of TCR activation in
Jurkat cells
Next, we investigated whether Lck under-
went conformational change upon T cell
activation. We expressed the biosensor or
the donor-only tagged variants in JCam1.6
cells and measured the fluorescence lifetimes
with the position-sensitive photomultiplier
(QA detector) (32) to resolve the spatial dis-
tribution, as well as the three individual life-
times of the biosensor (fig. S1). Both CLck-1
and CLckY-1 localized to two major areas,
the plasma membrane and a cytoplasmic
compartment that partially overlap with ear-
ly endosomes but not with the endoplasmic
reticulum or the Golgi apparatus (Fig. 3A
and figs. S2 and S3). Similar subcellular dis-
tributions of Lck have been reported previ-
ously (33–35).

FLIM analysis focusing on t3 within the
CLckY-1 biosensor detected a constitutive-
ly open Lck population (low FRET) at the
plasma membrane of Jurkat cells and in
the cytoplasmic compartment (Fig. 3A, right
panels, middle row). Upon treatment with
PP2, an inhibitor of SFKs, but not with the
inactive analogPP3, these openCLckY-1mol-
ecules became undetectable, and the biosen-
sor assumed the closed conformation (Fig.
3B, middle panels). These data indicate that
the open Lck molecules in unstimulated
Jurkat cells were constitutively active, which
confirmed previous data (17).

We then investigated whether Lck under-
went conformational changes upon T cell
activation. Stimulation with aCD3 induced
a detectable decrease in the pre-exponential
factors of t3 at the plasma membrane and in
the cytoplasmic compartment of cells with
the CLckY-1 biosensor (Fig. 3A, middle right
panels), but not in cells with the ECFP-only
variant CLck-1 (Fig. 3A, middle left panels).
Opening of the biosensor at the plasma
membrane was observed to last for at least
20 min (Figs. 3C and 4A). Again, the de-
crease in FRET upon T cell activation was
completely lost when the cells were pretreated
with PP2 (Fig. 3B, lower panels). Together,
the behavior of t3 in aCD3-stimulated Jurkat
cells showed that T cell activation induced
an opening of the biosensor. This finding
suggested that Lck became activated by a
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Fig. 4. Changes in the conformation of the Lck biosensor are mediated by stimulation through aCD3. (A toC)
Pseudocolored FLIM images measured with the QA detector represent the pre-exponential factors of t3 in

(A) JCam1.6 cells, (B) human T cells, and (C) Zap70-deficient P116 cells expressing CLckY-1. (D) In Jurkat
cells stimulated with SEE-loaded Raji B cells (APCs), the Lck biosensor adopts an open conformation at
the site of contact between the Jurkat cell and the APC. The transmitted light images show CLckY-1–
expressing Jcam1.6 cells before and after contact with SEE-loaded Raji B cells. Representative images
of cells are shown from 30 (A), 10 (B), 12 (C), and 10 (D) measurements from three independent experi-
ments each. Scale bars, 10 mm.
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conformational change immediately after stimulation of cells with aCD3.
The constitutively open Lck molecules in unstimulated cells and the activation-
induced decrease in FRET could only be observed by combining FLIM
measurements with an analysis of the pre-exponential factors of t3, the
characteristic lifetime of the subpopulation of the donor molecules
involved in the FRET process. We did not detect alterations in the mean
lifetime of the FRET signal in stimulated cells that had the CLckY-1 bio-
www
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sensor (Fig. 3A, lower panels). This observation corroborates the data of
Paster et al. (20).

We then analyzed the tracks of TCR-mediated conformational changes in
the Lck biosensor as visualized by FLIM over time after TCR stimulation
(Fig. 4). Activation-induced opening of the Lck biosensor was observed in
JCam1.6 cells (Fig. 4A) and in primary human T lymphocytes (Fig. 4B). The
opening of the biosensor was already detectable just 1 min after application of the
aCD3 antibody. Similarly, rapid opening of the biosensor was also observed in
the z chain–associated protein kinase of 70 kD (Zap70)–deficient Jurkat variant
P116 cells, which rules out the possibility that TCR-mediated opening of the
biosensor in transfected JCam1.6 and primary T cells was a result of the
binding of the SH2 domain of Lck to phosphorylated Zap70 (Fig. 4C).

