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Abstract

T cell receptor (TCR) phosphorylation by Lck is essential step in T cell activation. It is
known that the conformational states of Lck conteslzymatic activity; however, the
underlying principles of how Lck finds its substabver the plasma membrane remain
elusive. Here, single-particle tracking is paireithvphotoactivatable localization microscopy
(sptPALM) to observe the diffusive modes of Lcktie plasma membrane. Individual Lck
molecules switched between free and confined ddfusn both resting and stimulated T
cells. Lck mutants locked in the open conformati@re more confined than Lck mutants in
the closed conformation. Further confinement ofakerdead versions of Lck suggests that
Lck confinement was not caused by phosphorylatéx$tsates. Our data supports a model
where confined diffusion of open Lck results in higpcal phosphorylation rates, and
inactive, closed, Lck diffuses freely to enable daange distribution over the plasma
membrane.
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Statement of Significance

Phosphorylation of the TCR-CD3 complex by the kenask is an essential step in T cell
activation, but how membrane-bound Lck finds andspimorylates its substrates is not well
understood. Here, we examined the diffusive bemadfiandividual Lck molecules by single
particle tracking in conjunction with photoactivialia localization microscopy (SptPALM).
Our data demonstrate that Lck molecules frequesitch between confined and free
diffusion and spent a prolonged time in the cordimi#ffusion mode in stimulated T cells
when the kinase is in the open conformation. They minderpin a dual-state search strategy
in which open Lck exhibits confined diffusion, réswg in high local phosphorylation rates,
and closed Lck diffuses freely to enable wide-rasggnning of the plasma membrane.

Introduction

T cell signaling is a tightly controlled processsihultaneous and sequential spatiotemporal
events, involving membrane remodeling, and thestetution of signaling proteins (1).
Engagement of the T cell receptor (TCR) with anigemic pMHC on the surface of an
antigen-presenting cell (APC) leads to the formmated immunological synapses (2) and
initiates downstream signaling events that lead t@ll activation (3). The Src family kinase
Lck plays a crucial role in the signaling cascall@R engagement results in the membrane
release (4) and phosphorylation of the immunoresepgrosine-based motifs (ITAMS)
located in the cytoplasmic tails of the GDé&hain by Lck (5). Phosphorylated sites on the
TCR-CD3 complex become docking sites for the zdtaircassociated protein kinase 70
(ZAP70), that is further phosphorylated by Lck {@fore recruiting other proteins in the
signaling cascade that are necessary for compleg| activation.

The kinase Lck, an essential TCR signaling protsiga 56 kDa protein comprised of a Src
homology (SH) 4 domain at the N-terminus, followsda unique domain, an SH3 domain,
an SH2 domain, a kinase domain, and a short C4tatrtail. Lck is anchored to the plasma
membrane through its SH4 domain via post-transiatiacylation on three specific sites: a
myristoylated Gly2 (7), and palmitoylated Cys3 dwk5. The latter two enable membrane
binding, and thus Lck diffusion in the inner leaitd the plasma membrane (8). Notably, Lck
is also found in the cytoplasm, as the palmitoglatis reversiblg9), and is recruited to the
immunological synapse. The unique domain interagts the CD3 subunit in the TCR-
CD3 complex (10), as well as the co-receptors Cdt@D8 (11), via zinc-mediated bonds.
However, Lck does not require the co-receptors rigruitment to the immunological
synapse, or for TCR triggering (12), suggesting theely diffusing Lck is sufficient for T
cell activation.

Lck conformation is regulated by the phosphorylatid two tyrosine residues: Tf, whose
phosphorylation increases Lck activity, and *fyr whose phosphorylation reduces Lck
activity (13, 14). Intramolecular interactions beem the phosphorylated Pt (pTyr®) and
the SH3 and SH2 domains cause rearrangementsdéptlick in an inactive state (15, 16).
When dephosphorylated by CD45, Lck exists in amppeéimed conformation. When Tf
is trans-autophosphorylated (14), rearrangementbanactivation loop stabilize the active
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conformation (17). The diffusion behavior (18) aswhformational state of Lck (19, 20) are
thought to be regulated by the activation statehef cell. The conformational state also
influences Lck clustering (21). This means that ooty does Lck conformational state
regulate Lck enzymatic activity, but also aidstgdiffusive search strategy.

Whether Lck becomes ‘active’, i.e., converted irfte open conformation upon TCR
engagement, has been controversial. There is esedei global changes in relative
populations of closed and open Lck in restwegsus stimulated T cells (19, 20). These
studies propose that Lck undergoes conformatiamahges upon T cell activation, driving it
from its closed state to an open state, therefatemcing its activity. Using biochemical
analyses, conformational heterogeneity was observedsting and stimulated T cells (22),
suggesting a “standby-model” in which ~40% of Lekim the open conformation in both
resting and stimulated T cells. Ballekal. challenged these observations in a later repatt t
used different cell lysis conditions (23). Othemudés, based on measurements of
fluorescence resonance energy transfer (FRET) leetileorescent proteins fused to the N-
and C-terminals of Lck, found that 62% of Lck wase-pctivated in T cell§24), and
concluded there was no significant change in ogeesus closed populations of Lck even
after T cell stimulation (25). While different papaeport different percentages of open Lck
in pre-stimulated cells, constitutively active Letas also found in CO8memory T cells, and
may account for the enhanced sensitivity to antigethese cells (26). A pool of active Lck
existing prior to T cell stimulation led to the a¢hat rapid TCR triggering post receptor
engagement may be caused by changes in Lck spadiahngements as opposed to, or in
addition to conformational changes. Using singldatwale localization microscopy in fixed
cells, we previously showed that Lck distributetfedtently on the cell surface depending on
its conformational state (21), with open Lck resglpreferentially in clusters, and inactive
Lck preventing clustering. However, this study oofptured the overall distribution of open
or inactive Lck, and the movement of Lck clustdnst to understand the search strategy of
the membrane-bound kinase, the dynamic behavimdofidual molecules needs to be taken
into account.

