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Biosensors based on peptide exposure show single
molecule conformations in live cells
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In brief

Biosensors responding to protein
conformation enable single molecule
detection of active proteins in live cells,
affording insights into both cellular
function and organization.
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SUMMARY

We describe an approach to study the conformation of individual proteins during single particle tracking
(SPT) in living cells. “Binder/tag” is based on incorporation of a 7-mer peptide (the tag) into a protein where
its solvent exposure is controlled by protein conformation. Only upon exposure can the peptide specifically
interact with a reporter protein (the binder). Thus, simple fluorescence localization reflects protein conforma-
tion. Through direct excitation of bright dyes, the trajectory and conformation of individual proteins can be
followed. Simple protein engineering provides highly specific biosensors suitable for SPT and FRET. We
describe tagSrc, tagFyn, tagSyk, tagFAK, and an orthogonal binder/tag pair. SPT showed slowly diffusing
islands of activated Src within Src clusters and dynamics of activation in adhesions. Quantitative analysis
and stochastic modeling revealed in vivo Src kinetics. The simplicity of binder/tag can provide access to

diverse proteins.

INTRODUCTION

Fluorescent biosensors have provided a valuable window into
the behavior of proteins within living cells, but their limitations
have become increasingly apparent. They can be difficult to en-
gineer—Forster resonance energy transfer (FRET) requires intro-
duction of two fluorescent proteins where they respond to
conformational change but do not perturb normal activity.
When biosensors are based on protein fragments that bind spe-
cifically to one structural state, the fragments often compete with
endogenous ligands. The indirect excitation of FRET reduces
fluorescence intensity, necessitating higher concentrations that
can perturb cells and lead to greater phototoxicity/photobleach-
ing. Brighter biosensors could enable visualization of low abun-
dance proteins without perturbation, and visualization of single
molecule conformational changes in living cells. FRET is usually
too dim for single molecule studies in cells (Jares-Erijman and
Jovin, 2003). It has been used successfully by labeling proteins
with bright dyes and reintroducing them into cells (Konig et al.,
2015; Sakon and Weninger, 2010), and nucleotide binding to a
GTPase was reported by FRET between a protein and a nucleo-
tide (Murakoshi et al., 2004), but these approaches are limited
in scope. Using fluorescence fluctuation increase by contact
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(FLINC), protein activity was visualized at ~100 nm resolution
(Mo et al., 2017). However, FLINC relies on the blinking statistics
of the ensemble fluorescent signal, which reduces temporal res-
olution and does not provide information about the heteroge-
neous responses within the ensemble.

Here, we introduce an approach, named “binder/tag,” which
is sensitive enough to report the conformational changes of in-
dividual molecules in live cells. The method is adaptable to
diverse structures and requires only simple visualization of a
directly excited fluorophore. As shown in Figure 1, the binder/
tag approach involves a short peptide (the tag) and a small pro-
tein (the binder) that interact tightly. In the iteration addressed
most extensively here, we use the 7-residue peptide SsrA
that binds to the 18 kDa protein SspB with 16 nM affinity (Fig-
ure 1A) (Hersch et al., 2004; Lungu et al., 2012; Wah et al.,
2002). These molecules, which mediate protein degradation in
bacteria (Flynn et al., 2001; Levchenko et al., 2000), have
shown no interaction with components of mammalian cells
(e.g., in optogenetic studies) (Guntas et al., 2015; Lungu
et al.,, 2012; Niopek et al., 2014). Figure 1B illustrates the
binder/tag approach for proteins regulated by autoinhibition.
The small peptide is embedded in the target at a position where
it is exposed only when autoinhibition is released. Only in the
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Figure 1. The binder/tag approach

(A) Crystal structure of SspB (red) and SsrA
(green) in complex (PDB: 10X9) (Song and Eck,
2003).

(B) Schematic of the binder/tag approach. A small
peptide (the tag, green) is inserted where it is
exposed only when the target protein is in the

SsrA

L
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./

active conformation (here, when the dark blue
autoinhibitory domain is released from the active
site). When the peptide is exposed, the binder (red)
can interact with the tag peptide. Tag-binder
interaction is an indicator of protein activation,
or a specific protein conformation. The interaction

can be detected by the localization or reduced diffusion of the binder, by colocalization, or by FRET.
(C) SspB is co-expressed with either SsrA fused to Stargazin (a transmembrane protein) or with Stargazin alone. SspB is fused to GFP, and Stargazin is fused to
mCherry. SspB translocates to the membrane only when co-expressed with the Stargazin-SsrA fusion. HEK293 cells imaged with epifluorescence microscopy.