To determine the relative fraction of the open biosensor molecules in
unstimulated and activated T cells, we split the data stream into 2-min time
windows. Photons collected during the first 2 min were defined as the base-
line value. With this approach, we found that 16% of the biosensor mole-
cules involved in FRET showed an open conformation before stimulation.
After 5 min, the cell was stimulated with aCD3 antibody. Continuously
recorded FLIM data were analyzed at the time points 0 to 2, 7 to 9, 13 to
15, and 18 to 20 min (Table 1), and the fractional intensities were
calculated. This calculation showed that TCR stimulation induced a con-
.SCIENCESIGNALING.org 19
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tinuous decrease in the FRET signal
(equivalent to opening of the Lck mole-
cule) of an additional 20% of the biosensor
molecules undergoing FRET at the plasma
membrane (Table 1).

To visualize the conformational changes
in the biosensor under more physiological
conditions, we monitored the spatiotemporal
changes in Lck conformation in a T cell ac-
tivation model system in which the TCR was
triggered by contact with antigen-presenting
cells (APCs). We incubated superantigen
(SEE)–loaded Raji B cells with Jurkat cells
expressing the biosensor. Changes in FRET
signals reported the rapid accumulation of
the open, activated conformation of the Lck
biosensor at the contact zone between both
cell types (Fig. 4D). No changes in biosensor
FRET occurred in conjugates of T cells with
nonpulsed APCs (fig. S4), indicating that
opening of the biosensor required engage-
ment of the TCR.

The enzymatic activity of Lck is
enhanced upon T cell activation
A fraction of Lck molecules underwent con-
formational changes upon T cell activation,
in apparent disagreement with Nika et al.,
who proposed that activation of T cells is
not accompanied by increased pools of acti-
vated Lck. Consistent with this proposal, we
observed that Lck in total cell lysates ob-
tained from aCD3-stimulated primary human
T cells showed no substantial increase in
the Lck-activating Tyr394 phosphorylation
(Fig. 5A). We obtained similar results when
we examined the phosphorylation status of
Lck by automated multidimensional fluo-
rescence microscopy [multi-epitope ligand
Table 1. Changes in Tmean and the pre-exponential factors of t3 of a
JCam1.6 cell expressing the biosensor after TCR stimulation. The
time range of 0 to 2 min was used as the reference point. n.d., not
detectable.
Time points
(min)
tmean (ns)
 Change of
tmean (%)

C
d

hange of fractional
istribution of t3 (%)
0–2
 2.82
 —
 —

7–9
 2.82
 n.d.
 16

13–15
 2.83
 n.d.
 20

18–20
 2.84
 n.d.
 35
Fig. 5. Global analysis of Lck phosphorylation after T cell activation. (A) Lysates of unstimulated, con-
trol Jurkat cells (ctr.) and cells stimulated for the indicated times with aCD3-coated microbeads were

subjected to immunoprecipitations. The Lck immunoprecipitates were analyzed in a dual fluorescence
Western blot (right panel) with aLck (blue) and antibodies against Src family kinases containing
pTyr416, which label the corresponding pTyr394 of Lck (yellow). The ratios of signals from tyrosine-
phosphorylated Lck and total Lck protein were calculated from four independent experiments and
are shown in the bar graph on the left as means ± SD. (B and C) MELK analysis: quantification of
changes in signal intensities of the displayed signaling molecules after stimulation of Jurkat JE6.1 cells
with aCD3 for 5 min. (B) Ratio of the signals of the indicated proteins between aCD3-stimulated and
unstimulated Jurkat cells (mean ± SD). (C) Relative changes in the fluorescence signal ratios between
stimulated and nonstimulated cells (mean ± 95% confidence interval). Data are combined from six
independent experiments in which a total of 448 cells were analyzed.
February 2013 Vol 6 Issue 263 ra13 6
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cartography (MELK)], which enables simultaneous imaging of several sig-
naling molecules within the same cell (Fig. 5, B and C). However, when
we subjected Lck immunoprecipitated from resting or aCD3-stimulated hu-
man T lymphocytes or Jurkat cells to a classical in vitro kinase assay with
radiolabeled adenosine 5′-triphosphate (ATP), we observed a 20% increase in
Lck activity in four independent experiments with each cell type after 30 and
120 s of stimulation (Fig. 6). The increase in Lck phosphorylation was not a
consequence of coimmunoprecipitation of Lck with Csk (fig. S5) and corre-
lated well with our FLIM data, which showed that 20% of the biosensor mol-
ecules locally adopt an open active conformation at sites of TCR activation.