The dynamic behavior of Lck was previously mappéith wingle particle tracking (SPT) in
live cells, revealing, for example, the differenaeg.ck diffusion in stimulatedersus resting

T cells and the formation of microclusters, buthwiit linking dynamics to conformational
states (18, 27). Overall changes in diffusion camist were observed, as well as segregation
into different confinement zones, attributed toiraend other proteins compartmentalizing
the membrane (27, 28), or to the formation of membrmicrodomains (18). Recently, Lck
compartmentalization upon TCR stimulation was ladied to the formation of close-contact
zones between the T cell membrane and the stimglaturface, possibly because of
exclusion of CD45, in line with the kinetic segréga model (29). These works, however,
did not take into account the conformational changeck.

In the current study, we utilize SPT using photvatable localization microscopy
(sptPALM) (30) as a tool to study the diffusionwatd type (WT) and mutated Lck, lacking
the tyrosine residues on positions 394 and 50mdasure the dynamics of the inactive and
open forms, respectively (19, 20). Lck variantseveagged with photoactivatable monomeric
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cherry (PAmCherry) (31), expressed in Jurkats E€ells and imaged in resting and
activating conditions. Single trajectories wererastied and analyzed in order to find periods
when the proteins underwent confined diffusion, déimel fraction of confined versus free
proteins was determined (32). Measurements ofréifiteLck variants showed that the open
form of Lck spent more in confinements comparethwinactive form. Taken together, the
data suggest that Lck continuously switched betvwogman and closed states, a process that is
likely to determine the probability of productivea@unters between Lck and its substrates.

Methods and Materials
Plasmids

Lck and Lck10 were amplified by PCR and insertethini the Ecotl and Agel restriction
sites of a pPAmMCherry-N1 plasmid. Y394F, Y505F #&®V3R mutations were further
introduced via site-directed mutagenesis.

Sample Preparation

Jurkat cells were cultured in RPMI medium (Gibcohtining phenol-red and supplemented
with 10% (vol/vol) FBS, 2 mM L-glutamine (Invitrogg 1 mM penicillin (Invitrogen) and 1
mM streptomycin (Invitrogen). Cell cultures werespaged normally every ~48 hours, when
the cell count reached ~8x1Giable cells per ml. The cells were cultured foteast 1 week
(3-4 passages) after thawing prior to transfectow imaging. No cells were used after
passage 20.

Cells were transfected by electroporation (Neonwjtiagen); briefly, cells were collected

before reaching a cell density of 8xX@ll/ml and while>90% viable. The cells were washed
twice with 1x PBS in 37°C and resuspended in tlseigpension buffer (R-buffer) provided

with the Neon kit. Three pulses of 1325 V with 18 duration were applied. The cells were
allowed to recover in clear RPMI 1640 medium (Gibsopplemented with 20% HI-FBS for

overnight. Prior to imaging, fresh warm (37°C) nseavith 40 mM HEPES, pH 7.4 was

added to achieve a final concentration of 20 mM HEP

1.5H coverslips (Marienfeld-Superior) were watethbsonicated in four 30-minutes stages: 1
M KOH, Acetone, EtOH and ultra-pure (1&Ntcm) water. The coverslips were then allowed
to adsorb 0.01% PLL (Sigma) in ultra-pure water ¥6rminutes. Excess solution was later
aspirated and the coverslips were baked-dry inGG@f 1 hour. Finally, after cooling-down,
the coverslips were coated with either 0.01 mg/mi-@D3 (OKT3; eBioscience) and 0.01
mg/ml anti-CD28 (CD28.2; Invitrogen) for stimulagirtonditions or 0.01 mg/miCD90 for
(Thy-1; eBioscience) for resting conditions andrést in 4°C overnight before imaging. The
coverslips were washed 3 times with phosphate bugiédine (PBS) pre-warmed to 37°C
before the cells were transferred onto them toractewith the antibodies. For live-cell
experiments, imaging took place ~5 minutes aftell-tcansfer or fixed with 4%
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paraformaldehyde (P6148; Sigma) in 37°C, followgd 3washing cycles with PBS for
fixed-cell imaging.

To verify the activation status of T cells, Jurk#t 1 cells on resting and stimulating surfaces
were fixed with 4% paraformaldehyde and immunosi@iwith a primary antibody against
CD3 Y142 conjugated to Alexa Fluor 647 (K25-407.69, Bibsciences). Fluorescence
intensity was determined with TIRF microscopy (BZelslyra) and analyzed as previously
described (33). For Gaimaging in T cells, cells were loaded with Fluosgshed, incubated
on the indicated surface for 15 min or kept in 8oluand imaged with confocal microscopy
(Zeiss LSM780). Note, Jurkat cells exhibit’Chasal fluxes. To measure CD69 expression,
10° Jurkat E6.1 cells were stained with anti-human €D®exa Fluor488 (310916,
BioLegend) at 4°C for 30 min, placed on restingsionulating surfaces or kept in solution,
and. and analysed with flow cytometry (BD bioscieRACSanto Il and FlowJo software).

Imaging

For each sptPALM experiment 10,000 frames were ie@djuin a ~50 frames per second
(18 ms exposure time) rate on a total internalectibn fluorescence (TIRF) microscope
(ELYRA P1, Zeiss) in 37°C using a 100x oil immersiabjective (N.A. = 1.46) and a 67.5°
incident beam angle. The frame rate was chosenatochhnmean-square displacement of 160
nm for a diffusion of 2 pAtsec, which is below the size of a point spreadtion and fits
well with our experiments where diffusion coeffigie were < 2 pAtsec. PAmCherry fused
to Lck variants were continuously photoactivateshgs 405 nm laser radiation tuned to 0.5-
5 YW (interchangeable during acquisition to maintainoa Idensity) and continuously
excited with a 561 nm laser tuned to 2.5 mW. Pdemnsity was monitored by using ZEN
(Zeiss) online-processing tool.

