O© 0o ~NO Ol P~ WDN P

el i e
O~ WNRO

e
~N o

18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Clugtering-based postive feedback between a kinase and itssubgr ate enables

effective T-cdll receptor sgnaling

Elliot Dine!, Ellen H. Reed*?, Jared E. Toettcher'?

! Department of Molecular Biology
Princeton University, Princeton NJ 08544

2 |RCC International Research Collaboration Center
National Institutes of Natural Sciences
4-3-13 Toranomon, Minato-ku, Tokyo 105-0001, Japan

Corresponding Author and Lead Contact:
Jared E. Toettcher

Lewis Thomas Laboratory Room 140
Washington Road

Princeton, NJ 08544

609-258-9243 (phone)

609-258-1894 (fax)
toettcher@princeton.edu


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

35

36

37

38

39

40

41

42

43

45

46

a7

48

49

50
51
52
53
54
55
56

available under aCC-BY-NC-ND 4.0 International license.

Abstract

Protein clusters and condensates are pervasive in mammalian signaling. Y et how the signaling
capacity of higher-order assemblies differs from ssimpler forms of molecular organization is still
poorly understood. Here, we present an optogenetic approach to switch between light-induced
clusters and simple protein heterodimers with a single point mutation. We apply this system to
study how clustering affects signaling from the kinase Zap70 and its substrate LAT, proteins that
normally form membrane-localized clusters during T cell activation. We find that light-induced
clustersof LAT and Zap70 trigger potent activation of downstream signaling pathways even in
non-T cells, whereas one-to-one dimers do not. We provide evidence that clusters harbor a local
positive feedback loop between three components. Zap70, LAT, and Src-family kinases that bind
to phosphorylated LAT and further activate Zap70. Overall, our study provides evidence for a
specific role of protein condensates in cell signaling, and identifies a simple biochemical circuit

that can robustly sense protein oligomerization state.

Highlights

- A general system for studying therole of protein clusters versus dimers.

- Membrane clusters of the kinase Zap70 and its substrate LAT trigger potent downstream
signaling.

- Clustering Zap70 with LAT is required for full activation of Zap70 kinase activity.

- A positive feedback loop connects phosphorylated LAT to Zap70 activation via Src-family
Kinases.
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I ntroduction

Many cell signaling processes involve the dynamic assembly and disassembly of protein
clusters. In some cases, such as Notch/Delta complexes' and death receptor signaling?, clusters
may emerge due to higher-order oligomerization of the receptor itself upon ligand binding. In
others (e.g. receptor tyrosine kinases; the Wnt signalosome), clustering emerges from the
convergence of adaptor proteinsthat bind via modular, multivalent interaction domainsto form
liquid or gel-like condensates in response to ligand stimulation®. Recent advances in imaging
have established that that protein clustering can accompany signaling pathway activation in
vivo™®, and biochemical reconstitution experiments demonstrate kinase-triggered clustering of
minimal sets of componentsin vitro”®, suggesting that mesoscale protein assemblies are

fundamental to eukaryotic cell signaling.

Y et akey question remains: do clusters play an active role in shaping signaling responses, or
do they simply emerge as an unavoidable byproduct of the weak multivalent interactions that
occur between signaling proteins'®? Discriminating between these two possibilities presents a
challenging problem. The protein-protein interaction domains that typically drive clustering also
perform other essential signaling functions (e.g., recruiting enzymes to their substrates);
therefore, one cannot just delete these domains and assume that the resulting signaling
deficiencies are caused by aloss of clustering. The recent development of chemical biology and
optogenetic tools for inducing protein clustering offers a potential solution***’. By triggering the
assembly of clusters containing selected proteins of interest and comparing to other forms of
molecular interaction (e.g., 1-to-1 heterodimers), we might directly test for the functional

consequences of clustering. Such user-defined “signalosomes’ could also prove useful to the
3
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80 synthetic biologist, enabling the clustering of defined proteinsto confer specific signal
81  processing functions'®*°,
82
83 Here, we define the biochemical function of protein clustering in one specific cellular
84  context: the phase separation of two proteins, Zap70 and Linker of Activated T-cells (LAT), that
85 areessential for linking the activation of the T cell receptor to downstream signaling pathways.
86  Following activation of the T cell receptor, the kinase Lck phosphorylates Zap70, which goes on
87  to phosphorylate the membrane-tethered scaffold protein LAT®. LAT isatyrosine rich protein
88 that, when phosphorylated, can undergo liquid-liquid phase separation due to interactions with
89  other multivalent signaling proteins: Grb2, SOS, and PLCy"%#* (Figure 1A). It was previously
90  shown that three tyrosine-to-phenylalanine mutations on LAT is sufficient to abolish both
91 clustering and prevent Erk activation and intracellular calcium release. However, LAT tyrosines
92 areaso needed to recruit Grb2 and PLCy to the membrane, without which downstream signaling
93  cannot proceed®, limiting our ability to understand the functional role of LAT clustering from
94  thistype of experiment.
95
96 Our am was to precisely define the contribution of protein clustering inaminimal T cell
97  activation module — the interaction between the kinase Zap70 and its substrate LAT —to relate
98 theformation of specific molecular assembliesto the cell’ s resulting signaling state (Figure 1A).
99  We engineered optogenetic variants of Zap70 and LAT whose 1-to-1 dimerization or assembly
100 into droplets could be switched with a single point mutation, and tested their sufficiency for
101 signaling in fibroblasts that lack other T cell-specific signaling componentsto eliminate other

102  clustering stimuli (e.g., clusters of the T cell receptor itself). Remarkably, Zap70:LAT clusters
4
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103  werefully competent to trigger downstream Erk and calcium signaling, whereas Zap70:.LAT
104  heterodimers produced no signaling response. Subsequent experiments and computational

105 modding revealed that clustering-induced signaling requires a 3-component positive feedback
106 loop between Zap70, its substrate LAT, and a Src-family kinase whose recruitment to LAT
107  enablesfurther activation of Zap70. Our results suggest that the dual ability of Src to bind

108 phospho-tyrosines and phosphorylate nearby proteins forms a circuit that is highly sensitive to
109 changesin protein oligomerization state, providing arobust clustering-based signaling switch
110 that may be broadly used by endogenous signaling systems and could also find application in

111  synthetic kinase-based circuits.

112

113 Results

114  An optogenetic platform for directing Zap70:L AT dimerization ver sus condensation

115 Our first goal was to create optogenetic tools that could be used to acutely trigger distinct
116  modes of interaction between Zap70 and LAT: forming either one-to-one Zap70:LAT

117  heterodimers or higher-order clusters of heterodimers upon illumination. Ideally, such a system
118  would enable the experimentalist to toggle between dimers or cluster-of-dimers without

119 changing any other parameters of the system (Figure 1B-C). To accomplish this goal, we

120  outfitted LAT with two optogenetic systems to independently control its dimerization with

121  Zap70 versus assembly into higher-order clusters. For Zap70:LAT dimerization, we turned to the
122 iLID-SspB system®, which forms one-to-one heterodimers with a binding affinity of ~100 nM in

