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IMMUNOLOGY

De novo phosphorylation and conformational opening
of the tyrosine kinase Lck act in concert to initiate T cell
receptor signaling

Lars Philipsen,’* Amarendra V. Reddycherla,’* Roland Hartig,' Janine Gumz,' Matthias Kistle,"
Andreas Kritikos," Mateusz P. Poltorak,’ Yury Prokazov,” Evgeny Turbin,”> André Weber,>
Werner Zuschratter,? Burkhart Schraven,'>*" Luca Simeoni,"*' Andreas J. Miiller'***

The enzymatic activity of the Src family tyrosine kinase p56"* (Lck) is tightly controlled by differential phosphoryl-
ation of two tyrosine residues, Tyr*** and Tyr’%. Phosphorylation of Tyr*** and the conformational opening of Lck
are believed to activate the kinase, whereas Tyr**> phosphorylation is thought to generate a closed, inactive con-
formation of Lck. We investigated whether the conformation of Lck and its phosphorylation state act in concert to
regulate the initiation of T cell receptor (TCR) signaling. With a sensitive biosensor, we used fluorescence lifetime
imaging microscopy (FLIM) to investigate the conformations of wild-type Lck and its phosphorylation-deficient mu-
tants Y394F and Y505F and the double mutant Y394F/Y505F in unstimulated T cells and after TCR stimulation. With
this approach, we separated the conformational changes of Lck from the phosphorylation state of its regulatory
tyrosines. We showed that the conformational opening of Lck alone was insufficient to initiate signaling events
in T cells. Rather, Lck additionally required phosphorylation of Tyr*** to induce T cell activation. Consistent with
the FLIM measurements, an optimized immunofluorescence microscopy protocol revealed that the TCR-stimulated
phosphorylation of Lck at Tyr®®* occurred preferentially at the plasma membrane of Jurkat cells and primary human
T cells. Our study supports the hypothesis that T cell activation through the TCR complex is accompanied by the de
novo activation of Lck and that phosphorylation of Tyr*?* plays a role in Lck function that goes beyond inducing an
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open conformation of the kinase.

INTRODUCTION
The protein tyrosine kinase p56™* (hereafter termed Lck), a member
of the Src family of protein tyrosine kinases, plays a central role in
the development, homeostasis, and activation of T cells. Mice defi-
cient in Lck lack peripheral T cells because of a block at the double
negative 3 (DN3) stage of thymocyte development (I). Moreover,
loss of Ick in peripheral T lymphocytes results in impaired homeo-
static T cell proliferation (2). Finally, deletion of Ick in Jurkat cells (a
human CD4" T cell leukemia line) completely blocks early T cell re-
ceptor (TCR)-mediated signals, such as the induction of Ca** flux or
the activation of extracellular signal-regulated kinase (ERK) (3).
Lck initiates T cell activation by phosphorylating the so-called im-
munoreceptor tyrosine-based activation motifs (ITAMs), 10 of which
are present in the cytoplasmic domains of the TCR-associated CD3
and { chains (4). Phosphorylation of ITAMs by Lck enables activated
T cells to recruit the Syk family kinase {-associated phosphoprotein of
70 kD (ZAP70) to the activated TCR-CD3-{ complex. In turn, ZAP70
is phosphorylated and activated by Lck, thereby stimulating the tyro-
sine phosphorylation of the transmembrane adaptor protein linker for
activation of T cells (LAT), a molecular hub that connects the acti-
vated TCR to many downstream signaling pathways. However, de-
spite two decades of intense research, the mechanism by which Lck
causes ITAM phosphorylation is still unclear. The so-called “standby”
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model is based on the assumption that the enzymatic activity of Lck
does not change after the TCR is engaged by antigen (5). Rather, this
model proposes that ITAM phosphorylation is initiated by the TCR-
induced redistribution of constitutively activated Lck within the cell or
that TCR engagement stimulates conformational changes in the CD3
or { chains, thereby unmasking ITAM phosphorylation sites that are
subsequently phosphorylated by constitutively active Lck. In contrast,
the “de novo activation” model suggests that TCR engagement tran-
siently enhances the enzymatic activity of Lck, which then leads to
ITAM phosphorylation (6-8).

The enzymatic activity of Lck is tightly controlled by differential
phosphorylation of two tyrosine residues, Tyr*** and Tyr’* (9). The
C-terminal tyrosine residue of Lck, Tyr’®, acts as a negative regulatory
element (10). When phosphorylated by the cytoplasmic tyrosine kinase
Csk (C-terminal Src kinase), Tyr505 promotes the formation of a closed,
inactive conformation of Lck by interacting with the N-terminal intra-
molecular Src homology 2 (SH2) domain (11). The closed conforma-
tion is further stabilized by a physical interaction between an
intramolecular SH3 domain (which precedes the SH2 domain) and a
polyproline helix within the so-called linker region of Lck (12). The in-
hibitory activity of Csk is counteracted by CD45, the most abundant
transmembrane tyrosine phosphatase in T cells (13). As a consequence
of the CD45-mediated dephosphorylation of Tyr’*®, Lck is assumed to
adopt a “primed,” presumably open, conformation whose role in T cell
activation remains elusive. Specifically, it is still controversial whether
primed Lck is enzymatically active and, if so, whether its activity is dif-
ferent from that of what is generally assumed to be the active form of
Lck (14, 15). This latter state of Lk is thought to be induced by autophos-
phorylation or transphosphorylation of Tyr’**, which is located in the
activation loop of the kinase domain of Lck (16). Although a large num-
ber of studies underline the importance of Tyr*** phosphorylation for
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the enzymatic activity of Lck (15, 17, 18), the individual contributions of
changes in conformation and Tyr*** phosphorylation to Lck function
are unclear.

Whereas previous studies focused mainly on the phosphorylation
state of Lck to elucidate its mode of action for T cell activation, we
previously used dynamic fluorescence lifetime imaging microscopy/
Forster resonance energy transfer (FLIM/FRET) measurements to
assess the conformational states and activity of Lck directly in live cells
with a chimeric cyan fluorescent protein (CFP)-Lck-yellow fluores-
cent protein (YFP) biosensor (CLckY-1) (6). Consistent with the
standby model (5), our steady-state measurement of Jurkat cells (that
is, in the absence of TCR-mediated stimuli) revealed that a substantial
proportion of endogenous Lck molecules are present in an “open”
conformation that exhibits reduced FRET. However, we also demon-
strated that the proportion of the CLckY-1 biosensor molecules that
are closed under steady-state conditions rapidly assumes an open con-
formation upon stimulation of the TCR. Consistent with the biosensor
data, we showed by sensitive in vitro kinase assays with endogenously
produced Lck isolated from Jurkat cells or primary human T lympho-
cytes that T cell activation results in an increase in the enzymatic ac-
tivity of Lck (6).