Data Analysis

All accumulated data are comprised of three bidakly independent experiments, i.e., each
mutant was imaged in two or more cells (in onehaf three repetitions, where a repetition
relates to a different transfection) in each cetlvation state (stimulated or resting). We used
Diatrack (34) for fitting the point spread funct®fPSFs) to a Gaussian with a 1.75 pixel
width (1 pixel= 0.097 nm) and then to track the particles by rsgtthe search radius to 10
pixels. The data was later analyzed by a custom MX¥E (Mathworks) adaptation of the
trajectory analysis part of a previously publishedlti-target tracing (MTT) code (32).
Immobile particles (i.e., particles that had trégeies with an end-to-end distance of less than
two pixels) and trajectories shorter than 15 frawese excluded from analysis. Stages of
confined and free diffusion were detected accordingquation 1, with Re= 2.15 pni/sec
(Fig. S2b, bottom), W = 4 angy,twas the sum of the exposure time and the CCD mgadi
time (~19.7 ms). To detect time spent in confinetneach sequence was segmented to non-
overlapping windows of 5 frames and in each blotk drames, the ratio of confined:total
particles was calculated. Each value of one 5 feamiadow is a count in the histogram. The
level of confinement, &onf, Was calculated according to:
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D Wt
(1) Leons — DfreeXWXtw

var(r)

where D is the diffusion coefficient of freely diffusingck in unf se¢', W is the window
size in frames, is the temporal length of the window in secondd waar(r) is the variance
in punf, which was determined for each window. All datagesssing and statistical analyses
were performed in MATLAB.

Statistical Tests

To compare between two populations of confinemeattions, that do not normally
distribute, we used the Mann-Whitney U test, while Kruskal-Wellis test was used for
multiple datasets followed by a bonferroni post-hest. **** and n.s. indicate £0.00001
and p>0.01, respectively. Ranges around mediamaah values in supplementary text are
the 95% confidence intervals calculated from boapgiing the data by sampling 10,000
times.

Results and Discussion

The goal of this study was to determine whetherdifi@sion properties of individual Lck
molecules were influenced by the conformationatestaf the kinase. Since Lck is found
both in a cytosolic pool and attached to the ineeflet of the plasma membra(@), we
chose sptPALM, since single molecule trajectorieslan TIRF illumination enable the
guantification of only membrane bound Lck. To comepack in different conformational
states requires the expression of Lck mutants. lBecéhese mutants also impact on Lck
activity, and hence the T cell activation stattisyas necessary to express Lck in wild-type
Jurkat cells that also express endogenous Lck 383. allowed us, for example, to compare
the diffusion of kinase-dead Lck in resting andivated cells since endogenous Lck
facilitates T cell activation in cells that alsopeass kinase-dead Lck. Notably, sptPALM
experiments do not require high levels of overesgian, so the total levels of Lck can be
kept within or close to the physiological rangendfly, we needed to control the T cell
activation status. We chose to do this by seedirmgllE onto activating and non-activating
antibody-coated surfaces. These conditions not i@slylt in controlled T cell activatiqi33),
but also enable the recording of long single mdkedtajectories. To determine whether
individual Lck molecules switch between diffusiorodes and gain statistical certainty, it is
necessary to record large numbers of trajectorgufficiently long durations. Alternative
activation protocols such as protein-decorated supg lipid bilayers, are not ideal for SPT
experiments as cells move laterally, with differepeeds on activating and non-activating
bilayers, and severely limit both the number ofectories per cell and the length of each
trajectory that can be recorded. While antibodytedasurfaces result in well-controlled T
cell activation statuses (Fig. S1) and enabled AP experiment, it should be noted that
TCR clustering and mobility is different in T cetis antibody-coated surfaces compared to T
cells on laterally mobile supports, with both piuts resulting in mobile and immobile
TCRs under both activating and non-activating coowis (33). In summary, Jurkat E6.1
were transfected with either wild-type Lck (wtLckused to PAmCherry (wtlLck-
PAmCherry) or Lck variants, such as a truncatedstrant of Lck containing only the first
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ten amino acids that are responsible for Lck anogorto the membrane (Lck10-
PAmCherry). T cells were incubated for 5 minute8#tC on a coverslip coated with anti-
CD3 and anti-CD28 antibodies (stimulated) or arid90 (resting), and then imaged, either in
live-cell conditions, or after chemical fixation.

Identification of free and confined states of Lckm live T cells

For each SPT experiment, we acquired 10,000 frawids an 18 ms exposure for the
duration of ~197 s under TIRF illumination. Whilmaging was done with continuously
photo-activating and exciting the fluorophores, tag of photo-activation, and thus density
of emitting fluorophores, was kept deliberately laworder to ensure only individual Lck
molecules were tracked. Because Lck could be cltpsw found in fast moving cytosolic
vesicles, which can appear briefly in the TIRF zome removed trajectories shorter than 15
frames. Likewise, immobile particles (see Methoasje excluded from analysis to eliminate
Lck in cytosolic vesicles that were docked at tlesma membrane.

To address whether individual Lck molecules couldtch between different diffusion
modes, we employed a previously described poskitrgcanalysis that can distinguish
between confined and free diffusion in each trajgc{Fig. S2) (32). Briefly, every trajectory
is first fragmented into overlapping windows. Faick window, the normalized variance of
the location of the particle is calculated as a suea of the level of confinementcdgr,
according to:

DfreeXWX tw

(2) LConf -

var(r)

where D is the diffusion coefficient of freely diffusingck in unf se¢', W is the window
size in frames, is the temporal length of the window in secondd waar(r) is the variance

in unf. For the value of Re we could not choose the diffusion coefficienfudf-length Lck
due to the broad distribution in diffusion coeféints, and because the potential protein-
protein interactions, even in resting cells, mayaméhat full-length Lck may not solely
diffuse freely. Thus, we chose the diffusion cagéint of 2 ur se¢' for Lck10-PAmCherry

(in resting T cells) for all versions of Lck, ask1® is membrane anchored and does not
interact with other proteins. Thedqs values for wtLck-PAmCherry in stimulated T celidl$
largely between the dens values for Lck10-PAmCherry in resting cells andLek:
PAmCherry in fixed cells (Fig. 1A). Assuming thatkl10-PAmCherry in resting cells
diffuses essentially freely, and wtLck-PAmCherryfixed cells is permanently immobile.
The data is evidence that wtLck-PAmCherry in stiawedl T cells either has a homogeneous
diffusion of intermediate speed, has two or morelpamf Lck with different diffusion
coefficients, or that individual Lck molecules alteetween a fast/free diffusion mode and a
slow/confined diffusion mode.