123 responseto bluelight”*?*. For LAT clustering, we took advantage of the optoDroplet system,
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Figure 1: Development of optogenetic systems to compare Zap70:LAT oligomerization states. (a) Cartoon
depicting the known TCR pathway and the role of protein phosphorylation and Zap70:LAT clustering in
activating downstream signaling pathways. In this study, we use optogenetic tools to plug in a the step of
Zap70:LAT clustering and see how different forms of the Zap70:LAT interaction affect downstream signaling. (b)
Design of the optogenetic congtructs to compare dimerization and clustering of Zap70 and LAT. iLID-Only
construct contains a mutation in Cry2 (D387A) tha prevents light-dependent homo-oligomerization;
tRFP=TagRFP. (c¢) Cartoon of what occurs upon light stimulation of the optogenetic constructs shown in b.
Adapted from Ref. 20. (d) Images of Zap70 tagged with TagRFP localization in NIH-3T3 cells taken at two
different planes with spinning disk confocal imaging. Gray border indicates images taken prior to blue light
illumination, and blue border indicates images taken following 5 minutes of stimulation. Scale bars = 20 pm.
Note: because TagRFP brightness is increased by blue light illumination, images were auto-scaled independently
before and after light stimulation. (€) Quantification of the change in cytosolic fluorescence across 15 minutes of
blue light illumination in both iLID-Only and iLID-Drop cells. n = 20 cells in both conditions. (f) Quantification
in change of the coefficient of variation (CV) of TagRFP intensity for images taken in the membrane plane during

124 15 minutes of blue light illumination. n = 20 cells in both conditions.
125  which can be used to trigger membrane-localized protein droplets upon blue light

126  stimulation’®"". Crucially, a single point mutation in the Cry2 component of optoDroplets (Cry2
127  D387A%) rendersit completely insensitive to blue light, preventing cluster formation®. We thus

128  engineered two DNA constructs: one that expresses that expresses a LAT-iLID-optoDroplet
6
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fusion protein with a fluorescent, SspB-tagged Zap70 (termed “iLID-Drop”), and onethat is
identical except for the light-insensitive point mutation in the optoDroplet system (termed “iLID-
Only”) (Figure 1B,C). We reasoned that this matched pair of systems constituted an ideal test
case because Zap70:LAT dimerization would be controlled by identical iLID-SspB interactions
both cases, with only the additional clustering of Zap70:LAT heterodimers depending on the

functionality of the optoDroplet system.

Weiinitially set out to test whether theiLI1D-Drop and iLID-Only tags could indeed drive
different forms of Zap70:LAT interactions. We transduced NIH-3T3 cells with lentiviral vectors
expressing one or the other, sorted them for the same TagRFP levels to ensure closely-matched
expression in both cell lines (Figure S1A-C), and imaged the resulting cell lines by confocal
microscopy. We observed rapid cytosolic depletion of TagRFP fluorescence upon illumination in
both iLID-only and iLID-Drop cells, consistent with recruitment of cytosolic TagRFP-SspB-
Zap70 to membrane-localized LAT-ILID (Figure 1D-E, Movie S1). Only iLID-Drop cells
exhibited nucleation and growth of small membrane-localized TagRFP clusters (Figur e 1D;
Movie S1-2), an effect that could be quantified by measuring the variance of TagRFP pixel
intensities at the plasma membrane over time (Figure 1F). Despite similar initial kinetics of
cytosolic depletion between cell lines, we observed some additional cytosolic depletion of Zap70
iniLID-Drop cells on the same timescale as membrane clustering (Figur e 1E), suggesting that
Zap70:LAT clusters may increase Zap70’ s retention at the membrane as previously observed on
supported lipid bilayers®?’. Nevertheless, any differencesin Zap70 cytosolic depletion were
minor compared to the variability in expression levels between cells (compare cellsin Figure

1D; lower-left panels). Overall, our resultsindicate that both theiL1D-Drop and iLID-only
7
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152  systemsrecruit Zap70 to LAT, but only iLID-Drop induces the formation of membrane-localized
153  Zap70:LAT clusters. These differences in molecular organization are achieved using asingle
154  point mutation and at identical expression levels, thereby providing a controlled platform for

155  assessing the functional consequences of clustering.

a
ErkKTR GCaMP Figure 2. Clustering but not
heterodimerization of Zap70 and
- “"’ LAT induces signaling. (a) Images
NIH3T3 cells expressing iLID-Only
il and iLID-Drop constructs. Images are
iLID-Drop : representative of pre- and post-
LAT-Zap70 stimulation responses. Scale Bar = 20
clusters pm. (b-c) Quantification of cytosolic
to nuclear (C/N) ratio for ErkKTR
irFP and GCaMP fluorescence fold
change for iLID-Only and iLID-Drop
. expressing cells. Data shows time
iLID-Only courses (in b) and area under the
dll_n%l‘lréaa%g curve (in ¢) for n > 50 cells from 4
different experiments for each cell
line. For c, boxes represent 25th —
b g = iLIDDIOp —LD-Drop 75th percentile and whiskers show
== iLID-Only ==iLID-Only the minimum and maximum values.
ErkKTR GCaMP Statistical ~ significance  computed
C/N1+ fold 34 i: t},:.‘ \ from 4 independent experiments
ratio change using Student’s T test with ** = p <
0 T T 1 0 T T 1 0.0land *** = p<0.001.
c 0 5 10 15 0 5 10 15
time (min) time (min)
iLID-Drop 4 —{—— iLID-Drop- H— 7.
E i
iLID-Only — |_|_| iLID-Only
I | |
0 75 150 0 200 400
ErkKTR C/N ratio AUC GCaMP intensity AUC

156

157  Zap70:LAT clustersbut not heter odimer s activate downstream signaling pathways

158 How does dimerization vs clustering of LAT and Zap70 affect the activation of downstream
159  signaling pathways? To address this question, we set out to monitor downstream signaling in
160 iLID-Only andiLID-Drop fibroblasts. Fibroblasts are an ideal cellular context for this study, as

161 they lack T cell-specific components that could trigger clustering independently of our
8
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162  optogenetic systems?®, but still harbor intact downstream MAPK and calcium signaling for

163  monitoring downstream cellular responses. We thus expressed the iLID-Drop and iLID-Only
164 systemsin NIH-3T3 mouse fibroblasts that were also engineered to express live-cell biosensors
165 of downstream signaling: the Erk Kinase Translocation Reporter (ErkKTR) and GCaM P6f

166  (Figure 2A-B). The ErkKTR leaves the nucleus upon activation of Erk signaling®, while

167  GCaMP6f (GCaMP) becomes much brighter upon release of Ca?* from stored vesicles™.

168

169 Wefirst generated a single NIH-3T3 cell line expressing both irFP-tagged ErkK TR and

170 GCaMP, and then transduced and sorted for identical expression levels of either our red

171  fluorescent Zap70:LAT ILID-Drop and ILID-Only constructs (Figure S1C). Both cell lines were
172  plated, washed and starved in serum-free media for 2 hours, and monitored for Erk and calcium
173  responses after blue light stimulation (Figure 2A). Light-stimulated iLID-Drop cells exhibited
174  near-complete export of ErkKTR-irFP from the nucleus and repeated spikes of GCaM P

175 fluorescence, indicative of strong Erk and calcium signaling responses, within minutes after blue
176  light illumination (Figure 2A-B, Movie S3). No such responses were observed in iLID-Only
177  cdls, despite smilar light-induced translocation of Zap70 to the cell membrane (Figure 2A-B,
178 Movie $4). We used the area under the curve (AUC) of biosensor activity in each cell to quantify
179  and compare responses, revealing significant increases for both Erk and calcium signaling in
180 iLID-Drop céls as compared toiLID-Only cells (Figure 2C). Taken together, our data indicates
181 that membrane-localized clusters of Zap70 and LAT are sufficient to trigger Erk and calcium
182  signaling responses even in non-T cells, whereas Zap70:LAT heterodimers do not.