DISCUSSION

One of the first biochemical events after stimulation of the TCR is the phos-
phorylation of ITAMs within the TCR by the SFK Lck; however, very little
www
is known about the regulation of Lck activity after T cell activation. With a
FRET-based Lck biosensor and a new FLIM-based strategy, we assessed
the intracellular conformation of Lck in unstimulated and TCR-stimulated
Jurkat cells and primary human T lymphocytes. In unstimulated Jurkat
cells, a fraction of the biosensor (and hence of Lck) was found in a consti-
tutively open conformation. These open Lck molecules rapidly assumed a
closed conformation when cells were treated with the SFK-specific in-
hibitor PP2. This suggests that the open fraction of Lck represents con-
stitutively active Lck molecules, corroborating the data of Nika et al., who
identified constitutively active forms of Lck in resting T cells (17). Mech-
anistically, PP2 induced a reduction in the extent of Tyr394 phosphorylation,
which most likely was mediated by the transmembrane phosphatase CD45.
Our FLIM measurements provide a direct demonstration of conformational
changes in an SFK in live cells as a result of a change in its phosphorylation
status. TCR activation induced the rapid opening of the Lck biosensor in T
.SCIENCESIGNALING.org 19
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cells, including the Zap70-deficient P116
Jurkat variant cell line. This suggests that the
binding of Lck to tyrosine-phosphorylated
Zap70 through its SH2 domain (36) is not
required for the conformational opening of
Lck at sites of TCR activation.

Our FLIM and biochemical measure-
ments conflict with reports that suggest that
Lck changes neither its conformation nor
its enzymatic activity upon T cell activation.
Paster et al. did not detect changes in FRET
efficiency, as a measure of conformational
changes, with an Lck biosensor similar to
the one that we used here (20). We attribute
this discrepancy to the FRET detection tech-
nique that was used by Paster et al., namely,
a fluorescence intensity–based method that
monitors the integral of the mean fluores-
cence. Indeed, if considering the mean life-
times of donor fluorescence, our results
fit with those of Paster et al. This finding
shows an advantage of our method, which
focuses on the analysis of the subpopula-
tion of donor molecules that is engaged
in FRET. Antibody-based approaches led
Nika et al. to propose that T cell activation
does not increase the enzymatic activity of
Lck (17). Similarly, we did not detect sub-
stantial alterations in Lck activity when we
assessed its phosphorylation status in unstim-
ulated and stimulated T cells in experiments
with phosphorylation-specific antibodies.
However, when we subjected Lck immuno-
precipitates from primary T cells to in vitro
kinase assays, we reproducibly found an
~20% increase in the amount of autophos-
phorylated Lck, which correlated with our
biosensor data. We attribute the apparent
discrepancy between the antibody-based
approaches and the in vitro kinase assays
to the higher sensitivity of the radioactive
assays.

Wewould like to emphasize that our data
do not exclude the possibility that, in addi-
tion to activation of Lck, additional changes
Fig. 6. Activation of Lck in primary human T cells and Jurkat E6.1 cells upon stimulation with aCD3. (A and B)
Primary human T cells and (C and D) Jurkat cells were either left unstimulated as controls (ctr.) or stimulated

with aCD3 for the indicated times. After lysis in buffer containing NP-40 and lauryl maltoside (LM), a fraction
of the detergent lysate was subjected to SDS-PAGE andWestern blotting analysis with the anti-pTyr antibody
4G10 (left panels of A and C). The remaining lysate was subjected to immunoprecipitation with antibody
against Lck. Of the immunoprecipitated samples, 50% were subjected to SDS-PAGE and Western blotting
analysis with anti-Lck antibody [right lower panels of (A) and (C)], whereas the remaining 50% were
subjected to a classical in vitro kinase assay with radiolabeled 32g-ATP. After washing, the in vitro–labeled
immunoprecipitates were subjected to SDS-PAGE, which was followed by autoradiography [right upper
panels of (A) and (C)]. Data shown are a representative blot and autoradiogram from four independent
experiments. (B and D) Densitometric analysis of autoradiographs of in vitro–labeled Lck immunoprecipitates
obtained from unstimulated or aCD3-stimulated (B) primary human T cells or (D) Jurkat cells. The graphs
show the means ± SD for the four independent experiments and indicate an increased autophosphorylation
activity of Lck at 30 and 120 s after TCR activation of both cell types.
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in the subcellular localization of Lck or enhanced substrate accessibility
(for example, conformational changes in the TCR) contribute to ITAM
phosphorylation after ligand binding. However, our data showed that a
fraction of Lck adopted an open conformation and enhanced its activity
after T cell activation and thus suggest that the highly conserved intra-
molecular regulatory mechanism of SFKs has evolved to fine-tune their
activity at defined sites within T cells.
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MATERIALS AND METHODS