To test which of the three scenarios apply to wtP&mCherry, we defined a threshold for
Lcont. We followed the published procedure (32) of clmgshe most commondens vValue
(dotted line in Fig. 1A) of the protein of interea$ the threshold. Importantly, theok
threshold is defined in the ensemble measurement tfie lcons histogram, Fig. 1A) and then
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applied to individual Lck trajectories (Fig. 1B).oTdistinguish between confined Lck
molecules and Lck molecules that temporarily slowedn, we only regarded a molecule as
confined (yellow areas in Fig. 1B-C) if it has as.k value above the threshold for three or
more consecutive windows. If Lck diffusion is horeagus with an intermediate diffusion
coefficient, this criterium would not be fulfilleénd no confinement zones would be detected
in individual trajectories. If two pools of Lck estithat have different diffusion modes, but
Lck molecules do not switch between diffusion modéde being tracked, the entire length
of the trajectory would either be contained witlinexcluded from the confinement zone,
i.e., there would be two types of trajectories.aiid only if, a molecule switched diffusion
mode would part of the trajectory lay within a doefnent zone and part outside the
confinement zone (Fig. 1B-C). The latter was obsérfor almost all mobile trajectories of
wtLck-PAmCherry in stimulated T cells (Fig. 1B-Eproviding strong evidence that
individual wtLck-PAmCherry molecules in live celts activating antibody-coated surfaces
switched between free and confined diffusive st@feg. 1D-E). In contrast, in fixed cells,
only confined or immobile molecules were obseriad.(1D-E).

Wild-type Lck was more confined in stimulated thanresting T cells

Our data strongly suggest that individual Lck males frequently switched between at least
two diffusion modes, a more confined diffusion maaled a free diffusion mode. Since
previous studies provided evidence that T cellvation decreases the overall diffusion of
Lck (18, 27), we asked whether T cell activatioter@d the Lck diffusion mode overall, or
altered the time spend in either diffusion modeolm experiments, resting T cell data was
generated by placing T cells expressing wtLck-PAg@honto coverslips coated with anti-
CD90 antibodies. This resulted in good T cell adireg-ig. 2A), but not TCR signaling or T
cell activation (Fig. S1) (33). On antibody-coatdfaces, T cell shape and contact size is
broadly comparable for resting and stimulating d¢towls, with T cells often spreading more
on the activating surface, but with considerabl#-a#l variability under both conditions.
Importantly, good cell adhesion meant that a higmber of trajectories could be recorded
under both cell conditions (Table 1). To visualtyrgare the two conditions, we color-coded
each trajectory according to their initial diffusicoefficient (Fig. 1A left with color code
below) and applied thedsns threshold value to each trajectory (Fig. 1B rigkame color
code as Fig. 1). It can be seen that Lck over#iliskd faster in resting cells with diffusion
coefficients of 1.16 pfs* (1.15-1.17) to 0.69 pfrs* (0.68-0.7) for resting and stimulated
cells, respectively (Fig. 2A, Fig. S3a; Movie Sésting - right, stimulated - left). Further,
fewer confinement zones were detected for wtLck-EAerry in resting than stimulated
cells (Fig. 1A). When comparing thedss histogram of wtLck in stimulated T cells (Fig. 2B,
blue)versus resting T cells (Fig. 2B, orange), it is noticeatilat the values in activated cells
are shifted to higher values, resulting in a meggislvalue of 32.9 in stimulated cells and
29.1 in resting cells.

Next, we examined whether the decrease in locgblaiement variance is due to a
redistribution of wtLck-PAmCherry into confinemeritgat would result in an increase in the
number of consecutive steps that fall above thgsthreshold value. Thus, we segmented the
total video into segments of five frames (Fig. Sd\hich we asked how many patrticles, out
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of the total number of particles imaged, were awedi Histograms obtained for stimulated
and non-stimulated cells (Fig. 2C) were collectEdere was a clear difference in the peak
value for the two populations, as well as a latgérof high values for wtLck-PAmCherry in
stimulated cells. As a consequence, the populati@ne statistically different (Fig. 2C) when
tested against the null hypothesis according taclvitihe samples are drawn from the same
population, using the rank sum test, with differenédians and non-overlapping 95%
confidence intervals with the values of 27.27% §2627.78) and 22.22% (21.82-22.73) for
stimulated and resting cells, respectively. Thecgmtage of confined wtLck-PAmCherry
were 31.0% (30.6-31.3) and 26.4% (26.1-26.7) mskated and resting cells, respectively.

Overall, these results show that wtLck-PAmCherrifuded slower in stimulated cells
compared to resting cells because individual Lckemdes spent more time in confinement
zones. These results are in agreement with anaseren wtLck-PAmCherry clustering in
fixed stimulatedversus fixed resting T cells (21). Confinement of Lck ¢tdue caused by
lipid rafts (36, 37), microdomains (38, 39) andbmcause Lck became trapped in protein
clusters(18), such as TCR cluste40). In our experiments, potential Lck binding tpars
were not fluorescent, and the low laser intensigdenit unlikely that neighboring Lck
molecules were photo-converted in the same imagiage. Thus, it is not possible to
classify detected Lck molecules as belonging tccla tluster, bound to the TCR, or other
signaling proteins. Because we also observed tdividual Lck molecules experience
confinement in resting T cells, it is unlikely thelt confinement events were caused by TCR
signaling clusters since the TCR phosphorylatioliein resting T cells on antibody-coated
surfaces was hardly detectable (Fig. S1). It ghdn& noted that we previously found that
Lck clusters in stimulated cells on antibody-coatedaces were constantly remodeled, and
not positionally stable (21), but it is possibleatth.ck confinement is caused by Lck
clustering in stimulated T cells.