183
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Phosphorylation and activation of Zap70 isthe key clustering-dependent step

We next sought to identify the biochemical steps that are activated by Zap70:LAT clustering
to trigger downstream signaling. Membrane clusters have been suggested to play many distinct
and separable functions, such as enhancing reaction rates by increasing local concentration,
excluding negative regulators to locally increase the levels of phosphorylated species, or even
altering the processivity of akinase for its substrate to drive efficient multi-site
phosphorylation®®, As afirst step towards identifying the mechanism for clustering-induced
signaling, we monitored each of the steps normally associated with Zap70/LAT activation
(Figure 3A). During T cell activation, the Zap70 kinase is first activated by phosphorylation at
Tyr319. Activated Zap70 then phosphorylates LAT on four sites, three of which (Tyrl71,
Tyr191 and Tyr226) are rapidly phosphorylated and one of which (Tyr132) is phosphorylated
more slowly and has been proposed to serve as the kinetic proofreading step for responding only

to high-affinity TCR-ligand interactions™>"*°,

To test which stepsin the Zap70:LAT cascade were dependent on light-induced clustering,
we quantified Zap70 Tyr319, LAT Tyr191, and LAT Tyr132 phosphorylation under dark and
illuminated conditions. We found that all three sites were phosphorylated in a light-dependent
manner in iLID-Drop celsbut not iniLID-Only cells, suggesting that clustering is required even
for the top-most phosphorylation event in the Zap70:LAT cascade: activation of Zap70 itself
(Figure 3B-C). We further confirmed that clustering-specific phosphorylation of Zap70, LAT,
and downstream signaling proteins could be observed in human-derived HEK-293T cells,
demonstrating that our results were not specific to asingle cell line and applied to cells of both

mouse and human origin (Figure S2). Finally, to confirm that Zap70’s Tyr319 phosphorylation
10
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Figure 3. Clustering is required for light-induced Zap70 and LAT phosphorylation. (a) Cartoon representing
the three steps of Zap70:LAT interaction. Zap70 is first activated by phosphorylation on Tyr319, and then rapidly
phosphorylates LAT at Tyr171, 191, and 226. Finally, Zap70 slowly phosphorylates Tyr132 on LAT. (b) Western
blot and quantification of phospho-LAT at positions Y132 and Y 191 in the dark and after 20 minutes of blue light
stimulation. (c) Western blot and quantification of pY319-Zap70 in the dark and after 20 minutes of blue light
stimulation. (d) Schematic of the LAT-Zap70 cascade showing expected modes of action of two optogenetic control
schemes: clustering of LAT and Zap70 versus dimerization between LAT and Zap70**°, In the latter case, the
activating Zap70 mutation would bypass the requirement for Zap70 phosphorylation, potentialy enabling LAT
phosphorylation from dimers alone. (€) Cartoon of iLID-Only Zap70 K362E. (f) Quantification of Western blots for
pY 191 and pY 132 LAT in cells expressing iLID-Only Zap70 K362E. (g) Quantification of the integrated area-
under-the-curve of signaling responses from ErkK TR-irFP (C/N ratio) and GCaMP (fold change). Boxes represent
25th — 75th percentile and whiskers show minimum and maximum values. n > 30 data points are shown from 3
different experiments for al cell lines. Graphs display mean + SEM and independent biological replicates (points).
All statistical comparisons were performed using the Student’s T test using all independent biological replicates. * =

07  P<005**=p<00L,***=p<000land**** = p<0.000L

11


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

available under aCC-BY-NC-ND 4.0 International license.

isindeed necessary for downstream signaling, we mutated this residue to phenylalanine, and
found that it abolished downstream signaling in illuminated iLID-Drop cdlls (Figure S3A-B),
consistent with prior reports that phosphorylation at this residueis required for Zap70 activation

and downstream signaling®.

Our dataindicates that clustering is required for theinitial step of Zap70 phosphorylation and
activation, but is thisits only role? We reasoned that if clustering isonly required for Zap70
activation, then a constitutively-active Zap70 variant should be able to dicit afull signaling
response even in iLID-Only cells. We thus established an iLID-Only NIH-3T3 cell lineusing a

previously characterized Zap70 allele, Zap70***

, that exhibits weak constitutive activity even
in the absence of its phosphorylation® (Figur e 3E). Light stimulation of iLI1D-Only Zap70%*%%*
cellstriggered LAT phosphorylation at all tyrosine residues tested (Figur e 3F), and we observed
downstream signaling that generally matched what was observed in iLID-Drop cells (Figure 3G,
Movie Sb). Taken together, these data demonstrate that light-induced clustering is required for
initiation of signaling in the minimal Zap70/LAT module, and that the requirement for clustering
can be bypassed by providing a constitutively active Zap70. These data also congtitute an
important control, ruling out the possibility that the iLID-Only system is incapable of triggering

downstream signaling — for example, if the complexesinduced by iLID-SspB dimerization were

somehow incapable of supporting Zap70-to-LAT phospho-transfer.

Clustering-induced Zap70 activation requires both kinase activity and substrate resdues
What occurs within Zap70:LAT clusters to promote Zap70 phosphorylation? To gain insight

into this process, we set out to establish the requirements for clustering-based signaling using
12
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231 LAT and Zap70 mutant variants. We first tested whether Zap70 kinase activity is required by
232 constructing an iLID-Drop variant containing a kinase-dead Zap70 mutant -- Zap70 K369R™.
233  Thiskinase-dead variant failed to induce Zap70 phosphorylation, even though illumination still
234  produced membrane-associated Zap70:LAT clusters, indicating that Zap70 phosphorylation

235  depends on Zap70 kinase activity (Figure 4A-B). We also tested whether Zap70 phosphorylation
236  required the presence of LAT as a substrate. We thus engineered an iLID-Drop variant in which
237  LAT wasreplaced by avariant (LAT™) lacking the tyrosines that serve as the first substrates for
238  Zap70 phosphorylation”®?%. Again, no light-induced increase in Zap70 phosphorylation was
239  observed in LAT™ iLID-Drop cells, despite light-induced Zap70 membrane localization and
240  clustering (Figure 4C-D). iLID-Drop variants harboring each single Y -to-F mutation in LAT
241  dtill robustly triggered downstream signaling (Figure S3C), as has been observed in T célls,

242  suggesting that the requirement is not restricted to any single Tyr residue®.

243

244 Taken together, our data shows that only clusters containing catalytically active Zap70 and
245  phosphorylatable LAT can be fully activated. The dependency of an upstream event (Zap70

246  phosphorylation) on downstream attributes (Zap70 kinase activity and a phosphorylatable LAT
247  subdtrate) isindicative of a positive feedback loop operating within Zap70:LAT clusters (Figure
248  4E). Thisfeedback loop may operate as follows: alow amount of basally-phosphorylated Zap70
249  phosphorylates LAT within the cluster, which — through an as-yet-undefined mechanism —

250 triggers additional phosphorylation and activation of Zap70. Fully-active Zap70 further

251 phosphorylates LAT, culminating with the activation of downstream signaling pathways.