Antibodies, cell culture, and transfection
The following antibodies were used in this study: horseradish peroxidase–
conjugated mouse anti-phosphotyrosine (4G10, Millipore); mouse anti-Lck
(clone 28), mouse anti-Csk, Alexa Fluor 488–conjugated mouse anti-Lck
(clone 28), and Alexa Fluor 488–conjugated mouse anti-pCD3z (pY142,
K25-407.69) (all from BD Transduction Laboratories); mouse anti-Lck
(3A5, Santa Cruz Biotechnology Inc.); rabbit anti-Lck (Upstate); and rab-
bit anti–Src-pY416, rabbit anti-pLck (pY505), Alexa Fluor 488–conjugated
mouse anti-pERK1/2 (E10), and Alexa Fluor 555–conjugated goat anti-
rabbit Fab2 (all from Cell Signaling Technology). Secondary antibodies
used for dual fluorescence analysis of Western blots were goat anti-rabbit
IRDye 680LT and goat anti-rabbit IRDye 800CW and were obtained from
LI-COR. The Jurkat cell line E6.1, the Lck-deficient variant cell line
JCam1.6 (24, 37), the Zap70-deficient variant Jurkat cell line P116, and
the Raji B cell lymphoma cell line were obtained from the American Type
Culture Collection. Cell lines were maintained in RPMI 1640 medium sup-
plemented with 10% fetal calf serum (FCS; PANBiotech), stable L-glutamine,
penicillin (50 U/ml), and streptomycin (50 mg/ml) (Biochrom) in humidi-
fied 5% CO2 at 37°C. Primary human T cells were isolated from healthy
donors with the Pan T Cell Isolation Kit II and autoMACS (Miltenyi Biotec).
The mouse anti-human CD3 monoclonal antibodies UCHT1 (eBioscience),
C305 [immunoglobulin M (IgM), provided by A. Weiss, University of Cal-
ifornia San Francisco (UCSF)], and MEM92 (IgM, provided by V. Horejsi,
Prague) were used to activate primary human T cells or Jurkat cells. JCam1.6
cells and P116 cells were transfected by electroporation as previously de-
scribed (38). Briefly, 1.5 × 107 cells were transfected with 20 mg of the in-
dividual Lck-encoding plasmids or the FRET-positive control (20) and were
analyzed 24 hours after transfection.

Fluorescence lifetime imaging microscopy
Reconstituted JCam1.6 cells (1 × 106/ml), in 1 ml of Krebs-Ringer solu-
tion [10 mM Hepes (pH 7.0), 140 mM NaCl, 4 mM KCl, 1 mM MgCl2,
10 mM glucose, 1 mM CaCl2], were plated on poly-L-lysine–coated glass-
bottom culture disks (MatTek) for 10 min. The cells either were stimulated
with soluble monoclonal antibody against human CD3e (UCHT1, 5 mg/ml)
for the indicated times or were mixed at a 1:1 ratio with Raji B cells that
had been pulsed with SEE. Emission spectra (460 to 650 nm) and fluo-
rescence lifetimes of the three pre-exponential factors of ECYFP and the
different Lck constructs were determined with a microscopy system that
enables time- and space-correlated single-photon counting. The imaging
setup consisted of a frequency-doubled femtosecond laser (excitation wave-
length, 420 nm), an inverted microscope, and two sensitive detectors: a mi-
crospectroscopic DL detector and a position-sensitive photomultiplier (QA
imaging detector) (28, 31, 39, 40). The DL detector was used to statistically
analyze a very small area of the sample (with a diameter of 5 to 10 mm) and
to resolve spectrally the corresponding fluorescence decays. Measurements
with the QA imaging detector setup were performed to analyze the spatial
distribution of the biosensors, as well as changes in their individual fluores-
cence lifetimes.
www
Analysis of FLIM data
In a multiexponential fluorescence system (for example, the ECFP-EYFP
FRET pair), the intensity of the fluorescence signal decays as a sum of in-
dividual single lifetimes I(t) is given by
IðtÞ ¼ ∑iaiexp − t=ti