Membrane anchoring alone is not contributing to Lckconfinement

Lck confinement may be attributed to the formatadrmembrane domains, i.e., changes in
membrane order, as a result of TCR triggering (¥1¢ used a truncated version of Lck,
Lck10, that contained the first ten amino acidg ttek anchors to the membrane via post-
translational lipid modifications. If membrane dangare responsible for the slowdown and
confinement of full-length Lck, Lck10 should alsghébit different diffusion in resting and
activated T cells. Thus, we repeated the sptPALIdeernents with Lck, again plotting the
initial diffusion coefficient and confinement ansiy for individual Lck 10 trajectories (Fig.
3A). Particularly when compared to full-length L¢kig. 2A), there was noticeably less
difference in Lck10 diffusion in resting and stiratdd T cells (Fig. 3A; Movie S2), although
the latter appeared fully spread and activatededdd the diffusion coefficients for Lck10-
PAmCherry were very high, and similar in stimulgtiand resting conditions (Fig. S3b and
Table 1). The overall level of confinement of LckBBmCherry was almost identical for
both resting and stimulated cells, with a peaknlvalue of 7.2 and 7.7, respectively (Fig.
3B). These values were significantly different fraohe ones found for wtLck-PAmCherry,
with most of the probability function having a valbelow the threshold. A histogram of
confinement events (Fig. 3C) shows comparable pahles for both stimulated and resting
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cells. No statistically significant difference wiaind between the two samples (Fig. 3C, top
panel), as shown by median of 9.62% (9.43-9.8) ar@B% (9.52-10.00) for Lck10-
PAmCherry expressed in stimulated and resting ,aeltgpectively. Further, the mean fraction
of confined particles was also similar in stimulgtiand resting cells, with values of 14.0%
(13.7-14.2) and 14.7% (14.5-15.0), respectivelyesehvalues were lower than those found
for wtLck-PAmCherry, suggesting Lck10-PAmCherry was less confined than wtLck-
PAmCherry, even in stimulated cells. Our data isagreement with previous work by
Kusumi and colleagues that also showed differeffigions between a full-length Lck and
Lck10 (27). Taken together, the data strongly suggest tha increased confinement
observed for full-length wtLck-PAmCherry was notedto global changes in membrane
organization or membrane domains (18), as confimeiwfeLck10 in resting and stimulated T
cells was similar.

Open Lck is highly confined in stimulatedand resting cells

Next, we quantified the influence of conformatiam @onfinement of Lck in live cells. First,
we introduced a Tyrosine-to-Phenylalanine mutatibposition 505 in Lck (Lck®F). The
mutation prevents the binding of Lck pT3tto its own SH2 domain. This mutation is well
known as ‘constitutively open’ (19-21, 25, 42) ahgperactive’ (13). It should be noted
overexpression of LcR%F can lead to spontaneous, antigen-independentetiiay of the
TCR. To keep our experiments consistent througtuststudy, we thus expressed I'®k"-
PAmCherry to a similar level as wtLck-PAmCherry Jarkat cells. The same sptPALM
analysis as above yielded images pseudo-colorethital diffusion and confinement (Fig.
4A; Movie S3). Resting cells still had a smallerfage contact zone than stimulated T cells
despite the over-expression of l'ek-PAmCherry.

An overall change in the diffusion constants duedl activation was observed, with values
of 0.65 pm s* (0.64-0.66) and 0.95 s’ (0.94-0.96) in stimulated and resting cells,
respectively (Fig. S3c and Table 1). Furthegokvalues for Lck®®*"-PAmCherry were
higher than that of wtLck-PAmCherry (Fig. 4B), wigeak values of 39.28 and 42.53 in
stimulated and resting cells, respectively, with58% of logo(Lcon) €vents above the
confinement threshold. In contrast to wtLck-PAmGiethe Leont distributions of Lck>%-
PAmCherry were similar in resting and stimulatedells despite the shoulder at lowohs
values in resting cells. In both resting and ac¢tidar cells, Lck®®~-PAmCherry was more
confined than wtLck-PAmCherry. This was also obedrn the histograms of the confined
fractions (Fig. 4C), with a large population of I'é® molecules falling into the right tail of
the distribution. Importantly, unlike in the corpemding data for wtLck-PAmCherry, these
values were not significantly different from eadher (Fig. 4C, top), with median values and
overlapping 95% confidence interval of 26.55% (2628.67) and 26.39% (26.14-26.67) for
stimulated and resting cells, respectively. Thetfoms of confined Lck®>-PAmCherry were
29.9% (29.6-30.11) and 30.0% (29.7-30.2) in stinmdaand resting cells, respectively.

These data show that when Lck is locked in the ogiate, it is also driven into a more
confined diffusive behavior, which is comparabléhmvtLck-PAmCherry in stimulated cells
(Fig. S5). Given that Lck in the open conformatierhibited confined diffusion and
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hyperactivity (13, 14), it is highly likely that éhconfined diffusion state results in high local
phosphorylation rates. Open Lck may become prefi@tntrapped in protein clusters that
form upon TCR triggering(18, 40), resulting in slower overall diffusion, darmore
confinement. However, open Lck was also stronghyfioed in resting T cells suggesting that
protein clusterger se are not necessary to confine Lck. Confinement io@ycaused by
enhanced protein-protein interactions including lssdf-association21). If the level of
confinement is indicative of the fraction of Lck the open conformation, our data support
the notion that TCR triggering results in a higpeoportion of wild-type Lck in the open
conformation(19, 20).

Inactive Lck is as confined as wild-type Lck in reg8ng cells

To further investigate the hypothesis that Lck ocomfation regulates Lck diffusive behavior,
we expressed an inactive form of Lck in Jurkatscel mutation in position 394 converting a
tyrosine into phenylalanine (L&K*)) prevents its trans-autophosphorylation that teesary
for Lck activity and results in reduced-activity{lor an inactive Lck (13), likely because of
the hyper-phosphorylated Tyr505 that constitutivelgses the enzyme (19). Despite the
over-expression of LcR**F-PAmCherry, T cells adhered well on non-activatswgfaces.
Visual examination of Lc**-PAmCherry suggests that closed Lck was rarely inedf
even in T cells on stimulating surfaces (Fig. 5A0We S4).