252

253
13
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Figure 4. Postive feedback links Zap70 kinase activity and LAT substrate phosphorylation with further
Zap70 activation. (a) Images of TagRFP-labeled, kinase-dead Zap70**R mutant (Zap70“P) in iLID-Drop cells.
Images show cytosolic and membrane planesto capture both clustering and cytosolic depletion of Zap70, before and
after light stimulation (blue and gray borders, respectively). Scale bars = 20 um. (b) Western blot and quantification
of pY319-Zap70 in the dark and after 20 minute of blue light stimulation for wild-type iLID-Drop and Zap70KD
iLID-Drop. (c) Images of TagRFP-Zap70 localization in LAT™" (LAT Y171F, Y191F, Y226F) iLID-Drop cells.
Images were taken as in a. (d) Western blot and quantification of pY 319-Zap70 in the dark and after 20 minutes of
blue light stimulation for wild-type and LAT™" iLID-Drop cells. (€) Cartoon of positive feedback loop that occurs
between LAT and Zap70 phosphorylation inside the iLID-Drop clusters. No increase in pZap70 is observed in either
Zap70<® or LAT™ cells, demonstrating that this upstream even depends on downstream steps, a diagnostic sign of
positive feedback. Note for panels a and ¢: because the brightness of TagRFP is increased by blue light illumination,
images were auto-scaled separately before and after light stimulation. Graphs display mean + SEM and independent
biological replicates (points). All statistical comparisons were performed using the Student’s T test using al
independent biological replicates. * = p< 0.05, ** = p< 0.01, *** = p<0.001 and **** = p < 0.0001.

254

255  Src-family kinasesimplement feedback linking LAT phosphorylation to Zap70 activation

256 We next sought to identify the kinase that mediates Zap70 phosphorylation within

257 membrane-associated Zap70:LAT clusters. During T cdll activation, Zap70 Tyr319is

258  phosphorylated by the Src-family kinase Lck®"#L. Although NIH-3T3 and HEK-293T cells do
259  not normally express Lck, they do possess general-purpose Src-family kinases (Src, Yes and
260  Fyn) that we reasoned could play an analogous role in illuminated iLID-Drop cells. While Src-

261 family kinases are required for establishing an initial pool of phosphorylated, active Zap70,

14
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262  whether they play additional roles in membrane-localized signaling clusters independently of the
263 T cdl receptor remains unclear.

264

265 We began by testing whether light-induced Zap70 phosphorylation in NIH-3T3 cells depends
266  on Src-family kinase (SFK) activity using the small-molecule kinase inhibitors PP1 or PP2 to
267  inhibit SFK activity (Figure 5A). Indeed, we observed that these inhibitors eliminated Zap70
268  Tyr319 phosphorylation in al conditions (Figure 5B). For cleaner control over SFK activity, we
269  next expressed theilLID-Drop system in “SYF’ mouse embryonic fibroblasts that were

270  engineered to lack all three ubiquitous SFKs, Src, Yes and Fyn®. Just asin the PPL/PP2

271  experiments, we found that clustering-induced Zap70 phosphorylation was completely abolished
272 in SYF fibroblasts regardless of illumination conditions but was fully restored by expression of
273  Src (Figure 5C-D). This restoration required Src kinase activity, as SYF iLID-Drop cells

274  expressing akinase-dead Src allele (Src K297R*) also failed to produce Zap70 phosphorylation
275 (Figureb5D).

276

277 To further probe the generality of our results, we characterized the dependence of clustering-
278  induced signaling on the identity and expression levels of the Src-family kinases present in our
279  experiments. Wefirst tested whether any of three different SFKs (Src, Fyn or Lck) were

280 similarly capable of rescued clustering-induced signaling. Indeed, we found that iLID-Drop SYF
281 celsexpressing Src, Fyn or Lck triggered similar levels of Erk and calcium signaling (Figure
282  5E-F). Second, we compared the expression levels of our Src-transduced SYF cellsto

283  endogenous Src expression in NIH-3T3 cells by Western blotting. We observed that Src-

284  transduced SYF cells expressed ~100-fold higher levels of Src than NIH-3T3s cells (Figure
15
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Figure 5. Positive feedback driven Zap70 activation depends on Src-family kinase (SFK) activity. (a)
Schematic of treatment with the SFK inhibitors PP1 or PP2 in NIH-3T3 iLID-Drop cells. (b) Western blot and
guantification of phospho-Zap70 after 20-minute treatment with PP1 and PP2 versus DM SO. Results from dark
(gray) and light-stimulated (blue) cells are shown. (¢) Schematic of experiments in iLID-Drop SYF cells. (d)
Western blot and quantification of pY 319-Zap70 in parental SY F cells or SYF cells expressing Src or a kinase-dead
Src alele (Src*®™), (ef) Area under curve of ErkKTR-irFP (C/N ratio; in €) or GCaMP (fold change; in f) for
iLID-Drop SYF cells. Boxes represent 25th — 75th percentile and whiskers show minimum and maximum values. n
> 20 cells from 2 different experiments. (g) Schematic showing two steps in the LAT-Zap70 feedback circuit where
SFK activity may be required. (h) Schematic of experiments in Src**#2 iLID-Drop SYF cells. (i) Western blot and
quantification of pY319-Zap70 in SYF MEFs with Src or Src**"?* added back. Graphs display mean + SEM and
independent biological replicates (points). All statistical comparisons were performed using the Student’'s T test
using all independent biological replicates. * = p< 0.05, ** = p<0.01, *** = p < 0.001 and **** = p < 0.0001.
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285
286 SAA-B). Nevertheless, pathway activation still robustly depended on cluster formation, asiLID-

287  Only expressing SY F-MEFs failed to mount asignaling response (Figure $AC). Taken together,

288  our datademonstrate that Src-family kinase activity is essential for Zap70 activation and LAT
16
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289  phosphorylation in NIH-3T3 cells, and that this effect appears to be robust across different Src-
290 family kinase family members and awide range of their expression levels.

291

292 Based on our data and classic studies of Zap70 activation®”**, we envisioned two potential
293  rolesthat Src-family kinases might play in our system. First, leaky SFK activity may be required
294  to providean initial basal level of Zap70 phosphorylation, an effect that we observed in dark
295 iLID-Drop andiLID-Only cells throughout our study (Figure 3C an 5D). Thisleaky activity
296 may beaprerequisite for initial Zap70 phosphorylation of LAT, which might then be amplified
297 by SFK-independent positive feedback to generate full phosphorylation of Zap70. Second, SFK's
298 may aso directly participate in positive feedback by binding to phospho-LAT and then

299  phosphorylating nearby Zap70 molecules, further increasing Zap70 activity and LAT

300 phosphorylation (Figure 5G). This second possibility is supported by structural studies of Src
301 activation: Src contain an SH2 domain that can lock it in an auto-inhibited conformation until it
302  bindsto pTyr residues, which both tethers Src to a potential substrate and increasesiits activity™.
303 Thebinding of an SFK’s SH2 domainto LAT’ s pTyrs, possibly strengthened further by binding
304  between the SFK’s SH3 domain and a proline-rich motif on LAT®, could thus trigger

305 recruitment and local activation of Src-family kinases within the cluster, driving further Zap70
306 and LAT phosphorylation in a positive feedback loop**°,

307

308 To separate these two potential functions of SFK's, we set out to introduce a “ feedback-

309  disconnected” Src variant that could still drive basal Zap70 phosphorylation but not participate in
310 positive feedback within Zap70:LAT clusters. To do so we deleted the SH2 and SH3 domains

311  from our previously made BFP-tagged Src (Src**"?2.BFP). This Src variant should lack all
17
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312  autoinhibitory interactions and so exhibit high activity, supporting basal Zap70 phosphorylation.
313 However, it should also lack any protein association domains for recruitment to phospho-LAT,
314  thereby blocking any potential role in cluster-localized positive feedback (Figure5H). We

315  engineered iLID-Drop SYF fibroblasts to express either Src**?2-BFP or Src-BFP at levels that
316 resulted in basal Zap70 phosphorylation in the dark, and tested both cell lines for an increasein
317  Zap70 phosphorylation upon light stimulation. As before, we found that Zap70 phosphorylation
318 increased upon light stimulation in Src-BFP iLID-Drop cells (Figure 51). This effect was

319  dramatically reduced in Src**"?*$"3.BFP iLID-Drop cells, which showed similar levels of

320 phosphorylation in both dark and light and failed to attain the high levels of Zap70

321  phosphorylation observed in light-stimulated Src-BFP cells (Figur e 51). We thus conclude that
322  Srcisnot simply required to establish basal Zap70 phosphorylation, but is aso directly involved
323  inpositive feedback upon light stimulation in a manner that depends on its SH2 and SH3 protein
324  association domains.