However, the low sensitivity of the CLckY-1 biosensor prevented
us from dissecting how conformational changes and phosphorylation
of Tyr*** act in concert to control Lck function. Therefore, we con-
structed an optimized, high-sensitivity biosensor (hereafter referred
to as TqLck-V2), which was better suited for FLIM/FRET because
of a near monoexponential fluorescence lifetime decay. We used the
TqLck-V2 biosensor to assess the conformation of a Y394F/Y505F
double mutant Lck that represents the primed form of Lck. FLIM
measurements revealed that Y394F/Y505F-Lck exhibited a con-
stitutively open conformation, which was insensitive to stimulation
of the TCR. Furthermore, despite having an open conformation, the
Y394F/Y505F double mutant Lck was substantially impaired in its
ability to reconstitute TCR-stimulated signaling in Lck-deficient JCaM
1.6 cells. In addition, we established a standard operating procedure
(SOP) for the quantitative and semiautomated immunofluorescence-
based analysis of endogenous total Lck and its differentially phos-
phorylated forms in Jurkat cells and primary human T lymphocytes.
Applying this optimized protocol, we showed that Lck underwent
TCR-stimulated de novo phosphorylation of Tyr*** at the plasma
membrane. Thus, by separately analyzing the conformational changes
of Lck and the phosphorylation state of Tyr*** after TCR stimulation,
we demonstrated that independently of its conformational state, the

function of Lck critically depended on the phosphorylation of Tyr*,

RESULTS

Characterization of a second-generation Lck FRET biosensor,
TqlLck-V2, with near-monoexponential donor

fluorescence decay

In our previous study, we used an Lck biosensor, CLck-Y1, that was
originally generated by Paster ef al. (19). The CLck-Y1 biosensor uses
the two fluorophores CFP and YFP (Fig. 1A), whereby CFP is placed
N-terminally of the Lck-SH3 domain and the acceptor fluorophore
YFP is placed at the C terminus of Lck. Although the CLck-Y1 bio-
sensor and a modified version, CLck-Y2, were suitable to monitor
conformational changes in Lck with FLIM, and hence, de novo acti-
vation of Lck upon T cell activation, they had the principle dis-
advantage that only a fraction of the CFP domains of the biosensor
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participate in FRET from CFP to YFP (6). The resulting low sensitivity
of these first-generation biosensors hampered the efficacy of FLIM
measurements, because each experiment required extensive mathe-
matical calculations to extract the true FRET signal.

To circumvent this problem, we generated a second-generation
biosensor in which CFP was replaced with monomeric Turquoise2
(Tq), which has a monoexponential fluorescence decay (20), and
YFP was replaced with monomeric Venus (V) (21). In addition, we
changed the location of the donor fluorophore Tq within the Lck
backbone and positioned it between the SH3 and SH2 domains of
Lck (Fig. 1A), because Paster et al. showed that a biosensor carrying
the donor fluorophore at this particular position (CLck-Y2) reconsti-
tuted TCR-mediated signaling better than did the CLck-Y1 biosensor
(19). We first compared global tyrosine phosphorylation in unstimu-
lated or TCR-stimulated cells expressing either CLck-Y1 or TqLck-V2
(fig. S1A). On the basis of the new fluorophores and the altered po-
sition of the donor fluorophore in comparison to the first-generation
CLck-Y1 and CLck-Y2 biosensors, we termed the second-generation
biosensor TqLck-V2 (Fig. 1, A and B). We also confirmed the mono-
exponential fluorescence decay of the new FRET donor (Fig. 1C),
which corresponded well with the biophysical properties found by
Goedhart et al. (20) for both the old and new fluorophores (table
S1). We found that the pattern of TCR-stimulated global tyrosine
phosphorylation in JCaM 1.6 cells expressing TqLck-V2 was very sim-
ilar, if not identical, to the pattern of the previously published first-
generation biosensor CLck-Y2 (fig. S1A; for comparison, CLck-Y1 is
also shown). Lck-deficient JCaM 1.6 cells transiently expressing the
tqLck-V2 construct exhibited, in response to antibody-mediated
TCR stimulation, ERK phosphorylation and Ca®" mobilization (Fig.
1, D and E) responses that were comparable to those exhibited by cells
expressing either of the first-generation biosensors. Thus, these data
indicate that TqLck-V2 is functional in JCaM 1.6 cells.

The TCR-induced increases in phosphorylated ERK (pERK) abun-
dance and Ca** flux in JCaM 1.6 cells expressing the biosensor con-
structs were consistently reduced compared to those in wild-type JE6
cells. However, the inability of TqLck-V2 to fully rescue signaling in
Lck-deficient JCaM 1.6 cells was not due to aberrant functionality of
the second-generation biosensor, because we observed the same phe-
nomenon when we expressed a C-terminally single-tagged Ick-YFP gene
construct in these cells (fig. S1, B to D). In-depth analysis rather showed
that the weaker response of the population of transfected cells was
mainly because JCaM 1.6 transfectants that produced very high
amounts of the biosensor (or of the single YFP-tagged Lck variant)
became unresponsive to TCR-mediated stimuli (fig. S1, B to D). Only
those cells that produced intermediate amounts of the Lck constructs
(even nontagged Lck) were capable of activating ERK in response to
TCR stimulation, which resulted in a weaker signaling response when
the whole cell population was analyzed (fig. S1A). For all subsequent
analyses, we therefore gated on cells that produced intermediate
amounts of the various biosensor molecules.

We next performed FLIM measurements with TqLck-V2. To this
end, TCR-stimulated JCaM 1.6 cells expressing intermediate amounts
of TqLck-V2 were selected and subjected to FLIM/FRET analysis. The
conformational opening of TqLck-V2 upon TCR stimulation, but not
that of the first-generation biosensor, was readily observable by
measuring the mean fluorescence lifetimes of the reporter (Fig. 1F),
which was easier to perform than the extraction of pre-exponential
factors that would have been necessary if the first-generation biosen-
sors were used (6). We also found that there was a more substantial
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Fig. 1. Design and validation of a highly sensitive second-generation Lck FRET biosensor, TqLck-V2. (A) Compar-
ison of first-generation (CLck-Y1 and CLck-Y2) and second-generation (TqLck-V2) biosensor domain structures. mVen,
mVenus; UD, unique domain. (B) Schematic representation of the conformational changes that result in FRET changes
in the biosensor on the basis of the model for Src family kinase activation and Lck stabilization (77,41, 42). (C) Fluorescence
decay kinetics of the FRET donors alone. Data are representative of more than 50 cells pooled from >10 independent
experiments. (D) Comparison of ERK phosphorylation induction in response to TCR stimulation measured in JE6.1 Jurkat
(JE6) cells and Lck-deficient JCaM 1.6 cells expressing the indicated first- and second-generation biosensor constructs.
Events were gated on yellow fluorescence (YFP or mVenus, respectively)-intermediate cells as described in fig. S1.
Mean values * SD of pERK-positive cell frequencies from four independent measurements are indicated within the
graphs. (E) JE6, untransfected JCaM 1.6, and JCaM 1.6 cells expressing the indicated biosensors were examined for Ca?* flux
upon stimulation of the TCR. Traces indicated by black curves (except for the JE6 control) were from cells that were gated as
described in (D). lono, ionomycin (positive control); gray curve, gated on untransfected cells. Total measurement duration
was 512 s. Mean values + SD of the Ca** signal increase from three independent measurements are indicated within the
graphs. (F) Examples of the mean fluorescence lifetime changes in JCaM 1.6 cells transfected with constructs encoding the
indicated biosensors upon TCR stimulation. Scale bar, 5 um. Data are representative of at least nine cells measured in at
least three independent experiments. (G) Quantification of the data represented in (F). Relative increase in long lifetimes
[shown as yellow and red pixels in (F)] for individual cells during TCR stimulation. Gray curves represent the individual cells,
whereas the black curve represents the average. AU, arbitrary units.
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increase in pixels with a high mean fluo-
rescence lifetime (and hence loss of FRET)
upon TCR stimulation of cells expressing
TqLck-V2 compared to that in cells
expressing either CLck-Y1 or CLck-Y2
(Fig. 1G). Thus, TqLck-V2 behaves simi-
larly to Lck in T cells, and, because of its
higher sensitivity to changes in FRET, it is
better suited than CLck-Y1 or CLck-Y2
for sensitive FLIM measurements.