where ti represents the individual decay times, and the pre-exponential
factors ai are the amplitudes of the components (indexed by i), for example,
subpopulations of the fluorophore that are involved or not involved in
FRET. The values of ai and ti can be used to calculate the fractional dis-
tributions fi of each of the decay times (41). Thus, the value of fi represents
the fractional intensities of the individual subpopulations of a mixture of
fluorophores, for example, subpopulations of proteins that do or do not un-
dergo FRET, such as ECFP.
fi ¼ ðaitiÞ=ð∑iaitiÞ

The values of fi and ai can be used to determine the mean fluorescence

lifetime of each biosensor (41). To analyze the fluorescence decay I(t), the
data measured with both detectors were modeled by the convolution product
of a multiexponential theoretical model with the instrument response
function (IRF):
IðtÞ ¼ IRFðtÞ ⊗ ∑iai exp − t=ti

where IRF is the measurement of the pulsed laser excitation obtained by
acquiring the reflection of the laser beam. The data were analyzed by a
Levenberg-Marquardt nonlinear, least-squares algorithm with the MATLAB
software package, version R12.

Data acquired by the spectral (DL) detector were fitted with linked life-
times along the wavelength band (460 to 650 nm). In this case, the intensity
decay of the fluorescence signal can be described as (41)
Iðl, tÞ ¼ ∑iaiðlÞ exp − t=ti

The wavelength-dependent pre-exponential factors ai(l) of the individ-
ual lifetimes ti were plotted along different wavelengths, which resulted in
generation of the DAS.

These spectra
IiðlÞ ¼ aiðlÞtiIðlÞ ½∑iaiðlÞti�−1

represent the emission spectra of the individual components charac-
terized by the individual lifetime ti (41). The comparison of the DAS
of the individual lifetimes enables the identification of the fluorescent
species (the donor and acceptor molecules) that are involved, or not, in
FRET, as explained below:

Because FRET is a bimolecular process, the exited state population of
the system can be described after excitation of the donor with a d-shaped
laser pulse:
dDðtÞ=dt ¼ −ðkd þ ktÞDðtÞ ð1Þ

and
dAðtÞ=dt ¼ DðtÞkt − AðtÞka ð2Þ
where D(t) is the concentration of the donor molecules in the exited state,
A(t) is the concentration of the exited acceptor molecules, kd is the rate
constant of relaxation of the donor molecules in the absence of the acceptor,
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ka is the acceptor de-excitation rate constant, and kt is the rate constant of
resonance energy transfer. The differential equations 1 and 2 describe the
fluorescence decays of the donor and acceptor molecules and can be
solved as follows (42):
DðtÞ ¼ D0 exp − ðkd þ ktÞt
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AðtÞ ¼ −D0kt=ðkd þ kt − kaÞexp − ðkd þ ktÞt þ
D0 kt=ðkd þ kt − kaÞ exp − kat

D0 represents the exited state population of the donor at time t = 0. The
negative term in the function of the acceptor A(t) reflects a rise component
in the decay of the acceptor because of energy transfer (42, 43) and results
in a longer lifetime of the acceptor compared to its native lifetime. This
can be detected as a negative term in the DAS in the wavelength range of
the native acceptor emission wavelength (41). Therefore, negative terms in
the DAS plot of the individual lifetimes of a multiexponential system (for
example, a FRET pair consisting of fluorescent proteins) identify the sub-
population of molecules involved in the FRET process. Data collected by
the QA detector were analyzed as previously described (28, 31). To visu-
alize the spatial distribution of different exited states (high or low FRET
signals) of the fluorophores inside a cell, the pre-exponential factors of the
lifetime t3, which characterizes the subpopulation of the donor molecules
involved in the FRET process, were plotted as previously described (32).
The resulting pseudocolor-coded maps show the distribution of the con-
formational changes of the biosensor.