325

326 Our data can be readily interpreted in the context of a simple conceptual model: a cluster-
327 localized positive feedback loop involving Zap70, LAT and an SFK. Basally phosphorylated
328 Zap70 leadsto weak LAT phosphorylation, followed by SFK recruitment and activation through
329 SH2-mediated binding to pLAT. The SFK then further phosphorylates nearby Zap70 proteins
330 within the cluster, completing the feedback loop. Strikingly, the system appears to be a high-
331 fiddlity sensor of clustering state, with all-or-none signaling differences observed between

332 clustered and un-clustered LAT, even when the identity or expression level of the Src-family
333  kinaseisvaried.

334
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335 A mathematical model recapitulates signaling through cluster -localized positive feedback
336 The presence of feedback can make it extremely difficult to intuit the behavior of a

337  biochemical network, even when such a system consists of only three components®’. We thus
338  wondered whether we could recapitulate our experimental observations— including the responses
339 observed from clusters, dimers, and various mutant proteins — using a minimal mathematical

340 model of the three-component signaling circuit. We reasoned that such amodel could be tested
341  foritssufficiency to recapitulate our experimental observations and to explore additional

342  scenariosfor further insights into the Zap70/LAT/SFK module.

343

344 Our mathematical model contains three proteins (LAT, Zap70 and Src) that can occupy two
345  cdlular compartments: a cytosolic compartment containing free Zap70 and Src, and a

346  membrane-localized compartment containing LAT, bound Zap70:LAT, and bound Src:p-LAT
347  (Figure6A). Our model incorporates two light-dependent effects. First, we assume that Zap70
348 hasan increased propensity to phosphorylate LAT when the two proteins are tethered by light-
349  induced iLID-SspB dimerization. Second, we model the light-induced formation of LAT clusters
350 asasimpledecreaseintheir available volume, thus leading LAT and any LAT-bound proteinsto
351  become proportionally concentrated in the cluster. We model two binding interactions (light-
352  induced Zap70:LAT binding through the iLID-SspB interaction”®; Src:p-LAT binding through its
353  SH2 domain®) and three phosphorylation reactions (weak Zap70 phosphorylation by free Src;
354  strong Zap70 phosphorylation by Src:p-LAT complexes; and LAT phosphorylation by p-Zap70).
355  Finaly, we assume simple, first-order dephosphorylation of LAT and Zap70 by ubiquitous

356 phosphatasesin the cell. Where possible, we inferred model parameters from experimental

357 measurements of the relevant proteins (Supplementary Methods, Table S1).
19


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

C diffuse <€— concentrated
<1
Q@@

N
he
-
LAT o
ZapT0<—F= LATZap70 Zap70 LAT-Zap70 Zap70 :§ 05
Srcet> pLAT:Src Sre pLAT:Src Src E
cytosol \ . membrane } cytosol cytosol ?ll 0 T T T T
b 10° 10" 10?2 10°
computationally modeled scenarios partition coefficient
of droplet phase
_ iLID-Drop iLID-Only iLID-Only; Zap70K32e d'<‘c 1+
= ) i
2 0.03 +light 003 0.03 =
. pZap70 -
€ 0.024-pLar / 0.02 0.02 2057 - light
o / =
S 0.01 0.01 0.01 / < I
— |
5 o0 — odl———" o & 0=
= T T T T T T T T T T T T 102 10~ 10°
0] 0 500 1000 1500 O 500 1000 1500 O 500 1000 1500 .
© . Src concentration (M)
time (sec) 1 )
e |& -1 Src variant:
iLID-Drop; Zap70¥>  iLID-Drop; LAT™ iLID-Drop; Srctst2s 3 — fulliength
= —ASH2/3
0.03 0.03 0.03 E 0.5+
0.02 0.02 0.02 '5
0.01 0.01 0.01 Q o . :
0 0 0l 0 107 10° 10
T T T T T T T T T T T T .
0 500 1000 1500 O 500 1000 1500 O 500 1000 1500 PP2 concentration (uM)

Figure 6. A mathematical model of positive feedback recapitulates sendtivity to clustering state but
robustnessto SFK concentration. (a) Schematic of our mass action kinetic model. In the dark, there are two well-
mixed compartments, the cytosol and the membrane, that contain the indicated species. In iLID-Only simulations,
stimulation of light leads to Zap70 recruitment to the membrane compartment, while in in iLID-Drop, light
stimulation leads to both Zap70 recruitment into the membrane compartment as well as a 10-fold drop in the volume
of that compartment. (b) Simulated cellular concentrations of pZap70 (yellow line) and pLAT (red line) following
light stimulation (blue shading) of indicated optogenetic constructs. (¢) The modeled ratio of pLAT to total LAT is
shown as a function of changes to the “partition coefficient” of LAT (i.e., the extent of the decrease in membrane
compartment volume) in light-stimulated iLID-Drop simulations. (d) The modeled ratio of pLAT to total LAT is
shown as the cellular concentration of Src is varied in iLID-Drop simulations in dark (gray) and light (blue)
conditions. (€) Model results and experimental data showing the ratio of pLAT to total LAT in response to varying
doses of the Src inhibitor PP2 in SYF iLID-Drop fibroblasts expressing either wt Src (blue line) or Sr¢*$*23 (purple
line). Straight line shows simulated values while squares show values obtained from Western blots of 3 replicates,
except for the 0.1 uM PP2 value which shows 2 replicates. For e, modeling results show the iLID-Drop scenario.
358

359 We first tested whether this model recapitulated key findings from our experiments. We
360 simulated the model in six experimental scenarios, measuring dark state and light-induced LAT
361 and Zap70 phosphorylation iniLID-Drop, iLID-Only, iLID-Only Zap70“*** iLID-Drop

362  Zap70*P,iLID-Drop LAT™, and iLID-Drop Src”*'%*3% cdls, In each case, light stimulation

363  wasassumed to trigger a 100-fold decrease in the iLID-SspB dissociation constant and a 10-fold
20
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364 increasein LAT-optoDroplet concentration (in theiL1D-Drop case only); otherwise parameters
365 were held constant. We observed strong light-induced phosphorylation of LAT and Zap70 in the
366 iLID-Drop but not iLID-Only scenario, with smilar kinetics and fold-change in phosphorylation
367 asinour experiments (Figure 6B; Table S2). The model also matched results from key

368  mutations, showing minimal activity in iLID-Drop simulations harboring kinase-dead Zap70 or
369 non-phosphorylatable LAT. Importantly, our model also requires Src-mediated positive feedback
370 for clustersto trigger signaling. Just asin our experiments, a Src*245% g de that cannot bind
371  phospho-LAT resultsin an intermediate level of phosphorylation regardless of illumination

372  conditions (Figure 6B). The modd thus confirms that a clustering-based positive feedback loop
373 issaufficient to quantitatively explain our data across a wide range of experimental conditions.
374

375 We next used the model to interrogate the striking combination of sensitivity and robustness
376 revealed by our experiments. It appears that signaling depends sensitively on whether

377  Zap70:LAT complexes are clustered (Figure 3B-C), yet the circuit appears to be robust to a

378  ~100-fold variation in Src-family kinase expression (as observed between NIH-3T3 and SYF
379 cdls, Figure S4A). What degree of LAT clustering is required to trigger a potent signaling

380 response, and over what range of Src concentrations might the circuit function? To address these
381 questions, we first modeled LAT phosphorylation iniLID-Drop cells while varying the degree of
382 light-induced clustering (Figure 6C). We observed that signaling increased markedly with the
383  degreeof Zap70:LAT clustering, plateauing to a maximum as LAT was concentrated

384  approximately 10-fold above itsinitial value, well within the range of observed values for

385 protein condensatesin vitro and in cells™“. In contrast, we observed a strong clustering-induced

386 signaling response even as Src levels were varied across at least two orders of magnitude
21


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

387 (Figure6D). Modeling results revealed that both the sensitivity to clustering and robustness to
388  Src concentration absolutely required positive feedback, as simulating the feedback-disconnected
389 S¢S gllele revealed Zap70 and LAT phosphorylation that increased more gradually with
390  Src concentration, and failed to discriminate between clustered and unclustered conditions

391 (Figure SbA-B).