Role of Lck conformation and
Tyr*** phosphorylation for
TCR-mediated signaling

To date, it has been unclear whether con-
formational opening of Lck alone is suffi-
cient to activate T cells. To address this
question, we generated three individual
mutants of the TqLck-V2 biosensor to re-
flect particular conformational states of
Lck (14): the Y394F mutant (a consti-
tutively closed form of Lck), the Y505F
mutant (a constitutively open form of
Lck), and the Y394F/Y505F double mu-
tant (which corresponds to the primed
form of Lck). In particular, we were in-
terested in investigating the Y394F/Y505F
mutant, because both functional and
structural data on the nonphosphorylated
(primed) form of Lck are largely in-
complete. We measured the average fluo-
rescence lifetimes of the three reporter
mutants in the absence of TCR stimula-
tion (steady-state conditions) (Fig. 2, A
and B). Consistent with previous findings
(19), under steady-state conditions, the
Y394F mutant showed a constitutively
closed conformation with high FRET with
a mean fluorescence lifetime of the donor
fluorophore of 3.55 ns, whereas the Y505F
mutant had a constitutively open confor-
mation and exhibited a mean lifetime of
3.80 ns. Furthermore, and in contrast to
the wild-type biosensor, both the Y394F
and the Y505F mutants did not exhibit
conformational changes upon TCR stim-
ulation (Fig. 2, C to E). This suggests that
these two biosensor mutants are present
in JCaM 1.6 in conformations that are un-
responsive to TCR-mediated signals. Al-
though this finding was anticipated for
the constitutively open Y505F mutant,
the observation that the Y394F did not al-
ter its conformation upon TCR stimula-
tion was somewhat unexpected, because
in principle it would have been for TCR
stimulation to induce the dephosphoryl-
ation of Tyr**>, thereby generating the
nonphosphorylated, primed form of Lck.
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Fig. 2. FLIM analysis of the wild-type and tyrosine mutant TqLck-V2 biosensors. (A) Example of average fluorescence
lifetime maps of wild-type (WT), Y394F, Y505F, and double mutant biosensor in JCaM 1.6 cells under steady-state conditions.
Images are representative of at least five independent experiments. Scale bar, 5 um. (B) Quantitative analysis of mean fluo-
rescence lifetimes under steady state. Each dot represents a single transfected cell; horizontal bars denote the mean; ns, not
significant; **P < 0.001. (C to F) Fluorescence lifetime measurement of JCaM 1.6 cells transfected with plasmids encoding the
WT (), Y394F (D), Y505F (E), or double mutant Y394F/Y505F constructs of the TqLck-V2 biosensor (F) before [open circles, as
shown in (B)] and after (closed circles) TCR stimulation. Symbols connected with a line represent the same cell before and after
treatment. Scale bar, 5 um; **P < 0.001. (G) Change in mean lifetime upon TCR stimulation for the cells analyzed in (C) to (F).
Horizontal bars denote the median; ***P < 0.001. Data in (B) to (G) are pooled from at least five independent experiments.
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Instead, our data suggest that in cells
expressing the Y394F mutant Lck, TCR
stimulation does not result in substantial
dephosphorylation of Tyr™®.

In the absence of TCR stimulation, the
Y394F/Y505F mutant TqLck-V2 had a
lifetime that was very close to the lifetime
of the constitutively open Y505F mutant.
This finding suggests that, similar to the
Y505F mutant, the Y394F/Y505F mutant
is also present in a constitutively open
conformation. We next assessed whether
TCR stimulation would induce a confor-
mational change in the double mutant
biosensor. However, whereas the wild-
type biosensor adopted an open confor-
mation upon TCR stimulation (Fig. 2C),
the conformation of the Y394F/Y505F
mutant did not change (Fig. 2, F and G).
Hence, similar to Y505F, the Y394F/Y505F
double mutant adopted a constitutively
open conformation that did not change
upon TCR stimulation. To exclude the pos-
sibility that the tyrosine-to-phenylalanine
mutation locked the biosensor into its
particular conformation, we repeated the
FLIM experiments with cells expressing
either the Y394A single mutant or the
Y394A/Y505F double mutant, and we gen-
erated essentially identical data (fig. S2).
These findings suggest that the closed con-
formation adopted by Lck variants with a
mutation of Tyr’** was not caused specifi-
cally by the presence of phenylalanine at
position 394.

Conflicting data have been published
regarding the functional properties of
the nonphosphorylated, primed form of
Lck. Although a report suggested that
the enzymatic activity of primed Lck is
only slightly less than that of wild-type
Lck (14), in vitro kinase assays with the
same mutant showed that its kinase activ-
ity more closely resembles that of the
Y394F mutant (15). To address whether
the primed form of Lck reconstituted T
cell activation upon TCR stimulation, we
performed experiments with JCaM 1.6
cells expressing the wild-type TqLck-V2
biosensor or its Y505F, Y394F, or Y394F/
Y505F mutants in which we assessed the
capability of the cells to respond to TCR
stimulation (Fig. 3). We first confirmed
that the biosensors were present at equiv-
alent abundances by measuring the fluores-
cence intensities of JCam1.6 cells expressing
the individual biosensors (fig. S3). We found
that the wild-type biosensor and the con-
stitutively open Y505F mutant rescued
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suggesting that this mutant functionally behaves similarly to Y394F.
Note that we reproduced these findings in experiments with single-
tagged Lck-YFP versions of the mutants, which indicate that the
insertion of the FRET donor domain between the SH3 and SH2 do-
mains did not alter the signaling properties of the biosensor molecules.
Together, our data suggest that the forced opening of the conformation
of Lck alone (as occurs in the Y394F/Y505F mutant) does not facilitate
TCR-proximal signaling in T cells. Rather, it appears that, in addition to
undergoing a conformational change, de novo phosphorylation of
Tyr*** is required for Lck to initiate signaling upon TCR stimulation.
An optimized protocol for Lck immunofluorescence staining
The apparent dependency of TCR-proximal signaling on the phos-
phorylation of Tyr*** prompted us to analyze the phosphorylation sta-
tus of Lck at a single-cell level. Whether de novo phosphorylation of
Lck occurs upon stimulation of the TCR is still debated (5, 7). In ad-
dition, much of the conflicting data regarding this issue originate from
the lack of a standardized experimental protocol. Thus, we sought to
set up an SOP that enables a quantitative, single cell-based approach
for the confocal analysis of total Lck and its phosphorylated forms. We
took advantage of JCaM 1.6 cells stably transfected with plasmid en-
coding the TqLck-V2 construct (fig. S5A). We observed the char-
acteristic localization of Lck at the plasma membrane and in an
intracellular vesicular pool, which was also previously described (fig.
S5B) (22, 23). We then stained wild-type Lck in JE6 cells treated with a
panel of different fixative combinations to determine the condition
that best recapitulated the distribution of fluorescently tagged Lck in
live cells (fig. S5, C to E). In brief, we found that fixation of the cells
with a solution of 1% paraformaldehyde (PFA) and 0.02% glutar-
aldehyde (GA) resulted in optimal staining of Lck both in the intra-
cellular vesicular compartment and in the plasma membrane, whereas
nonspecific staining was kept to a minimum (fig. S5). Staining of total
Lck using the SOP resulted in a pattern that overlapped completely
with fluorescently labeled Lck in JCaM 1.6 cells stably transfected with
plasmid encoding the TqLck-V2 construct (Fig. 4, A and B). In addi-
tion, the SOP permitted the detection of a strong signal in cells stained
with phosphospecific antibodies that detect pTyr*** and pTyr’® of
Lck (fig. S5, F and G). Thus, this SOP was used for all subsequent
analyses of Lck phosphorylation.