Analysis of intracellular Ca2+ flux
JCam1.6 cells (0.3 × 106/ml) transfected with either plasmid encoding
the Lck biosensor or the empty plasmid were loaded with Indo-1 AM
(5 mg/ml) (Molecular Probes) for 45 min at 37°C in RPMI 1640 with-
out phenol red (Invitrogen). After washing, cells were rested for 45 min at
37°C. Stimulation was initiated by adding 10 ml of C305 monoclonal an-
tibody hybridoma supernatant per milliliter of cell suspension. Changes
in intracellular Ca2+ were monitored with either a flow cytometer LSR
I analyzer (BD Biosciences) or a confocal microscope Leica SP2 (Leica
Microsystems Heidelberg). Cells were illuminated with the 364-nm line of
an argon UV laser (for the confocal microscope) or the 325-nm laser line
of a helium-cadmium laser (for the LSR flow cytometer). In both experi-
mental settings, fluorescence emissions at 390 to 420 nm and 500 to
520 nm were detected simultaneously, and changes in the ratio of the two
emission intensities were analyzed with ImageJ (confocal) or FlowJo
(LSR) software, respectively. To demonstrate successful loading with
the dye, we induced maximal Ca2+ release by adding calcium ionophore
ionomycin (10 mg/ml) (Sigma-Aldrich).

Immunoprecipitations and in vitro kinase assays
To immunoprecipitate Lck (as shown in Fig. 5A), we left 5 × 106 Jurkat
cells untreated or activated them with microbeads coated with anti-CD3
antibody. SuperAvidin-coated polystyrene microspheres (diameter, 10.14
mm; density, 1.6 × 107/ml; Bangs Laboratories Inc.) were incubated with
the biotinylated aCD3e monoclonal antibody UCHT1 (10 mg/ml) in
phosphate-buffered saline (PBS) for 30 min at 37°C. aCD3-coated mi-
crobeads were washed twice with PBS and resuspended in RPMI 1640.
Stimulation of Jurkat cells (at a cell-to-bead ratio of 2:1) was synchronized
by centrifugation at 100g for 10 s. After the indicated times, cells were
washed and lysed in buffer containing 1% LM (an N-dodecyl b-maltoside),
1% NP-40, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 10 mM
NaF, 10 mM EDTA, 50 mM tris-HCl (pH 7.5), and 150 mM NaCl. Deter-
www
gent cell lysates were incubated overnight at 4°C with the anti-Lck
monoclonal antibody 3A5 coupled to protein A–agarose (Santa Cruz Bio-
technology Inc.). Samples were separated by 10% SDS–polyacrylamide gel
electrophoresis (SDS-PAGE) and blotted onto nitrocellulose. For dual-color
analysis, membranes were first incubated with rabbit antibody against pSrc-
pY416, which corresponds to pY394 of Lck, and goat anti-rabbit IRDye
680LT, stripped for 20 min (in Restore PLUS Western Blot Stripping
Buffer, Thermo Scientific) and then incubated with secondary antibody
to exclude remaining anti–Src-pY416 binding. Membranes were subse-
quently incubated with rabbit antibody against Lck and goat anti-rabbit
IRDye 800CW. Signal intensities were determined by scanning the mem-
branes with an Odyssey infrared imager (LI-COR) and analyzing the data
with the Odyssey application software. For in vitro kinase assays, freshly
prepared human T lymphocytes (5 × 107 cells per sample) or Jurkat cells
(2 × 107 cells per sample) were stimulated for 30 or 120 s with a 1:100 (v/v)
dilution of ascites fluid of the aCD3 monoclonal antibody MEM92 (IgM,
provided by V. Horejsi, Prague). In some experiments, the aCD3e mono-
clonal antibody UCHT1 (10 mg/ml) was used to stimulate cells, yielding
identical results. After stimulation, cells were lysed in lysis buffer supple-
mented with 1% NP-40 and 1% LM as detergents. Detergent lysates were
subjected to immunoprecipitation with aLck antibody with 2 mg of polyclo-
nal rabbit antibody (Upstate) used for each immunoprecipitation. After
washing, the immunoprecipitates were split; 50% of the immunoprecipitates
were used for Western blotting analysis, with the aLck antibody as a con-
trol, whereas the remaining 50% of the samples were resuspended in kinase
buffer [20 mM tris-HCl (pH 7.5), 10 mM MnCl2, 100 mM ATP, 10 mCi of
32g-ATP (PerkinElmer; 3000 Ci/mmol)] and subjected to an in vitro ki-
nase assay for 20 min at 30°C. After the kinase reaction was complete,
the radiolabeled immunoprecipitates were washed four times in washing
buffer [20 mM tris-HCl (pH 7.5), 20 mM EDTA, 150 mM NaCl2] and
subsequently subjected to SDS-PAGE and autoradiography.