As with the wtLck and Lck%F, Lck™*-PAmCherry did undergo a decrease in diffusion
coefficient due to stimulation, from 1.24 A (1.22-1.26) in resting cells to 0.88 fus’
(0.87-0.89) in stimulated cells (Table 1, Fig. S3We applied the same sptPALM analysis to
Lck"39*-PAmCherry, and lower don Values were obtained with peak values of 32.93 and
30.36 in stimulated and resting cells, respecti\(€ig. 5B). Histograms of the fraction of
confined LcK3**-PAmCherry showed the populations were skewed wsvéower values,
and also contained the shoulder at lowot values (Fig. 5C). Similar to LER™™
PAmMCherry, LcK***-PAmCherry showed no statistically significant diince between
stimulated and resting cells (Fig. 5C, top panahgd medians of 22.22% (21.88-22.58) and
21.95% (21.43-22.22) for LERP*-PAmCherry in stimulated and resting cells, resipebt.
The mean confinement fractions were 26.1% (25.8)2#nd 26.2% (25.9-26.6) for LER*™-
PAmCherry in stimulated and resting cells, respetyi It is possible that the K273R
mutation in Lck prevents the rearrangements inaittevation loop that prevent interaction
with other proteins, thus, limiting confinement Y18ur data are consistent with Weinal.
who also report a slower diffusion rate for I'&K" than wild-type Lck due to less Lck-Lck
interactiong24).

The confinement fraction values we found for thactive Lck were smaller than the ones
found for the open Lck (Fig. S5), suggesting thethelLck activity or conformational state
regulates Lck diffusion. Indeed, inactive Lck hadimilar level of confinement as wtlLck in
resting cells while open Lck was similarly confinad wtLck in activated cells (Fig. S5).
Thus, the data supports the notion that confinesnam regulated by the conformational state
of Lck with open Lck being more confined than inaetLck.
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Lck conformation and activity determine confinement

To delineate Lck activity from Lck conformationalate, we expressed a constitutively
inactive Lck variant in which the lysine in positi@73 in the kinase domain is replaced with
Arginine (LcK®”*RPAmCherry, Fig. 6, Fig. S6), which has been shawmrender Lck
kinase-dead (43). Images of resting and activatezlE expressing LEK*R-PAmCherry
(Fig. 6A) and the kons histogram (Fig. 6B) looked similar to images otdlls expressing
wild-type Lck only, with the histogram again comiaig the shoulder at lowdens Values.
Different diffusion coefficients of 0.82 pns™ (0.81-0.83) and 1.13 pis™ (1.12-1.15) were
observed for Lc®"** PAmCherry in stimulated and resting cells, respebt (Table 1, Fig.
S3e). However, similar dens histograms, with values of 34.80 for stimulated &7.58 for
resting cells, were obtained (Fig. 6B, blue andnged with no significant difference
observed in the fraction of time spent confinedg(BC, blue and orange). L3R
PAmCherry spent 25.8% (25.6-26.1) and 25.6% (25.8)2of time confined in stimulated
and resting cells, respectively (Fig 6C). Thus, Il of confinement of kinase-dead Lck
did not depend on the T cell activation statug dgdi for wild-type Lck (Fig. S6), suggesting
that trans-autophosphorylation of wild-type Lck t8ntributes to confinement.

To further test this hypothesis, we expressed sastitatively open, kinase-dead mutant
LckK273R YS05EpAmCherry. The images (Fig. 6A) and theyd histogram (Fig. 6B) were
similar to LcK?"*R-PAmCherry. LcK?"*? Y°%EpAmCherry had slower diffusion coefficients
of 0.41 um s* (0.41-0.42) and 0.51 ns* (0.5-0.51) in stimulated and resting cells,
respectively (Fig. 6A; Fig. S3f; Movie S5), valudmt were slower than those obtained for
Lck ?*RPAmCherry (Fig. S3e, f). Further, LR Y*%°EpAmCherry had higher dens
values in stimulated cells (Fig. 6C, purple andoye) compared to resting cells (44.78 and
35.09, respectively). When comparing total trajgesy LcK?R Y°%EpamcCherry in
stimulated cells was more confined than in restiells and more than LEK>R in both cell
activation statuses (Fig. S6). These data suppertnbtion that open, but not necessarily
enzymatically active Lck confined the kinase intidist zones in the plasma membrane.
LckK273R YS05Ep AmCherry was more confined in stimulated cell.Q% (26.8-27.2)) than
resting cells (23.3% (23.1-23.5)). Moreover, thedoed confinement for the K273R-Y505F
mutant in resting cells compared to stimulatedscekcludes the possibility of confinement
due to increase in hydrodynamic radius of the erez{fng. S6).

Finally, we compared the level of confinement oéo@nd inactive Lck mutations (Fig. S5).
It should be noted that these mutants where exguless wild-type Jurkat cells and thus
contained endogenous, untagged wild-type Lck. jftossible that wild-type Lck affected the
diffusion of mutant Lck. Taken together, our dat@gest that diffusion behavior could be
regulated by the conformational state of the enzylnok"***-PAmCherry i.e. inactive Lck
was less confined than wtLck-PAmCherry in stimuatells and Lck’®*~-PAmCherry i.e.
open Lck in stimulated and resting cells. Furthek"***-PAmCherrydemonstrated similar
confinement to that of wtLck-PAmCherry in restinglls. The values obtained for the open
mutant, both in stimulated and resting cells wdoser to the value that we obtained for
wtLck-PAmCherry in stimulating conditions. Takerg&ther, our data support the notion that
the open conformational state of Lck may resulték confinement. Thus, a model emerges
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in which the enzyme switches between open and a¢loseformation, which may result in a
dual-state search strategy where open and actikeslaonfined and closed and inactive Lck
diffuses freely (Fig. 7).

Conclusions

Phosphorylation of the TCR-CD3 complex by the kenask is an essential step in T cell
activation (44). While the link between phosphotigla state and activity in Lck is
reasonably well established (45), how membrane ddwok finds and phosphorylates its
substrates is not well understood. Here we proemdence that individual Lck molecules
frequently switched between confined and free diffio in resting and stimulated T cells. A
possible driver for the switch in diffusion modesitd be the conformational states of Lck, as
open Lck exhibited more confined diffusion, andciinge or closed Lck exhibited more free
diffusion. As it has been shown that auto-inhibit@ cannot bind substraté$s), this is
consistent with a dual-state search strategy tables Lck to redistribute over large areas of
the membrane in its closed state, and high locaigcto efficiently phosphorylate TCR-
CD3 complexes at numerous sites in the open dtekeinteractions with other proteins (47-
50) and lipids (51) could also contribute to thenperary confinement of Lck. While the
mechanism or mechanisms for Lck confinement renu@iknown, Lck conformation may
control the probability of interactions with bindirpartners to modulate T cell signaling
activity, particularly if confined Lck is predomitedy in the open and enzymatically active
state.