Although it does not enable the analysis of molecular events at a
single-cell level, Western blotting has been the gold standard to
date for investigating TCR-proximal signaling events. We thus
sought to compare the changes in Lck Tyr™”* and Tyr*® phosphoryl-
ation observed by Western blotting analysis with immunofluorescence
analysis according to the SOP. To this end, JE6 cells expressing endog-
enously Ick and primary human T cells were treated with 10 uM 4-
amino-5-(4-chlorophenyl)-7-(dimethylethyl)pyrazolo[3,4-d]pyrimidine
(PP2; an Src family kinase inhibitor) for 30 min (24) or with 1 mM
pervanadate (PV; a phosphatase inhibitor) for 2 min (25), which should
induce minimal (PP2) or maximal (PV) phosphorylation of Lck, re-
spectively. Subsequently, the cells were subjected either to confocal
microscopy with the optimized fixation and staining protocol (Fig. 4,
C to F) or to Western blotting analysis with an anti-phospho-Lck
antibody (Fig. 4, G and H). The changes in Lck phosphorylation upon
treatment with PP2 or PV treatment that were observed by Western
blotting analysis (Fig. 4H) were fully recapitulated by immuno-
fluorescence microscopy (Fig. 4, D and F). This suggests that the opti-
mized staining protocol is a suitable tool for the quantitative analysis of
Lck phosphorylation.
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Increased Lck Tyr*°* phosphorylation at the plasma

membrane upon TCR stimulation

Our earlier data showed that the two Lck mutants Y394F (constitutively
closed) and Y394F/Y505F (constitutively open) in which Tyr’** cannot
be phosphorylated are unable to reconstitute TCR-mediated signaling.
This finding suggested a requirement for de novo phosphorylation of
Tyr’** upon TCR stimulation. Consistent with this hypothesis, immu-
nofluorescence staining of JE6 cells through the SOP showed a substan-
tial increase in the phosphorylation of Tyr’>* (and Tyr’®) upon TCR
stimulation (Fig. 5, A and B). Note that the relative increase in phos-
phorylation of the regulatory tyrosines was also observed in human
primary T cells (Fig. 5, C and D), which excludes the possibility that
augmentation of Tyr*** and Tyr*** phosphorylation upon TCR stim-
ulation is a particular property of the JE6 cells. Thus, T cell activation
induced de novo phosphorylation of Tyr’** (and Tyr**®), and this
event was required to initiate receptor-proximal signaling upon
TCR stimulation.

Next, we sought to test whether the wild-type TqLck-V2 biosensor
and the constitutively open Y505F mutant, respectively, would also
show de novo Tyr’*** phosphorylation upon TCR triggering. Because
only a small percentage of cells were found to express the biosensor
construct at quantities that enabled the induction of ERK phosphoryl-
ation (fig. S1C), we adapted the SOP for flow cytometric analysis
(Fig. 6), which has already been successfully used to study the phos-
phorylation of Tyr*** and Tyr>* (26). By gating only on cells display-
ing a physiological basal content of pTyr’** and an intermediate
biosensor fluorescence (Fig. 6, A to C), we found that the ratio of the
pTyr’®* signal to biosensor content (which was determined by yellow
fluorescence) increased upon TCR stimulation (Fig. 6, D and E). This
suggests that not only endogenously expressed Ick, but also the tran-
siently expressed biosensor construct, is de novo phosphorylated on
Tyr*** upon TCR stimulation. The flow cytometric protocol also
enabled us to assess the Y394F biosensor mutant in more detail. We
showed earlier that the Y394F mutant does not undergo a conforma-
tional change upon TCR stimulation. As suggested earlier, this is due to
the fact that Tyr*® is not subjected to dephosphorylation upon TCR
stimulation (fig. S7).

An important advantage of an image-based phosphorylation analy-
sis over Western blotting is the possibility to determine the subcellular
localization of differentially phosphorylated proteins and to analyze the
distribution of the respective forms of the proteins at a cellular level.
This is of special interest because Lck activation could be different in
the membranous versus the intracellular pool. Moreover, a redistribu-
tion of preactivated Lck has been proposed as a mode of action for the
Lck-mediated initiation of TCR-proximal signaling (5, 27). Finally, to
date, it is not known how the phosphorylation status of Lck affects its
subcellular localization.

To assess these questions, we analyzed the subcellular localization of
pTyr’** and pTyr’™® after TCR stimulation. We used an adapted version
of the DISCit approach, which was originally developed for analyzing
cellular dynamics in vivo (28). In brief, cells were automatically seg-
mented into a plasma membrane and a non-plasma membrane com-
partment (which included the intracellular vesicular pool of Lck).
Subsequently, the fluorescence intensities of the two compartments of
all cells were converted into a cytometry data set and analyzed at a
single-cell level with cytometry software (Fig. 7A). For the analysis of
the changes in pLck abundance and distribution upon TCR stimulation,
the fluorescence intensities were normalized to the untreated values of
the respective compartments. This enabled us to investigate changes in
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Fig. 5. Denovo Tyr"" and Tyr

the primary anti-total Lck antibody (see fig. S6).

the pLck signal (Fig. 7B, y axis) as well as subcellular distribution of Lck
phosphorylation (x axis).