Automated multidimensional fluorescence
microscopy (MELK)
Jurkat cells (1 × 106/ml) were placed onto poly-L-lysine–coated cover slides
and stimulated with the aCD3e monoclonal antibody UCHT1 (5 mg/ml)
or RPMI without FCS (as a negative control) at 37°C. After 5 min, the
slides were transferred into ice-cold PBS to stop the stimulation. Cells
were fixed with 2% paraformaldehyde (PFA; Santa Cruz Biotechnology
Inc.) and permeabilized with 0.2% Triton X-100. After labeling and im-
aging of the first antibody set, the dye (Alexa Fluor 488) was bleached,
and samples were then incubated with the next antibody. The appropriate
working dilutions, incubation times, and positions within the MELK run
were validated systematically with conditions suitable to MELK (44).
Images were recorded with a toponome imaging cycler (TIC). The sam-
ple was placed on the stage of an inverted, wide-field fluorescence mi-
croscope (Leica DM IRE2, 63× oil lens with 1.40 numerical aperture).
For each of the two conditions defined by application of individual drop-
lets of cell solution, a suitable field of view was defined manually, and
the corresponding XYZ positions and a transmitted light reference image
were stored by the TIC Control software. A fully automated cyclic ro-
botic process started with the incubation of the first fluorescent antibody
(or tag). After a washing step, the fluorescence signals and a correspond-
ing phase-contrast image were acquired by a cooled charge-coupled device
camera (Apogee KX4, Apogee Instruments, 1× binning results in images
of 2048 × 2048 pixels; final pixel size, 143 × 143 nm2). To eliminate the
specific signal of a given tag before the addition of the next, we performed
a bleaching step. A post-bleaching fluorescence signal was recorded be-
fore the next incubation-imaging-bleaching cycle started with the next tag.
These cycles were processed until all of the tags were applied to the sample.
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The fluorescence and post-bleaching fluorescence images produced by each
tag were automatically aligned pixel-wise with the corresponding
phase-contrast images, reaching an alignment accuracy of 1 pixel. Fluores-
cence images were corrected for illumination faults with flat-field correc-
tion. Post-bleaching images were subtracted from the subsequent
fluorescence tag images. Finally, cases of section artifacts were excluded
as invalid by a mask-setting process. Regions of interest for T cells analyzed
were defined manually, and the background-subtracted intensities for the
individual tags were recorded.

Confocal imaging
Lck-deficient JCam1.6 cells expressing a biosensor were plated on poly-L-
lysine–covered slides at room temperature for 5 min and immediately
fixed for 10 min in PBS (pH 7.4) containing 1.5% PFA and 0.025% glu-
taraldehyde. Cells were permeabilized in PBS containing 0.2% Triton
X-100 for 10 min, rinsed twice with PBS, and blocked with 1% bovine
serum albumin in PBS (pH 7.4) for 10 min. Cells were incubated with
primary antibodies including anti-Jurkat TCR monoclonal antibody
C305 (IgM, provided by A. Weiss, UCSF) and antibodies against
EEA1, Rab11, and Rab5 (all from BD Bioscience) for 1 hour, and cells
were subsequently washed and blocked as described earlier. Specimens
were then treated with a secondary antibody (DyLight 549, Dianova) for
1 hour. After washing three times with PBS, specimens were washed once
in PBS (pH 8.9) and subsequently embedded. The specimens were ana-
lyzed with a confocal microscope (Leica SP2, Leica Microsystems
Heidelberg). Sequential images were acquired in the corresponding
wavelength channels to avoid bleed-through processes and were later
merged with ImageJ software. For membrane staining, CellTracker
(CM-Dil, Molecular Probes) was added to the plated cells, incubated
for 5 to 10 min, washed with PBS, and fixed and scanned with a con-
focal microscope as described earlier.
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Fig. S1. Two versus three lifetimes are needed to describe the fluorescence decay of an
ECFP-EYFP FRET pair.
Fig. S2. Localization of the biosensor CLckY-1 at the plasma membrane.
Fig. S3. Localization of the biosensor in transfected Lck-deficient JCam1.6 cells.
Fig. S4. Conjugate formation between transfected JCam1.6 cells expressing CLckY-1 and
mock-treated Raji B cells as measured with the QA detector in the FLIM setup.
Fig. S5. Lck does not coimmunoprecipitate with Csk.
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