Scale bar, 10 um.

activated, uninhibited conformation can the binder interact with
the target protein. Thus, target activation is reflected in the
colocalization of the binder and the target or simply by arrival
of fluorescent binder where nonfluorescent target protein is
known to be localized. We show the proteins can be labeled
either through fluorescent protein fusion or intracellularly with
dyes using HaloTag or SNAP-tag.

Single particles can be tracked in 3D. However, we restrict
ourselves to total internal reflection (TIRF) microscopy for valida-
tion of the technique with high resolution. We focus on Src ki-
nase, whose effects are controlled by localized activation (Bog-
gon and Eck, 2004; Parsons and Parsons, 1997; Summy and
Gallick, 2003; Thomas and Brugge, 1997). Src family kinases
(SFK) are regulated by SH2 and SH3 autoinhibitory domains
(AID) that bind and inactivate a kinase domain (Boggon and
Eck, 2004; Roskoski, 2004, 2015). Our studies focus on Src at in-
tegrin-based adhesion complexes, where Src is at the intersec-
tion of several signaling pathways (Brown and Cooper, 1996; Hu-
veneers and Danen, 2009; Parsons and Parsons, 2004; Sato
et al., 2009; Thomas and Brugge, 1997; Yeatman, 2004).

We used binder/tag to study Src activation kinetics and
nanoscale organization. Both activation and concentration of
Src increased with adhesion size. At the plasma membrane,
Src was in nanoscale clusters containing a subcluster of acti-
vated slow-diffusing molecules. Computational analysis of SPT
data allowed us to infer the kinetics of Src activation/inactivation
at nanoscale clusters in live cells. We also showed applicability
to the kinases Fyn, Syk, and FAK, and characterized an orthog-
onal binder/tag pair (ePDZ/ARVCF).

RESULTS

Conformation-dependent interaction of the binder with
proteins bearing the tag peptide

As “binder” and “tag” we used stringent starvation protein B
(SspB, 18 kDa, the binder), and the seven-residue SsrA peptide
from Haemophilus influenzae (the tag), which bind with 16 nM Ky
(Hersch et al., 2004; Lungu et al., 2012; Wah et al., 2002). The
small SsrA peptide could be inserted into target proteins where
its interactions with SspB depended on protein conformation
and minimally affected protein function. Published BLAST ana-

lyses and imaging studies indicated that SsrA and SspB do not
interact with components of mammalian cells (Lungu et al.,
2012; Niopek et al., 2014).

We first verified that SspB could bind SsrA in cells. SspB was
co-expressed either with the transmembrane protein Stargazin
(Letts et al., 1998) or with Stargazin fused to SsrA. In each
case, SspB was labeled with GFP and Stargazin with mCherry.
Wild-type Stargazin produced a diffuse cytoplasmic SspB
localization, whereas Stargazin-SsrA clearly recruited SspB to
the plasma membrane, indicating binding of SspB to SsrA
(Figure 1C).

Next, we tested whether we could place SsrA in Src at a posi-
tion where SspB binding would be affected by Src conformation.
Src is regulated by its SH2 and SH3 autoinhibitory domains,
which bind and inactivate the kinase domain. We screened
SsrA insertion sites at the interface between the AID and kinase
domain, where SsrA would be shielded from SspB only in the
closed, inhibited conformation (Figure 2A, sites 1-4). We also
examined insertion at the C terminus (Figure 2A, sites 5-8),
where the closed conformation could prevent interactions with
SspB, but where peptide insertion would likely not affect normal
ligand interactions. Each insertion site was evaluated for confor-
mation-dependent SspB binding and for perturbation of normal
regulation. In LinXE cells transfected with Src SsrA insertions, we
used phosphotyrosine blots (Figure 2B) and pull-down assays
(Figure 2C), comparing open conformation Src (Figures 2B,
Y527F, and 2C, Y527F/D388R) and wild-type Src. SsrA inserted
after residue N535 at the C terminus (site 7) produced conforma-
tion-dependent interactions and maintained normal regulation
(Figure 2A). Published crystal structures showed that SspB
bound to this site was unlikely to affect Src interactions with reg-
ulatory or effector proteins (Figure 2D). For the biological appli-
cations below, we focused exclusively on SsrA inserted after
N535, which we named tagSrc.