392

393 As afinal probe of the model, we set out to test a prediction in a context not yet measured
394  experimentally: how the signaling module responds to titrating Src activity, not just

395  concentration. To address this question, we simulated a titration of the small-molecule inhibitor
396  PP2 for both wild-type Src and feedback-disconnected Src*5"?23%3 and then compared to

397  corresponding experimental results. Once again, we found that model and experiment agreed
398 closdaly, revealing that wild-type Src elicited higher levels of LAT phosphorylation —and

399 signaled effectively across a broader range of PP2 concentrations — than its feedback-

400 disconnected counterpart (Figure 6E). Taken together, our computational modeling results

401  confirm that the Zap70/LAT/Src positive feedback circuit can indeed act as a sensitive sensor of
402  protein clustering, while being robust to variation in other cellular parameters (e.g. the

403  concentration or activity state of Src).

404
405 Discussion

406 Protein phase separation and clustering has been proposed to play arolein awide variety of
407  celular functions. But in many cases, it remains possible that phase separation is a consequence,
408 not acause, of signaling pathway activity. Thisis particularly when so many signaling proteins

409  engagein weak, multivalent binding interactions that depend on pathway activity (e.g. binding
22
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410  between SH2 domains and pTyr residues). In this study, we set out to determine whether the
411  clustering of two T cell signaling proteins, the kinase Zap70 and its substrate LAT, plays a

412  functional role in modulating downstream signaling. Indeed, we found that Zap70:LAT

413  clustering was sufficient to activate canonical downstream pathways even in non-T cells,

414  whereas asimilar number of Zap70:LAT dimers was not. Studies in knockout cell lines and with
415 mutant proteins further revealed the mechanism of cluster-specific signaling: a three-component
416 feedback loop where Src-family kinases bind to phosphorylated LAT, leading to further Zap70

417  activation (Figure7).

Figure 7. Schematic of the cluster-localized
positive feedback loop between pLAT, Src
and pZap70. Upon colocalization of LAT and
Zap70, an initially low basally-phosphorylated
population of Zap70 proteins performs some
leaky phosphorylation of LAT. The presence
of LAT pTyr residues then enables Src-family
kinase (SFK) recruitment and activation
_ _ through SH2-pTyr and SH3-proline rich motif
1.Leaky phosphorylation 2.SFK recruitment (PRM) interactions with LAT. Finally, active

of LAT by basal pZap70 SFKs phosphorylate additiona  Zap70
molecules, leading to enhanced Zap70 activity
within the cluster and completing the feedback

loop.
3.Processive Zap70
phosphorylation by SFK
418
419 One major question in cell signaling has been to identify the minimal set of protein

420 componentsthat are required for a particular cellular outcome, such as signaling pathway
421  activation or gene expression. We propose that additional insights can be gained from testing not

422  just which molecular components must be present in the cell, but specifically which must be
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423  present in the context of a certain biophysical state (e.g. within a protein condensate or cluster).
424  For example, previous work demonstrated that in Jurkat T cells that other T cell specific proteins
425  such as SLP-76 and GADS are required for downstream signaling™>"; yet we observe that

426  fibroblasts expressing neither SLP-76 nor GADS can activate downstream pathways in response
427  Zap70:LAT clustering. It may be that those adaptor proteins are essential for nucleating

428  Zap70:LAT clusters, afunction that is provided instead by our optogenetic systems. Separating
429  the creation of abiophysical compartment from signal propagation within it could be of great
430 utility for clarifying the essential functions of components within a signaling pathway.

431

432 Cells employ biochemical networks to sense a diverse array of upstream inputs, including
433  extracellular ligands, misfolded proteins, and small molecules. Our study defines athree-

434  component signaling circuit that appears to function as a “ condensate detector”. Both

435  experiments and computational modeling reveal that the Zap70/LAT/Src circuit responds

436  strongly to the formation of membrane-localized clusters but not lower-order molecular

437  complexes. Moreover, the system appears to function robustly as other parameters are varied
438 (e.g., thecdlular concentration or activity of Src-family kinases). We anticipate that variations of
439  thisbiochemical circuit may find application in diverse contexts, from biosensors to report on the
440  presence of specific condensates™ to synthetic biology studies aiming to engineer novel

441  signaling circuits using designer membraneless organelles'®!93,

442

443 Nevertheless, thereis still much to do. One clear limitation of the current study is that it

444  |eaves open the question about how clustering-based positive feedback affects Zap70

445  phosphorylationin intact T cells, rather than fibroblasts. Answering this question is complicated
24
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by the fact that Zap70:LAT clusters are just one of many distinct types of membrane-associated
clustersin the activated T cell: TCR clusters, co-stimulatory clusters and inhibitory clusters™.
Moreover, Zap70 itself clusters with many other Tyr-rich substrates, including the T cell
receptor, and our framework would predict that indeed any of these Tyr-containing substrates
could trigger additional feedback phosphorylation of Zap70 viathe action of SFK, which may
explain why Zap70 phosphorylation remains high in T cells that lack LAT clusters”**. The
complexity of the native system suggests that much work remains to be done to understand the
roles played protein clustering in T cell activation. Reconstitution in fibroblasts presents one

possible route to separating these effects, one cluster at atime.
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471  Online Methods

472  Plasmids

473 All plasmids were constructed using inFusion cloning (Clontech) to ligate in a PCR product
474  to apHR vector that were linearized using backbone PCR.

475

476  LAT-Zap70 optogenetic constructs

477 To createiLID-Drop ( pHR-TagRFP-SspB-Zap70-P2A-LAT- iLID-FUS"-Cry2), we start
478  with theiLID-SspB SOS™ plasmid from Goglia et al. 2020> (Addgene # forthcoming ). We
479  removed SOS™ and replaced it with Zap70 from its pDONR plasmid (Addgene # 23387). We
480 removed the CAAX tag and replaced with FUS"-Cry2 from myristoylated optoDrop plasmid
481 usedin Dineet a. 2018 (Addgene #111507). Finally, we linearized this plasmid via backbone
482 PCRtoinsert LAT (cDNA obtained from the human ORFeome collection)® between the P2A
483 andiLID sequencesin our construct.

484

485 We conducted site-directed mutagenesis on Cry2 to make the D387A mutations for the iLID-
486  Only construct. Site-directed mutagenesis was also used to make congtitutively active or kinase-
487  dead Zap70 variants as seen in Figures 3 and 4. Site-directed mutagenesis was also to make the
488  point mutants for the experiments displayed in Figure S3. For the LAT™" iLID-Drop construct,

489  weinserted LAT™" from Su et al. 2016 (Addgene # 78517)* into theiLID-Drop plasmid. All

26


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

490 iLID-Drop andiLID-Only plasmids used in this study have been deposited in Addgene

491  (accession numbers forthcoming).