For technical reasons, we used coverslips coatath amtibodies for our sptPALM
experiments, and this format may have impactedhemtobility of the TCR-CD3 complex
under activating conditions. We have previously diarted a detailed analysis of the
dynamics of the TCR-CD3 complex in T cells, and paned TCR mobility in T cells on
supported lipid bilayers and activating antibod&s used here) (33). Surprisingly, we found
no differences in the percentage of mobile to imikeo®CR complexes and clusters, but
subtle changes with respect to cluster remodelirghd movement. In T cells on supported
lipid bilayers, TCR clusters moving towards thel @gnter and are increased in molecular
density, while TCR clusters moving away from thé center exhibited a loss in molecular
density (33). This correlation was not readily etved in T cells on antibody-coated
surfaces. It is possible that the movement and defimg of TCR-CD3 complexes in T cells
on immobilized antibodies impacted on Lck diffusiand confinement. In T cells activated
on support lipid bilayers, only short sptPALM treteries could be recorded that could not be
used for a quantitative analysis of the diffusiood®s of single Lck molecules. New imaging
technology, such as lattice light-sheet microscopgy reveal insights in Lck behavior when
a T cell is in contact with antigen-presenting .cell

Dual-state search strategies have previously beemodstrated in other systems (52). For
Lck, this strategy could entail a confined statat tborresponds to high Lck activity while
probing the local environment for substrates amtiffasive state that enables the kinase to
distribute quickly over the entire membrane. Sudaffual-state search strategy may account
for the high fidelity of Lck-mediated phosphorytati of the available TCR-CD3 complexes
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while also retaining high signaling sensitivity whemembrane-detached cytosolic tails of the
CD3 complex are limited. The former would be megslilaby the high enzymatic activity in
Lck clusters while the high level of diffusion otk in the closed state would enable the
latter. In conclusion, a dual-state search stratagyitated by the behavior of individual Lck
molecules may be a regulatory mechanism in T céNation.
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Supplementary Materials

Fig. S1TCR phosphorylation, calcium fluxes and CD69 exgi@sin resting and activated T
cells.

Fig. S2Relationship between Lck diffusion coefficient asawhfinement

Fig. S3 Diffusion coefficients histograms of wtlLck, Lck1ld,ckY505F, LckY394F,
LckK273R and LckK273R, Y505F in stimulated and irggtlurkat cells

Fig. S4lllustration of confinement ratio analysis
Fig. S5Comparison of confinement analysis result

Fig. S6 Comparison of confinement analysis result of wHRkmCherry, LckK273R-
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Movie S5
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Resting T cells

Stimulated T cells

wtLck-PAmCherry

D =1.16 uhs'(1.15-1.17)
Confined: 26.4% (26.1-26.7)
Ntotal = 34,309
Nimmbole = 2.929 (854%)

D =0.69 pms*(0.68-0.7)
Confined: 31.0% (30.6-31.3
Niota = 21,065

Nimmbole = 2,508 (1191%)

Lck10-PAmCherry

D = 2.15 phs* (2.14-2.17)
Confined: 14.7% (14.5-15.0
Niotal = 53,357
Nimmobile = 805 (1.51 %)

D = 2.08 ums*(2.07-2.09)
Confined: 14.0% (13.7-14.2)
Niota) = 67,352

Nimmbole = 1,526 (2.27 %)

Lck ™% -PAmCherry

D = 0.95 pfrs* (0.94-0.96)
Confined: 30.0% (29.7-30.2)
Niow = 41,127
Nimmbole = 3.650 (887%)

D =0.65 ums" (0.64-0.66)
Confined: 29.9% (29.6-30.11)
Ntotal = 32,024

Nimmbole = 4,467 (1395%)

Lck™***-PAmCherry

D = 1.24 pfrs” (1.22-1.26)
Confined: 26.2% (25.9-26.6)
Niota = 21,309
Nimmboie = 1,350 (6.34%)

D =0.88 ums" (0.87-0.89)
Confined: 26.1% (25.9-26.3)
Ntotal = 32,477

Nimmbole = 2,921 (8.99 %)

Lck“*"*"-PAmCherry

D =1.13 pfrs* (1.12-1.15)
Confined: 25.6% (25.4-25.9)
Niotar = 31,025
Nimmbole = 2,251 (7.26 %)

D =0.82 ums" (0.81-0.83)
Confined: 25.8% (25.6-26.1)
Ntotal = 26,059

Nimmbote = 2,479 (9.51 %)

L cK@T3R. Y505|_PAmCherry

D = 0.51 pfs" (0.5-0.51)
Confined: 23.3% (23.1-23.5)
Ntotal = 35,712
Nimmbole = 4,945 (1385%)

D =0.41 pyms™ (0.41-0.42)
Confined: 27.0% (26.8-27.2)
Ntotal = 50,734

Nimmbole =9,168 (1807%)
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708 Table 1: Diffusion coefficients and confinement ofwild-type Lck, Lck10 and Lck mutations
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713

obtained by single particle tracking. Average diffusion coefficientD, and percentage of
confinement were extracted from the single partastalysis for Lck and Lck10 in Jurkat cells on
resting and stimulating surfaces. 95% confidendeegare listed in bracketsf\ refers to the total
number of trajectories detected prior to analysislding immobile trajectories) andiMNopie iS the
number of immobile particles that were excludedrfithe analysis. The percentage gfdbie /Niotar
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Figure Legends

Fig. 1 Lck switches between free and confined stae(A) Lcons acquired for Lck10-
PAmCherry in resting Jurkat cells (purple), wtLchR#RCherry in stimulated Jurkat cells
(orange) and wtLck-PAmCherry in fixed cells (cyandrmalized to peak value. The dashed
vertical line marks the threshold where a partweses to be considered confined, i.e., if it had
three or more consecutive steps with ann.ivalue greater than that thresho(@) An
experimental trajectory decomposed to free (mageatd confined (cyan) states, with the
confinements highlighted in yellow circle§C) Time evolution of ko values for the
trajectory in (B) with the threshold marked with amange dashed line and the confined
periods with a yellow shad€D) Trajectory decomposition maps of wtLck-PAmChemyai
stimulated live cells (left) and fixed Jurkat ce{tgght) Free periods are colored magenta,
whereas confined periods are colored cyan. Scale Baum.(E) 5 um by 5 pm zoomed-in
regions of interest in (D) (top — live, bottom xdd). Scale bar = 1 um.