To test whether binder and tagSrc interacted in live cells, we
co-expressed SspB-mCherry with constitutively active tagSrc-
GFP in HelLa cells (Figure 2E). SspB showed co-localization
with tagSrc near the nucleus, where Src is known to accumulate
(Chu et al., 2014; Fincham et al., 1999; Sandilands et al., 2004).
In contrast, SspB was uniformly localized in cells that did not
express tagSrc.

Cell 184, 5670-5685, October 28, 2021 5671




¢? CellPress

NTWTYFYF1 2 3 4 5 6 7 8

Cell

* Figure 2. Identification and validation of a
peptide insertion site for Src

Total pTyr

(A) Crystal structure of Src with the tested insertion
sites shown as color-coded spheres. Color in-
dicates whether SsrA insertion resulted in either
conformation-dependent binding of SspB and
normal kinase regulation (green), or resulted in
constitutively active kinase (red). Kinase domain
(gray), SH2 (yellow), and SH3 (cyan).
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(B) LinXE cells were transfected with different Src

constructs and whole-cell lysates were immuno-

(] * blotted for the indicated proteins. Non-transfected
Tag Position: - 7 6 6 7 7 8 8 (NT), wild-type (WT), and Src active mutant
. KD/ .. KD/ .. KD/ .. KD/ (Y527F, or YF) are shown as controls. Numbered
Mutant: WT ve WT e WT ve WT ve lanes correspond to the different SsrA-inserti
) . pond to the different SsrA-insertion
SrcIP i e | . sites as shown in (A). Site 7 (star) was selected as
Src Input i s e v optimal. Blot representative of three independent
— — replicates.
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KinaseslPhosﬁsl.i‘tha,s,eleffectors Binder Input '— ——— — ——— tagSrc (WT) versus tagSrc open mutant (Y527F/
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SR L;{':,i, Insertion site

D388R, or KD/YF). The tag was inserted at the
indicated positions (top), as shown in (A). Co-
immunoprecipitation of Src-SsrA and FLAG-SspB
(binder). Blot representative of three independent
replicates. KD, kinase-dead.

(D) Crystal structure of Src (green; PBD: 1Y57)
(Cowan-Jacob et al., 2005) showing optimized
peptide insertion site (red) and interacting proteins
(gray surface). Interacting proteins are Csk (PBD:
1K9A) (Ogawa et al., 2002), Cbl-c (PBD: 3VRO)

(Takeshita et al., 2012), PTPN-22 (PBD: 3BRH), and p130cas (PBD: 1X27) (Nasertorabi et al., 2006).
(E) HeLa cells co-transfected with SspB-mCherry and an open mutant of tagSrc-GFP (Y527F). Cells were imaged using epifluorescence microscopy. Full arrow
indicates low tagSrc-expressing cells; arrowhead indicates high tagSrc-expressing cells. SspB colocalizes with tagSrc, and is uniformly distributed without

tagSrc. Scale bar, 10 um.
See also Figure S1.

The Src family kinase Fyn shares extensive structure and
sequence homology with Src but regulates distinct cellular pro-
cesses (Chu et al., 2014; Mkaddem et al., 2017; Palacios and
Weiss, 2004; Sandilands et al., 2007). We tested whether insertion
of SsrA into Fyn at the same site used for tagSrc could produce
conformation-dependent binding of SspB. Similar to tagSrc, in
immunoprecipitation assays the open conformation of Fyn
(Y527F/K299M) pulled down more SspB than did wild-type Fyn
(Figure S1A). Either of the two insertion sites that we tested could
be used. We also tested whether a binder/tag analog could be
made from a protein with different regulatory domains than Src
and Fyn. Syk kinase bears two SH2 domains that suppress activity
in the resting state (Figure S1B) (Tsang et al., 2008). We engi-
neered selective SspB binding to Syk’s active conformation by
screening tag sites at the interface between the AID and kinase
domains. Syk with SsrA after residue N11 bound SspB only in
the active state (Figure S1C). Phosphotyrosine blots indicated
that this tagSyk was functional and regulated normally (Fig-
ure S1D). When the subcellular localization of a target protein is
readily apparent, simple fluorescence imaging can be used to
assesstaginsertion sites, as we demonstrated using the adhesion
localization of focal adhesion kinase (FAK) (Figures S1TE-S1G).