492

493  Reporter plasmids

494 We used pHR-ErkK TR-irFP to monitor activity as we had done previously in Dine et al.
495 2018 (Addgene # 11510). We used GCaM P6f to monitor calcium activity by performing
496  backbone PCR on a pHR vector and inserting GCaM P6f, obtained by PCR amplification from
497  Addgene plasmid # 10837%.

498

499 SFK plasmids

500 We performed backbone PCR to linearize the ErkK TR-BFP plasmid from Goglia et al.
501 2020 (Addgene # forthcoming) and replaced the ErkK TR with a Src-family kinase (SFK) from
502 itsrespective pDONR plasmid (Src = Addgene # 23934, Fyn = Addgene # 82211 and Lck =
503 Addgene# 82305). Site-directed mutagenesis was then used to create each of the Src variants
504  studied in Figure 5. To make Src**"?3-BFP, we removed the sequence coding for amino acids
505 83-535in the original pHR-Src-BFP vector and replaced it with an insert with the sequence
506 coding for amino acids 248-535.

507

508  Cedl culture

509 NIH 3T3, HEK293T (Lenti-X) aswell as Src” Yes ™ and Fyn 7 (SY F) mouse embryonic
510 fibroblasts (purchased from ATCC) were grown in DMEM supplemented with 10% FBS, 1% L-

511  Glutamine, and penicillin/streptomycin (ThermoFisher Scientific). Cells were maintained on cell
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culture treated flasks with filter caps (ThermoFisher Scientific) and grown at 37° C with 5%

CO,.

Lentivirus production and transduction

Lentivirus was produced as per the protocol we described previously®. Briefly, Lenti-X
HEK293T cells were plated in a 6-well plate at 20-30% confluency and co-transfected with the
appropriate pHR expression plasmid and lentiviral packaging plasmids (pMD2.G and p8.91 —
gifts from the Trono lab) using the Fugene HD transfection reagent and manufacturer’s protocols
(Promega). Viral supernatants were collected 48-52 hrs after transfection and passed through a

0.45 pm filter.

NIH 3T3, SYF-MEFs and Lenti-X 293T cellsto be infected with lentivirus were plated in a6
well dish at 20% — 40% confluency. 500 pl of filtered virus were added to the cells as was 50 pL
of 1 M HEPES. Cells were then grown up and plated in T75 flasks (ThermoFisher Scientific) for

cell sorting via FACS Aria as described previously™.

Cdl preparation for imaging

For all imaging experiments, cells were plated on black-walled 0.17 mm glass-bottomed 96
well plates (In Vitro Scientific). Prior to cell plating, glass was pretreated with a solution of 10
ug / mL fibronectin in phosphate buffer saline (PBS) for 5 - 60 min (ThermoFisher Scientific).
NIH-3T3 and SYF MEFs were allowed to adhere for at least 4 hoursin supplemented DMEM.

Cdlls were then switched to starvation media (DMEM + 20 uM HEPEYS) for 2 hours before
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535 imaging. Just prior to imaging 50 pL of mineral oil was added to the top of each well to stop
536  evaporation™.
537

538 Time-lapse microscopy

539 Cells were maintained at 37° C with 5% CO, for the duration of all imaging experiments.
540 Confocal microscopy was performed on a Nikon Eclipse Ti microscope with aPrior linear

541 motorized stage, a' Y okogawa CSU-X1 spinning disk, an Agilent laser line module containing
542 405, 488, 561 and 650 nm lasers, an iXon DU897 EMCCD camera, and 20X air, 40X air, or 60X
543  oil immersion objective lenses.

544

545 Dueto the fast off-time of our optogenetic constructs, we were only able to image onefield
546  of view on our microscope for each experiment, so that the field of view could remain

547 illuminated with blue light in between imaging time points. For every experiment we imaged the
548  ErkKTR with the 650 nm laser, Zap70 localization with the 561 nm laser and GCAM P6f with the
549 488 nm laser. We acquired these images every 15 sec for 15 min. For theimagesin Figure 1 and
550 Movies S1-2 weimaged only on the 561 nm laser and did so every 5 sec for 5 min. Between

551 each acquisition for all experiments, we used a450 nm LED light source (XCite XLED1)

552  ddivered through a Polygon400 digital micromirror device (DMD; Mightex Systems) to deliver
553 aconstant input of blue light. We set the blue light LED to half its maximal intensity but allowed
554  all thelight to pass through the mirrors (no dithering) to provide a strong enough light input for
555  each position imaged.

556 To collect the datain Figure S4B we imaged the indicated SY F cells with one pulse of 405

557 nmlight to view and measure SFK-BFP expression.
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558

559 Cdl Lysate Collection

560 To prepare cells for stimulation and lysis 24 hours prior to experiment cells plated into 6-well
561  dishesat 30% - 40% confluency. The day of experiment cells were checked to be between 60% -
562  70% confluency. The media was then removed and replaced with 2 ml of starvation mediafor 2
563  hrs. Cells were either kept in the dark or stimulated with blue light.

564

565 Blue light was delivered via custom-printed boards containing small 450 nm LED bulbs.

566  These boards were placed on top of foil wrapped boxes that were placed in our 37° C incubator.
567 The 6-well dishes containing the cells were then added to the boxes and the blue light board were
568 placed ontop of the boards so as too directly stimulate only our cells of interest. Blue light was
569 applied at a constant 5V for 20 min.

570

571 Following the 20 min stimulation the media was quickly removed and cells were placed on
572 iceand treated with 120 pl of RPPA lysis buffer (1% Triton X-100, 50 mM HEPES buffer,

573 150 mM NaCl, 1.5 mM MgCl;, 1 mM EGTA, 100 mM NaF, 10 mM sodium pyrophosphate,
574 1 mM NagV O, 10% glyceral, freshly-prepared protease/phosphatase inhibitors). Cell scrapers
575 (SigmaAldrich) were then used to collect the cells and each lysate was transferred to Eppendorf
576  tubesonice. Lysates were then spun down at 4°C for 10 min at 13,300 x g. Supernatants were
577 transferred to new tubes where 40 pl 4X NUPAGE LDS Sample Buffer (Thermolisher

578  Scientific) was added to each, and samples were boiled at 98° C for 5 min.

579

580 Western Blotting
30
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581 Samples were then run on agel for western blotting done as described previously in Goglia et
582  al. 2020>. Primary antibodies used in this study are as follows: rabbit-anti-pY 319-Zap70 (Cat #
583  2717S), mouse-anti-Zap70 (Cat # 2709S), rabbit-anti-pY 191-LAT (Cat # 3584s), rabbit-anti-
584 GAPDH (Cat# 2118s), rabbit-anti-ppErk (Cat # 4370s), mouse-anti-Erk (Cat # 4696s), mouse-
585  anti-Src (Cat # 2210s) all purchased from Cell Signaling Technologies, and rabbit-anti-pY 132-
586 LAT (Cat # 44-244) and mouse-anti-LAT (Cat # 14-9967-82) purchased from Invitrogen. All
587  primary antibodies were used at 1:1,000 dilution, except for anti-GAPDH, which was used at
588  1:2,500. Fluorescent secondary antibodies, 800CW goat anti-rabbit (Cat # 926-32211) and

589 IRDye 680RD goat anti-mouse (Cat # 926-68070) were purchased from Li-Cor and used at a
590  1:10,000 dilution.

9591

592 Blots were then imaged on imaged on a Li-Cor Odyssey CLx imaging system, and images
593 wereanalyzed using imagel] software (FIJI) to calculate pixel intensities for al bands of interest.
594  Pixd intensities from phospho-species antibodies were divided by the corresponding total

595 gspeciesvalue asindicated in each figure. For the blot measuring LAT or Src expression levelsin
5906  Figures S1B and $AA respectively, the band intensities in the 680 channel (anti-LAT or anti-Src)
597 wasdivided by the corresponding values in the 800 channel (anti-GAPDH). Plotting and

598 satistical analysisfor all blots was performed using GraphPad Prism 8. Unpaired student’'s T
599 testswere used to compare dark and light conditions for each different cell line or drug

600 treatment.