We found that TCR-mediated Lck phosphorylation of Tyr*”*
occurred mainly at the plasma membrane of JE6 cells, whereas phos-
phorylation of Tyr’® was observed preferentially in the nonmem-
brane compartment, which contained the intracellular pool (Fig.
7C). The preferential modification of Tyr*** at the plasma membrane
upon TCR stimulation is consistent with our previous observations
that the most extensive opening of Lck (as determined by FLIM)
occurred at the T cell-antigen-presenting cell (APC) interface in JE6
cells (6). In contrast to what occurred in JE6 cells, primary human
T cells exhibited phosphorylation of both Tyr*** and Tyr*® at the plas-
ma membrane (Fig. 7D). This finding suggests that depending on the
cell type and its (pre)activation status, phosphorylation of Lck on
Tyr’® might take place in distinct subcellular compartments. Never-
theless, our immunofluorescence analysis showed the de novo phos-
phorylation of Lck upon TCR stimulation and thus supports the
notion that this event is crucial for the regulation of the conformation
of Lck and for the initiation of TCR-proximal signaling upon antigen
encounter.
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pLck/total Lck ratio

pLck/total Lck ratio

phosphorylation in JE6 and human primary T cells upon TCR stimulation. (A to D)
JE6 cells (A and B) and human primary T cells (C and D) were left untreated or were treated for 2 min with anti-CD3 antibody
to cross-link the TCR and then were fixed and stained for total Lck and pTyr394 (A and C, left) or pTyr505 (A and G, right),
respectively. (A and C) Images are representative of three independent experiments, which are quantified in (B) and (D),
respectively. Scale bar, 20 um. (B and D) Single-cell analysis of Lck-pTyr*** and Lck-pTyr*®® abundance normalized to that of
total Lck upon TCR stimulation of cells from three pooled independent experiments. Each dot represents an individual JE6
(B) or human primary T cell (D). ***P < 0.001. Note that the anti-CD3 antibody [mouse IgG1 (immunoglobulin G1), clone
UCHT1] used for TCR stimulation was not recognized by the secondary anti-mouse IgG2b antibody that was used to detect

DISCUSSION
Lck is the primary tyrosine kinase that
propagates TCR-mediated signals in the
cell; however, it is still debated how Lck ini-
tiates the phosphorylation of its immedi-
ate downstream substrates, the ITAMs of
the TCR-CD3-{ complex. Using a FRET-
based Lck biosensor (CLckY-1), we previ-
ously demonstrated that about 20% of the
Lck molecules in primary human T cells
or the JE6 cell line rapidly undergo a con-
formational change upon T cell activation
(6). Moreover, we showed that this con-
formational change preferentially occurs
at the contact site between T cells and
APCs, thus providing evidence that local
de novo opening of Lck upon TCR stim-
ulation is linked with the phosphorylation
. of the ITAMs. Together, our previous data
201 & demonstrated that the Lck biosensor is a
tool that enables study of the principal
biological properties of Lck.

However, our first-generation CFP-
YFP-based CLckY-1 biosensor had the
major disadvantage of having low FRET
efficiency because of the biophysical prop-
erties of the CFP-YFP FRET pair. The
multiexponential fluorescence decay of
CFP even when not coupled to any FRET
acceptor results in an even more complex
behavior of CFP-YFP FRET, with at least
three lifetime components to fit the
measured data (29-32). Only one of these
lifetime components is involved in the
FRET process, which contributes to less
than 30% of the total decay function
(33). In contrast to that of CFP, the fluo-
rescence decay of mTurquoise2 is nearly
monoexponential (Fig. 1C), and hence,
the respective FRET pairs can be analyzed with two lifetimes (20),
whereby the lifetime involved in FRET contributes to more than
90% of the decay function. Additionally, the higher quantum yield
of mTurquoise2 and lower photobleaching enable the reduction of
the intensity of sample illumination compared to that for CFP-based
FRET constructs, thus minimizing light-dependent side effects, such
as reactive oxygen species production (table S1). Here, we showed that,
similar to CLckY-1, CLckY2, and C-terminally YFP-tagged Lck lacking
an intramolecular FRET donor domain, the optimized second-generation
Lck biosensor TqLck-V2 rescued TCR-mediated signaling in JCaM
1.6 cells. Moreover, FLIM measurements with TqLck-V2 corroborated
our previous findings that TCR stimulation induces a rapid conforma-
tional change in Lck.

The higher sensitivity of the second-generation Lck biosensor
enabled a detailed study of the biophysical properties of tyrosine mu-
tants of Lck, such as Y394F (which represents a constitutively inactive
Lck) and Y505F (which represents a fully activated Lck), which so far
have been mostly characterized by biochemical and functional
experiments. FLIM measurements of the two single mutants demon-
strated that they both occur in conformations that do not change
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Fig. 6. De novo phosphorylation of Tyr*** occurs in JCaM 1.6 cells transfected with constructs encoding WT TqLck-V2
or the constitutively open TqLck-V2">°*F mutant biosensor. JE6 and JCaM 1.6 cells transfected with plasmids encoding
the various TqLck-V2 constructs were stained according to the SOP for pTyr*®*, treated as indicated by PV, PP2, or TCR
cross-linking or left untreated, and then were analyzed by flow cytometry. (A) Gating strategy applied to identify the
subset of WT biosensor transfectants that showed (i) a basal physiological abundance of pTyr*°* comparable to that of
JE6 cells, (i) biosensor fluorescence, and (iii) complete dephosphorylation upon PP2 treatment. (B) Comparison of
pTyr394 and biosensor fluorescence in untreated (black) and PV-treated (green) JCaM 1.6 cells transfected with the
TqLck-V2 expression construct. The subset of cells identified in (A) is boxed. (C) JCaM 1.6 cells transfected with the
indicated biosensor variants were analyzed by flow cytometry to detect pTyr*** signal. Data in (A) to (C) are represent-
ative of at least six independent experiments. (D) Gating strategy to identify changes in the pTyr***-to-Venus signal ratio
in the TqLck-V2 WT biosensor and the TqLck-V2">°°F mutant in untreated cells (black) and upon treatment with anti-TCR
antibody (orange). Data are representative of seven independent experiments. (E) Quantitative analysis of the pTyr394—
to-Venus fluorescence ratio in transfected JCaM 1.6 cells expressing the indicated biosensors that were left untreated
(open symbols) or were treated with anti-TCR antibody (closed symbols) and gated as shown in (D). Lines connect data
points obtained from the same transfection and data pooled from seven independent experiments are shown; *P < 0.05;
**P < 0.01.

TCR stimulation. When both Tyr*** and
Tyr*® were mutated (Y394F/Y505F mu-
tant), the nonphosphorylated form of
Lck adopted an open conformation,
similar to that of Y505F. Thus, the FLIM
measurements with the Y394F biosensor
mutant suggest that Tyr>* is not sub-
jected to (further) dephosphorylation
upon T cell activation, which we con-
firmed by measuring pTyr™" by flow cy-
tometry. Consistent with this assumption,
immunofluorescence analyses using the
optimized staining protocol revealed an
increase in the phosphorylation of both
Tyr** and Tyr’” in activated T cells.