Identifying an alternative peptide-protein pair could enable
simultaneous study of two proteins or two different protein sites
in the same cell. We therefore replaced SsrA with ARVCF pep-
tide, which binds to ePDZ with high affinity (Figure S1H) (Laura
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et al., 2002). Pulldown experiments showed that ePDZ bound
selectively to the open conformation mutant of ARVCF-tagged
Src (Y527F/D388R) (Figure S1l).

Visualizing Src Activation with binder/tag FRET—
Optimizing binder and tag affinity

Although our focus was on imaging conformational changes of
single molecules, we tested whether binder/tag could also pro-
vide a route to FRET biosensors (Figure 3A). Binder/tag could
be used to apply FRET to targets otherwise difficult to engineer.
Due to the high affinity of binder and tag, we were concerned that
binder could interact with tag peptide exposed briefly during
normal molecular motions of the inactive conformation, shifting
the equilibrium toward activation. Dual chain biosensor designs
based on intermolecular FRET have used affinities of 200-
600 nM (Gulyani et al., 2011; Nalbant et al., 2004), whereas the
Kq for binder and tag is below 20 nM (Hersch et al., 2004; Lungu
et al., 2012; Wah et al., 2002). To test for binder-induced protein
activation, we titrated SspB in LinXE cells expressing tagSrc
(Figure S2A). SspB expression did induce tagSrc activation in
adose-dependent manner, as indicated by increased phosphor-
ylation of paxillin (a Src effector) at Y31 and cell rounding, a well-
documented phenotype of Src hyperactivation (Fincham et al.,
1999) (Figures S2B and S2C). To work at the concentrations
required for sufficient FRET brightness, a reduced affinity
binder/tag was needed.
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Figure 3. FRET biosensor using reduced affinity binder/tag

(A) Schematic of the binder/tag FRET biosensor. Blue, donor; yellow, acceptor; green, SsrA.

(B) Initial screen to identify tag mutants with reduced affinity. Normalized FRET/CFP emission values for LinXE cells expressing the tagSrc FRET biosensor with
the indicated tag mutants are shown. TagSrc and SspB were expressed at approximately equal levels as measured by average CFP and YFP emission intensities.
Measurements of selected mutants from Figure S2G were replicated. Error bars are 95% confidence intervals (n = 4).

(C) Histogram of FRET/CFP emission values for MEF cells expressing Src FRET biosensors using either tagSrc or micro-tagSrc.

(D) FRET/CFP emission values for MEF cells expressing Src FRET biosensors using either micro-tagSrc (n = 10) or tagSrc (n = 8). p value was calculated with an
unpaired two-sample Student’s t test. Tukey box-and-whisker plot shown with all data points displayed as dots.

(E) High-content live cell imaging of LinXE cells expressing tagSrc FRET biosensors with and without mutations that enhance Cerulean-YPet binding. SspB was
titrated against a constant tagSrc concentration.

(F) Corrected FRET/tagSrc fluorescence ratios during PDGF stimulation of LINXE cells expressing either the tagSrc FRET biosensor or tagSrc-mCerulean with
yPet-cp229 (no SspB). PDGF (50 ng/mL) was added at 5 min. Intensity was integrated for multiple cells in each 10x field of view. tagSrc, n = 7 fields of view;
control, n = 5 fields of view; each from two independent experiments. Shown as mean + SEM.

(G) MEF cells expressing the micro-tagSrc FRET biosensor. Micro-tagSrc and SspB were expressed at approximately equal levels as measured by CFP and YFP
emission intensities per unit area. Color scales indicate bleedthrough-corrected FRET emission (distribution of active molecules, left), bleed-through corrected
FRET/YFP emission ratio (distribution of active molecules corrected for cell volume, middle), or bleedthrough-corrected FRET/CFP emission ratio (activation per
unit Src, right).

See also Video S1.
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Figure 4. Using binder/tag to probe conformational states during single particle tracking

(A) Reporting the conformational states of single molecules in cells with binder/tag (T, tag; B, binder; AID, auto-inhibitory domain; PM, plasma membrane; and
TIRF, total internal reflection fluorescence). Binder is observed only when it is bound to the tag embedded in the target protein. The tag is exposed in the active
conformation, when the AID is not bound to the active site.