601

602 Drug Additions
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To inhibit SFK activity PP1 and PP2 (Millipore Sigma) were reconstituted at a concentration
10 mM in DM SO and kept at -20° C. Immediately prior to cell stimulation with blue light (or
darkness) PP1 and PP2 were diluted atotal of 1,000 fold in starvation media (for afinal

concentration of 10 uM) and added to cells to acutely inhibit SFK activity.

Image analysis

All image analysis was performed in Image] (FIJI) and all plots were generated in Graphpad

Prism 8.

Measuring Zap70 Cytosolic and Membrane Intensity:

To track Zap70 cytosolic intensity, we imaged through the central z plane of cellsto track
TagRFP intensity in the cytosol. We then hand selected regions of cytosol from each cell and
measured the mean TagRFP fluorescence values in that region for every time point. We
background subtracted every measured time point and normalized the intensity values of each
cell totheinitial (dark state) TagRFP cytosolic intensity to generate the plot shown in Figure 1E.
M easuring the mean TagRFP intensity of hand-drawn cytosolic regions of 25 iLID-Drop and
iLID-Only cellsin the dark state was used to generate the box and whiskers plot shown in Figure

S1C.

To track the coefficient of variation of Zap70 membrane intensity, we imaged cells through
their membrane plane, allowing usto track TagRFP intensity at the membrane. We measured
both mean TagRFP intensity and the standard deviation of the intensity in hand-drawn regions of

interest on each cell membrane for each time point. We then divided the standard deviation by
32
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the mean intensity at each time point for every cell. We normalized these CV values to theinitial
(dark state) CV value to generate the plot shown in Figure 1F. Measuring the mean BFP intensity
of hand-drawn regions of the membrane of 20 cells of each of theindicated SYF cell lines was

used to generate the box and whiskers plot shown in Figure $4B.

Measuring KTR and GCaMP values

For KTR analysis equivalent nuclear or cytoplasmic regions were tracked over time by hand
annotation. We then measured the mean fluorescent intensity in each annotated region for every
time point. We then background subtracted every measured time point and plotted the
cytoplasmic/nuclear ratio for each time point. The Area Under the Curve (AUC) was calculated
by subtracting the initial (dark state) cytosolic to nuclear ratio from the value at each time point
and summing up all those differences for each of the 61 time points.Non-paired student’s T tests

were used to compare dark and light conditions for each different cell line or drug treatment.

For GCaMP analysis, a small area was drawn in a randomly chosen cytoplasmic region of
each cell. Mean fluorescent intensities were measured and background subtracted as above.
Vaues were then normalized to the minimum value found in each cell’ sindividual trace. Graphs
were generated as was done for ErkKTR. AUC and statistical testing was done as for the

ErkK TR calculations.

Computational Model

Our computational model consists of three species: LAT, Src, and Zap70 that appear in two

cellular compartments: the membrane/cluster compartment and the cytosol. LAT residesin the
33


https://doi.org/10.1101/2020.10.06.328708
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.06.328708; this version posted October 6, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

available under aCC-BY-NC-ND 4.0 International license.

membrane compartment, and Src and Zap70 reside in the cytosol and can diffuse freely into the
membrane compartment. We used mass action kinetics to describe phosphorylation of Zap70 and
LAT inthedark state and after illumination with blue light under several scenarios (Table S2).
We aso compared the steady state extent of phosphorylation given by our model to the

experimentally measured values (Table S1) and parameters given in Table S3.

To ssimulate the formation of LAT clusters upon illumination, we decreased the volume of
the membrane compartment by a factor, K, such that:

[LAT]=K [LAT],
Additionally, Zap70 bindsto LAT by aniLID/SspB interaction upon illumination. We
assumed that diffusion and binding is much faster than phosphorylation and can therefore be
approximated to be at equilibrium and that the cytosolic concentration of Zap70 remains

constant. Furthermore, we assumed that Zap70 will also freely diffuse into the clusters, therefore:

[Zap70] o Ky 'Psee

[Zap?O] = [LAT] 1+[Zap70]o K)iALID/SspB

+[Zap70] .

Src can bind to phosphorylated LAT through a SH2/pY interaction and this binding releases
autoinhibition. As before, we approximated binding to be at equilibrium and assumed that the
cytosolic concentration of Src remains constant. Src will also freely diffuse into the cluster,

remaining in an inhibited state, therefore:

[S,C]O KKY/SHZ
[S’C]a :[LAT]1+[S’C]O KEY/SHZ
(5] =[sre],
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We modeled Zap70 phosphorylation by Src using Michealis-Menten kinetics. In the cluster,
Zap70 will be rapidly phosphorylated by active Src and slowly phosphorylated by autoi nhibited,
inactive Src. In the cytosol, Zap70 will be phosphorylated by inactive Src. Furthermore, we

assumed that Zap70 undergoes constitutive dephosphorylation following first order kinetics:

d : ZapT0], _ Zap70],
—[Zap70] =k3*=[Src], Sc[a | +kg [Src] SE | — k™[ Zap70]
dt P Ky® +[Zap70] Ky® +[Zap70] P
d o [Zap70]
—[zap70]  =kZ%[Sc NN _k#P7[Zap70
22070 =G (Sl s I [2apT0)

n,cyt

Finally, we modeled phosphorylation of LAT by pZap70. For simplicity, we considered only
one phosphorylatable tyrosine on LAT. We allowed LAT to be phosphorylated by two distinct
mechanisms: (1) phosphorylation by pZap in the cluster following Michaelis-Menten kinetics,
and (2) preferential phosphorylation of LAT by pZap70 that isbound to it by an iLID—SspB
interaction following first order kinetics. Additionally, we assumed that LAT undergoes

constitutive dephosphorylation following first order kinetics.

LAT that isnot bound to Zap70 can only be phosphorylated by the first mechanism,

therefore:

E[LAT] — | PZapT0 [Zap?O] [LAT]n, free — kAT [LAT]
dt p.free P KT +[LAT] "

p, free
n, free

LAT that isbound to Zap70 may be phosphorylated by either phosphorylation mechanism,

therefore:
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i [ LAT] — |¢ PZap70 [Zap?O] [ LAT ]n,bound
686 dt e P ALAT] e
kpZap7O [nLAT - pzap]iUD - knLAT [LAT] p,bound
687 In the preceding equation, [NLAT — pZap70] _ isthe pool of iLID:SspB bound LAT:Zap70

688 complexesthat consst of nonphosphorylated LAT and phosphorylated Zap70, given by:

[Zap0],

689 [nLAT - pZap70]iL|D - [LAT]”'bOU"d m

690 PP2 was modeled as a non-competitive inhibitor, therefore, the catalytic rate constants for

691 active and inactive Src were scaled by:

692 kJe =Kk K
K, +[PP2]
693 All ssimulations were performed in MATLAB version R2020a, using ode23 to solve the

694 differential equations. Graphs generated from the model were plotted in R Studio version

695 1.1.456.

696
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