In human resting T cells, about 50%
of the Lck molecules are present in the
so-called primed form, which is not phos-
phorylated on either Tyr’** or Tyr™” (5).
The functional properties of this form of
Lck are still not well defined. The availabil-
ity of the second-generation TqLck-V2
biosensor enabled us to assess the struc-
tural properties of nonphosphorylated,
primed Lck both under steady-state
conditions and after TCR stimulation.
FLIM measurements revealed that the
Y394F/Y505F Lck biosensor mutant ex-
hibits a more open conformation under
steady-state conditions (in the absence of
TCR stimulation) than has the wild-type
molecule, similar to that of the consti-
tutively open Y505F mutant. On the basis
of this observation and of a study suggest-
ing that the enzymatic activity of nonphos-
phorylated, primed Lck is similar to that of
the pTyr’**/pTyr’® double-phosphorylated
form of Lck (14), we had expected that the
Y394F/Y505F biosensor mutant would
rescue TCR-mediated signaling in JE6
cells. However, functional readouts (such
as intracellular Ca** flux, activation of
ERK, and increased CD69 abundance)
showed that the double mutant of TqLck-
V2 was functionally inactive to an extent
that was comparable with the Y394F
biosensor. Thus, by separating the confor-
mation of Lck from its phosphorylation
status, we showed that the conformational

upon TCR-mediated stimulation. This locked conformation was not
a result of having specifically phenylalanine at position 394 in the
mutants, because a tyrosine-to-alanine mutation had the same effect
on the biosensor. With regard to Y505F, our data were somewhat
expected because the C-terminal part of this mutant cannot fold
back to the internal SH2 domain. In contrast, the observation that
the Y394F mutant did not undergo any conformational change in
response to TCR stimulation was unexpected, because the mutant
should in principle retain its capability to open, for example, if the
negative regulatory tyrosine of Lck became dephosphorylated upon

Philipsen et al., Sci. Signal. 10, eaaf4736 (2017) 17 January 2017

opening of Lck is not sufficient to induce T cell activation. Rather, in
addition to the conformational opening of Lck, Tyr*** must undergo
phosphorylation. Only when both events occur in parallel is Lck ca-
pable of facilitating T cell signaling. The notion of distinct roles for
conformational opening and Lck kinase activity is supported by an
elegant superresolution microscopy study that showed that the
opening of Lck controls the formation of functionally distinct
signaling microclusters upon TCR stimulation. The formation of
these microclusters occurs independently of the kinase activity of
Lck (34).
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then extracted and converted into a cytometry data set. (B) Schematic representation of possible changes in pLck abundance (y axis) and the relative subcellular distribution of pLck
(x axis). (C) Subcellular analysis of Lck phosphorylation in the cells analyzed in Fig. 5. Y axis: Cellular abundance of Lck-pTyr*>* (left), Lck-pTyr*® (middle), and total Lck (right) normalized
to those of the untreated control cells. X axis: Relative subcellular distribution upon TCR stimulation of JE6 cells. Orange dot plots represent the stimulated cells normalized to the mean
value of the respective untreated samples. The untreated cells (black and gray dot plots), whose values are distributed around the center of the plots because of normalization, are
shown for comparison. Each dot represents one cell. Data are from more than 100 cells pooled from three independent experiments. (D) Experiments with human primary T cells were
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The Tyr’**-mutated, open form of Lck is more enzymatically active
than wild-type Lck in vitro (14, 15). In contrast, we observed that cells
expressing wild-type versus the Y505F mutant TqLck-V2 constructs ex-
hibited comparable Ca®* flux and ERK phosphorylation upon TCR
stimulation. This observation could be explained either by the need
for de novo Tyr’** phosphorylation or alternatively, according to the
standby model, by recruitment of active Lck or unmasking of the ITAM
phosphorylation sites. Our data on the Y394F/Y505F double mutant,
however, underline a need for Tyr’”* phosphorylation to induce
TCR-proximal signaling. Consistent with this, we observed de novo
phosphorylation of Tyr””* upon TCR stimulation at a single-cell level
using an optimized SOP for immunofluorescence analysis of endoge-
nous Lck. Furthermore, the optimized Lck staining procedure showed
that the TCR-induced increase in Tyr’>* phosphorylation preferentially
occurred at the plasma membrane in both primary human T cells and
JE6 cells (likely in close proximity to the TCR-CD3-{ complex). This

Philipsen et al., Sci. Signal. 10, eaaf4736 (2017) 17 January 2017

observation is consistent with our previous finding showing that con-
formational changes in Lck mainly occur at the contact site between the
T cell and the antigen-loaded APC (6). However, we noted differences
in the localization of de novo phosphorylated Tyr’** and Tyr**> when
we directly compared JE6 cells with primary human T cells. Whereas in
JE6 cells TCR-mediated phosphorylation of Tyr’”* preferentially
occurred at the plasma membrane, phosphorylation of Tyr**® was pri-
marily observed in the non-plasma membrane compartment. In con-
trast, both residues were preferentially phosphorylated at the plasma
membrane in primary human T cells. We envisage two hypotheses to
explain this difference between the transformed JE6 cell line and the
primary T cells. First, differential accessibility of the two tyrosines to
their regulatory components (for example, CD45 or Csk) might provide
a molecular explanation for this finding. Second, it is also possible that
JE6 cells have alterations in intracellular protein trafficking that may, in
turn, result in the differential distribution of Tyr**>-phosphorylated Lck
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in the steady state and thus in different relative changes of protein
distribution. Consistent with this, we found in PP2-treated cells reduced
phosphorylation of both Tyr*** and Tyr’*” in human T cells compared
to that in JE6 cells. This is consistent with findings showing different
fractions of prephosphorylated Lck in unstimulated Jurkat cells versus
primary human T cells (5). Clearly, additional studies are required to
assess this important issue.

In conclusion, using the optimized protocol for the staining of Lck in
combination with FLIM/FRET measurements with the second-generation
TqLck-V2 biosensor, we provide evidence that TCR-induced de novo
phosphorylation of Tyr*** together with the conformational opening of
Lck are crucial for Lck-mediated ITAM phosphorylation and the initi-
ation of T cell activation. In addition, we describe an SOP for the stain-
ing of Lck in T cells that could be beneficial to all T cell biologists to
obtain comparable and thus more interpretable data on the phospho-
rylation status and subcellular localization of Lck in T cells. Finally, if the
anti-pTyr’*/pTyr"” staining protocol is combined with antibodies that
are capable of faithfully detecting other Src family kinases, our SOP may
also be useful for scientists who are interested in the analysis of Src
family kinases that are pivotal in many signaling processes in various

other cell types.

MATERIALS AND METHODS

Cells and transfection

Approval for experiments involving human T cells was obtained from
the ethics committee of the Medical Faculty at the Otto von Guericke
University, Magdeburg, Germany, with permission number [107/09].
Informed consent was obtained in writing in accordance with the Dec-
laration of Helsinki. Peripheral blood mononuclear cells collected from
healthy volunteers were isolated by Ficoll gradient (Biochrom) centrif-
ugation of heparinized blood at 512¢ for 30 min (without braking). The
CD4" subpopulation was purified by negative selection T cell isolation
kits (autoMACS, Miltenyi Biotec). Primary CD4" T cells, JE6 cells (35),
and JCaM 1.6 (3) cells were cultured and transfected by established elec-
troporation or retroviral transfection techniques (36), as described in
the Supplementary Materials.