Fig. 2 wtLck-PAmCherry is more confined in stimulated cells (A) Representative
stimulated and resting Jurkat E6-1 cells expressithgk-PAmCherry. The left panels show
bright field images of the cells with detectedddpries overlaid, color-coded according to
their initial diffusion. The right panels show tlree (magenta) and confined (cyan) modes of
diffusion. Scale bar = 5 um. Bottom: diffusionstbgram corresponding to the cells above,
sharing mutual color-codingB) Lcont histograms for wtLck-PAmCherry in resting (orange)
and stimulated (blue) cell&C) Histograms of the fraction of confined wtLck-PAmQ@te
molecules obtained for 13 stimulated (blue) andekting (orange) Jurkat cells. Box plot
shows the median. Notch 95% confidence interval,dutges first and third quartile, lines
Tukey's fences, **** £0.00001.

Fig. 3 Lck10-PAmCherry demonstrates free-diffusionn resting and stimulated calls

(A) Representativetimulated and resting Jurkat E6-1 cells expressakd.0-PAmCherry.

The left panels show bright field images of thdscelith detected trajectories overlaid, color-
coded according to their initial diffusion. Thehtgpanels show the free (magenta) and
confined (cyan) modes of diffusion. Scale bar =n&. Bottom: diffusions histogram
corresponding to the cells above, sharing mutularamding.(B) Lcont histograms for
Lck10-PAmCherry in resting (orange) and stimulgtade) cells(C) Histograms of the
fraction of confined Lck10-PAmCherry molecules obéal for 19 stimulated (blue) and 15
resting (orange) Jurkat cells. Box plot shows tleelian. Notch 95% confidence interval, box
edges first and third quatrtile, lines Tukey's fesiaes. p>0.01.

Fig. 4 Lck™®"-PAmCherry is equally confined in stimulated and reting cells (A)
Representativetimulated and resting Jurkat E6-1 cells expressutg>*>-PAmCherry. The
left panels show bright field images of the cellshwdetected trajectories overlaid, color-
coded according to their initial diffusion. The higpanels show the free (magenta) and
confined (cyan) modes of diffusion. Scale bar = . pBottom: diffusions histogram
corresponding to the cells above, sharing mutuédramding. (B) Lcons histograms for
Lck™%F-PAmCherry in resting (orange) and stimulated (plels. (C) Histograms of the
fraction of confined Lck’®*-PAmCherry molecules obtained for 14 stimulatedigpland 18
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resting (orange) Jurkat cells. Box plot shows tleglian. Notch 95% confidence interval, box
edges first and third quatrtile, lines Tukey’s fesiaes. p>0.01.

Fig. 5 Lck™**-PAmCherry is equally confined in stimulated and reting cells (A)
Representativetimulated and resting Jurkat E6-1 cells expressuotg***-PAmCherry. The
left panels show bright field images of the cellshwdetected trajectories overlaid, color-
coded according to their initial diffusion. The higpanels show the free (magenta) and
confined (cyan) modes of diffusion. Scale bar = . pBottom: diffusions histogram
corresponding to the cells above, sharing mutuddramding. (B) Lcons histograms for
Lck"*¥*F-PAmCherry in resting (orange) and stimulated (plels. (C) Histograms of the
fraction of confined Lck***-PAmCherry molecules obtained for 16 stimulatedgpland 14
resting (orange) Jurkat cells. Box plot shows tleglian. Notch 95% confidence interval, box
edges first and third quatrtile, lines Tukey’s fesiaes. p>0.01.

Fig. 6 Confinement analyses for Lck?”*R-PAmCherry and Lck ?"3R Y°%F.pamCherry

in stimulated and resting cells (A) Representativetimulated and resting Jurkat E6-1 cells
expressing Lcf"*RPAmCherry and L3R "*°*EpAmCherry. The left panels show bright
field images of the cells with detected traject®rerlaid, color-coded according to their
initial diffusion. The right panels show the fremggenta) and confined (cyan) modes of
diffusion. Scale bar = 5 um. Bottom: diffusionstbgram corresponding to the cells above,
sharing mutual color-codingB) L con histograms for Lcf¢”*R-PAmCherry and Lcfé"3R
Y305 p AmCherry in and stimulated cells. (orange, bjugple and yellow, respectively(C)
Histograms of the fraction of confined L'@&**PAmCherry molecules obtained for 12
stimulated (blue) and 14 resting (orange) Jurkbs emd histograms of the fraction of
confined LcK?"3R Y5%Ep AmCherry obtained for 8 stimulated (yellow) ance8ting (purple)
Jurkat cells. Box plot shows the median. Notch @#tfidence interval, box edges first and
third quartile, lines Tukey’s fences, , ***48.00001, n.s. p>0.01.

Fig. 7. Lck molecules switch between a confined aricee diffusion modes.Lck

(illustrated in blue) exists in two main confornmats: a closed conformation characterized by
low catalytic activity and mediated by intramoleauinteractions; and an open conformation
characterized by high catalytic activity and frd¢2Sand SH3 domains. Our data propose that
the closed conformation diffuses unimpeded (pulipk, whereas the open conformation
interacts with other membrane proteins (illustrategreen) via SH2 and SH3 domain
mediated interactions and becomes confined (yetiosles) through rapid rebinding (teal
line). This may result in a dual-stage searchegatvhere free diffusion allows Lck to
relocate over large membrane areas while confinemehe open conformation enables high
substrate phosphorylation rates.
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