Expression vectors

PMBMN-Z vectors (Addgene, deposited by G. Nolan, Stanford Univer-
sity) containing the first-generation biosensor constructs encoding
CLck-Y1, kinase-deficient Lck™*”**-YFP, and a CLckY2 variant with
CFP inserted C-terminally of the SH3 domain have been described pre-
viously (19) and were provided by W. Paster and H. Stockinger (Uni-
versity of Vienna). The second-generation biosensor TqLck-V2 was
generated from the CLckY2 variant by replacing the sequences encod-
ing CFP and YFP with the sequences encoding mTurquoise2 (20) and
mVenus (21), respectively, which were de novo-synthetized (Eurofins
Genomics) for this purpose. A pRP expression vector for nontagged Lck
under the control of a pEF1A promoter and parallel expression of GFP/
Neo was obtained from VectorBuilder (www.vectorbuilder.com). All
fusion protein genes were cloned into a pEF-BOS vector (37) for the
transfection of JCaM 1.6 cells. V394F and Y505F point mutations were
generated in the tgLck-V2-containing pEF-BOS vector by the QuikChange
II XL Site-Directed Mutagenesis Kit (Agilent Technologies) using 5'-
cggccacagagggccagttccagectcagect-3’ forward and 5'-aggctgaggctg-
gaactggeectctgtggeeg-3' reverse primers for the Y505F mutation and
5’-gaggacaacgagttcacagccagggagggggc-3’ forward and 5’-gecce-
ctecctggetgtgaactcgttgtectc-3” reverse primers for the Y394F mutation.
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To generate the Ala®* versions of the biosensor, two rounds of mu-

tagenesis using first the 5'-cattgaggacaacgaggacacagccagggagggg-3’
forward and 5’-cccctecctggetgtggactcgttgtectcaatg-3' reverse primers
and then the 5’-cattgaggacaacgaggccacagccagggagggg-3’ forward and
5'-ccectecctggetgtggectegttgtectcaatg-3 reverse primers were applied.
All constructs were verified by sequencing.

TCR stimulation

To detect Lck phosphorylation by Western blotting or immuno-
fluorescence, 5 x 10° JE6 cells or CD4" primary human T cells in
RPMI 1640 medium were left untreated or treated with 10 uM PP2
(Merck Millipore) for 30 min at 37°C, 1 mM PV (Na;VO, mixed with
1% H,0,) for 2 min at 37°C, or anti-CD3e (10 pg/ml, clone UCHT],
eBioscience) for 2 min. The treatment was stopped by centrifuging the
cells at 5900g for 30 s and washing with ice-cold phosphate-buffered
saline (PBS). To measure ERK phosphorylation and Ca** flux, anti-
human TCR IgM hybridoma supernatant (clone C305, provided by A.
Weiss, University of California, San Francisco) was added in a ratio of
1:1 either for 3 min (for ERK phosphorylation measurement) or dur-
ing fluorescence-activated cell sorting acquisition (for Ca®* flux mea-
surement). For FLIM measurement, JCaM 1.6 cells transfected with the
biosensor variants were washed twice in 1 ml of Krebs-Ringer solution
[10 mM Hepes (pH 7.0), 140 mM NaCl, 4 mM KCl, 1 mM MgCl,,
10 mM glucose, and 1 mM CaCl,] and plated on poly-L-lysine—coated
glass-bottom dishes (MatTek). The cells were stimulated during acqui-
sition with soluble anti-human CD3e antibody (5 ug/ml, clone UCHT],
eBioscience).

Western blotting analysis

Cells were stimulated or left untreated as described in the figure le-
gends, lysed in buffer containing 1% lauryl maltoside (N-dodecyl B-
maltoside), 1% NP-40, 1 mM Na;VO,, 1 mM phenylmethylsulfonyl
fluoride, 10 mM NaF, 10 mM EDTA, 50 mM tris (pH 7.5), and 150 mM
NaCl for 20 min on ice. Lysates were incubated at 95°C for 7 min in
sample buffer containing B-mercaptoethanol before loading onto 10%
SDS-polyacrylamide gel electrophoresis gels. Proteins were then blotted
onto nitrocellulose membranes. The membrane was blocked with
tris-buffered saline (TBS) containing 5% milk powder at room tem-
perature. Primary antibody pairs [mouse anti-Lck (clone 3A5, Santa
Cruz Biotechnology) with either rabbit anti-pLck (Y505, Cell Signaling)
or anti-pSrc (pY416, recognizing pTyr’** of Lck; clone D49G4, Cell
Signaling)] were incubated in TBS containing 5% bovine serum albu-
min (BSA). Goat anti-rabbit IRDye 680LT and goat anti-rabbit IRDye
800CW (both from LI-COR Biotechnology) or horseradish peroxidase-
conjugated goat anti-rabbit (Dianova) were used as secondary antibo-
dies. Signal intensities were determined by scanning the membranes
with an Odyssey Infrared Imager (LI-COR Biotechnology) or with
the ECL detection system (Amersham Pharmacia) and analyzed by
the ImageJ gel analysis plug-in (http://imagej.nih.gov/ij/). The abun-
dances of the proteins of interest were relative to that of the loading
control B-actin (which was detected with mouse anti-B-actin; clone
ACI15, Sigma) and normalized to that of the untreated control cells.

Immunofluorescence acquisition and analysis

After treatment, the cells were transferred to adhesion slides (Marien-
feld) and allowed to settle down for 10 min before fixation by 1% PFA
and 0.02% GA in PBS for 15 min. Transfer and fixation were per-
formed on ice. The cells were permeabilized for 10 min with 0.2%
Triton X-100 (Sigma) in PBS and blocked with 1% BSA/0.1% Tween
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20 (Sigma) in PBS. Rabbit anti-pSrc Y416 (which recognizes pTyr**

of Lck), rabbit anti-Lck Tyr*® (both polyclonal, Cell Signaling), and
mouse anti-Lck (clone 3A5, Santa Cruz Biotechnology) were used as
primary antibodies. Alexa Fluor 555-labeled goat anti-rabbit IgG (Cell
Signaling), Alexa Fluor 488-labeled goat anti-mouse IgG and goat anti-
rabbit IgG (Cell Signaling), and Atto 550-labeled goat anti-mouse
IgG2b (Antibodies-Online) were used as secondary antibodies. All in-
cubations and washing steps were performed at room temperature in
blocking buffer. Imaging was performed with a Leica TCS SP2 confocal
laser scanning microscope (Leica) with a Leica IRE2 stand equipped with
a 63x 1.40 HCX APO CS objective (Leica), an argon laser (488 nm), and
a HeNe laser (543 nm). To avoid spectral overlap, the samples were se-
quentially scanned with a beam splitter HFT 488/543/633. Green and
red fluorescence emission were read out at 500 to 551 nm and 571
to 626 nm, respectively. Image data were acquired, stored, and ana-
lyzed with a pixel depth of 8 bits. The cells were segmented into
plasma membrane and non-plasma membrane compartments au-
tomatically with a threshold-based algorithm in the Image] software
using the total Lck signal. Segmentation errors that occurred during
the detection of Jurkat cells (for example, because of heterogenous
membrane staining or cell-cell contacts) were corrected manually.
The intracellular Lck pools were marked and segmented manually.
From these data, the five segments analyzed, which included the
plasma membrane, inner compartment without intracellular pool,
intracellular pool, non-plasma membrane compartment (inner com-
partment plus intracellular pool), and total cell, were derived. For
quantitative analysis, the data extracted from the segmented images
were normalized to the mean value of the untreated controls of
each respective experiment for each segment in a single cell-based
manner. For total Lck, values from the double staining with pTyr®”*
and pTyr’® were pooled, and 50% of the values were used for the
analysis to have equivalent numbers of events. Fluorescence ratios
(plasma membrane to inner compartment without intracellular pool,
intracellular pool to inner compartment without intracellular pool,
and plasma membrane to nonmembrane compartment) were
determined for each cell. The resulting tables of fluorescence ratios
and total cell fluorescence values were converted into cytometry-
compatible files (.fcs) with DISCit (28) and analyzed with FlowJo
software (Tree Star).

Flow cytometric analysis

Transfected JCaM 1.6 cells were purified by Ficoll gradient to remove
dead cells 16 hours after transfection. To measure ERK phosphoryl-
ation, cells were washed twice with PBS without Ca®" and Mg**
(Millipore) at room temperature, and ~1 x 10° cells were resuspended
in RPMI medium (without BSA) and incubated for 5 min at 37°C,
stimulated as described in the figure legends, and centrifuged at
3300g for 45 s. The cell pellets were immediately resuspended in
ice-cold PFA, fixed at 37°C for 10 min, resuspended in cold 90%
methanol, and incubated on ice for 30 min. The cells were then
washed with 0.5% BSA in PBS and stained with a rabbit anti-human
pERK primary antibody (Cell Signaling) and APC-conjugated anti-
rabbit IgG (H+L) secondary antibody F(ab’), fragment (Dianova).
Cells were analyzed with an LSRFortessa (BD Biosciences). To mea-
sure pTyr’>* and pTyr’® by flow cytometry, the cells were permeabi-
lized, blocked, and stained as described for fluorescence microscopy.
For JE6 cells, all cells were analyzed, whereas for transiently transfected
JCaM 1.6 cells, cells with physiological amounts of biosensor (see
figs. S1 and S6 for details) were selected by gating on fluorescence-
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intermediate cells as shown in fig. S1 (A to C) (excitation, 488 nm;
emission, 515 to 545 nm). The lower boundary of the pERK-positive
gate was defined as the 98th percentile of nonstimulated, biosensor-
negative cells in every experiment. To measure Ca** flux, ~2 x 10° cells
were resuspended in indicator-free Gibco 1x RPMI 1640 medium
supplemented with 10% fetal calf serum (FCS) and incubated with
5 uM Indo-1 AM (Invitrogen, Molecular Probes) at 37°C for 45 min.
A 10-fold volume of indicator-free Gibco 1x RPMI 1640 medium
with 10% FCS was then added, and the cells were incubated for
45 min at 37°C. Measurements were performed with an LSRI flow
cytometer (BD Biosciences) equipped with a helium-cadmium laser
(BD Biosciences) at 325 nm, and the 390- to 420-nm (high cyto-
plasmic Ca**)-to-500- to 520-nm (low cytoplasmic Ca*") emission
ratio was used to determine Ca®" flux. Ionomycin (10 pg/ml, Sigma
Aldrich) was added to the samples at the end of the measurement
as a positive control to measure maximum Ca®" flux. Ca** signal
increase was determined from the mean 80th percentile over the
period between 50 and 75 s after stimulation.

FLIM measurement and analysis

Cells were preselected for subsequent analysis by FLIM on the basis of
having a rounded shape and low surface spreading when analyzed by
transmitted light and for exhibiting intermediate fluorescence as well as
both membrane and intracellular pool localization of the biosensor
when analyzed by epifluorescence (see Fig. 4A and fig. S2, A and B).
Time- and Space Correlated Single Photon Counting (TSCSPC) was used
for wide-field, nonscanning FLIM as previously described (29, 32, 38);
for a detailed setup description, see the Supplementary Materials. In
brief, the cells were excited with an 8 MHz-pulsed frequency-doubled la-
ser (Spectra-Physics) at 420 nm. An IX81 inverted microscope (Olympus)
was used to collect the fluorescence signal through the objective re-
flected to the side port of the microscope after passing a 460-nm
long-pass emission filter. A 505-nm beam splitter and 460- to 500-nm
and 520- to 560-nm bandpass filters were used to detect donor and
acceptor fluorescence, respectively. The instrument response function
(IRF) was used in the analysis of time domain FLIM data. A reference
dye (Auramine, Sigma-Aldrich, saturated solution in H,O) with known
short lifetime (86 ps) was used. The IRF measurements were performed
with exactly the same wavelengths and optical elements (beam splitters
and filters) in front of the FLIM detector as were used in the final
measurements. A theoretical model decay was convolved with the
measured IRF, and the result was compared with the recorded fluo-
rescence decay, which resulted in a more precise, theoretical decay of
the sample. The FLIM measurements were performed and analyzed
as previously described (6, 32, 38). The fluorescence decays were ana-
lyzed by a Levenberg-Marquardt nonlinear least-squares algorithm
with the MATLAB software package, version R12. The decays were
modeled by the convolution product of a two-exponential theoretical
model with the IRF:

I(t) = IRE(t) ®Zia; exp” /T

where a; is the relative contribution of fluorescent species charac-
terized by the fluorescence lifetime T;. To visualize the spatial
distribution of different excited states (high or low FRET signals) of
the fluorophores inside a cell, the mean lifetimes were plotted as pre-
viously described (39). The resulting pseudocolor-coded lifetime maps
show the distribution of mean lifetimes and thus of the distance of the
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two fluorophores acting as donor and acceptor. For quantitative anal-
ysis, all photons collected were included in the determination of mean
lifetimes. For data visualization by pseudocolor-coded lifetime maps, a
rolling circle background subtraction (1-um radius) and threshold ad-
justment were performed with the Fiji software (40). The pixels below
the threshold were set to black.

Statistical analysis

Ca”" and pERK flow cytometry experiments, Western blotting-based
quantification of pLck abundance, steady-state FLIM lifetimes, and
the extent of FLIM change upon TCR stimulation among different
biosensor mutants were analyzed by one-way analysis of variance
(ANOVA) with a Tukey posttest for multiple cross-comparisons. Flu-
orescence lifetime changes within individual cells upon TCR stimula-
tion, and changes in the ratios between the total biosensor and either
pTyr*™* or pTyr’® were analyzed with Wilcoxon matched-pairs tests.
The ratios of pLck to total Lck in the SOP were analyzed by two-way
ANOVA with the individual experiments as a row variable and the
experimental conditions as a column variable and, where more than
two experimental conditions were applied, with a Bonferroni posttest.
All analyses were performed with Prism software (version 6.04,
GraphPad).

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/10/462/eaaf4736/DC1

Methods

Fig. S1. Efficiency of the reconstitution of TCR-proximal signaling in T cells by transient
transfection with plasmids encoding fluorescently tagged Lck variants.

Fig. S2. Comparison of the conformational dynamics of the Y394A and Y394F single mutant
and the Y394A/Y505F and Y394F/Y505F double mutant Lck biosensors.

Fig. $3. Influence of mutating Tyr*** or Tyr®® on the abundance of TqLck-V2 in transiently
transfected JCaM 1.6 cells.

Fig. S4. Capability of the wild-type and tyrosine-mutated TqlLck-V2 biosensors to reconstitute
TCR-proximal signaling.

Fig. S5. An optimized staining protocol for investigating Lck at the single-cell level.

Fig. S6. Influence of T cell activation by mouse anti-CD3 IgG1 on the detection of Lck with a
primary mouse IgG2b antibody against total Lck.

Fig. S7. Analysis of Tyr’® phosphorylation upon TCR stimulation of JCaM 1.6 cells expressing
constitutively closed TqlLck-V2 biosensors.

Table S1. Comparison of the ECFP and Turquoise2 FRET donors and of the ECFP-EYFP and Tg-V2
FRET pairs.
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