(B) Single particle tracking of constitutively active tagSrc (CA tagSrc-yPet, left) and binder (binder-PATagRFP, right) in transiently transfected COS-7 cells. Scale
bar, 10 um.

(C) Diffusion coefficients obtained by mean-squared displacement (MSD) analysis for wild-type tagSrc-yPet (left, n = 18 cells), binder-PATagRFP co-expressed
with wild-type tagSrc-yPet (middle, n = 18 cells), and constitutively active tagSrc-yPet (right, n = 15 cells). Box-and-whisker plot shown with outliers displayed as
dots. Significance judged by one-way ANOVA, ***p < 0.0001 with Tukey-Kramer correction for multiple hypotheses.

(D) Single particle tracking of tagSrc-Halo and binder-SNAP, labeled with JF646 and JF549 respectively, in BT-MEF cells. Trajectories are colored to indicate
diffusion coefficients (um?/s).

(E) MSD analysis of tracks shown in (D). Data shown as mean + SD.

(F) Binder recruitment responds to the Src inhibitor dasatinib (tracks/um?®/frame). Box-and-whisker plots show outliers as dots. Control, n = 46 cells; dasatinib,
n = 32 cells. Significance judged by unpaired two-tailed Student’s t test, ****p < 0.0001.

(legend continued on next page)
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We used FRET between binder and tagSrc to assay the effects
of SsrA point mutations on affinity. First, FRET efficiency was
optimized by screening variants of yellow fluorescent protein
(YFP) and cyan fluorescent protein (CFP), attached to constitu-
tively active tagSrc (CA tagSrc) and SspB, respectively (Fig-
ure S2D). The variants differed in quantum yield, extinction coef-
ficient, and propensity to dimerize. We also examined circular
permutants to optimize fluorophore orientation. Based on all
these studies, mCerulean3 and yPet circularly permutated at
residue 229 were chosen as the optimal FRET pair (Figure S2D,
star). Although CyPet gave the highest sensitized emission, the
greater brightness of mCerulean3 produced superior signal-to-
noise. When the optimized proteins were expressed in mouse
embryonic fibroblasts (MEF), CA tagSrc produced substantially
more FRET than wild-type tagSrc (Figures S2E and S2F).

Using a high content imaging assay to quantify FRET (Slattery
and Hahn, 2014), we screened point mutations of SsrA for their
effects on SspB binding (Figure S2G). Mutations were selected
based on a previous study of SsrA/SspB interactions (Flynn
et al., 2001). The initial screen identified several mutants with
reduced affinity (Figure 3B). For the following FRET biosensors,
we used mutant Y7I and named Src analogs with this mutation
micro-tagSrc (for micromolar affinity). The reduced affinity of
micro-tagSrc was confirmed using co-immunoprecipitation
(Figure S2H) and FRET in individual cells (Figure 3C and 3D).
To better understand the effects of concentration on biosensor
sensitivity and binder-induced tagSrc activation, we constructed
a mass action model of SspB binding to SsrA-proteins (Figures
S2I-S2K; STAR Methods). This confirmed that micro-tagSrc
could be used to produce sufficient signal without spurious
activation.

To image Src activity using a micro-tagSrc FRET biosensor,
we further enhanced FRET efficiency by modifying mCerulean3
with two point mutations to promote interaction between mCer-
ulean and yPet (S208F and V224L) (Vinkenborg et al., 2007). This
“sticky” variant enhanced FRET without compromising dynamic
range (Figure 3E). The optimized FRET biosensor (microtagSrc-
mCerulean3-S208F/V224L with yPet-cp229) responded to
platelet-derived growth factor (PDGF) stimulation (Figure 3F)
and showed localized Src activity consistent with previous Src
biosensors (Gulyani et al., 2011), including transient activation
in protrusions and around the nucleus (Figure 3G; Video S1).

MEFs expressing tagSrc and SspB at optimized
concentrations

In single particle tracking, where fluorescent molecules had to be
sparse to discern individual tracks, concentration was low and
there was no need to reduce SsrA/SspB affinity (see model Fig-
ure S2J). To maintain the biosensor at low concentrations, we
generated MEFs stably expressing tagSrc and SspB under con-
trol of a doxycycline-inhibited promoter. TagSrc and SspB were
fused to HaloTag (Los et al., 2008) and SNAP-tag (Keppler et al.,

¢ CellP’ress

2003) respectively, for labeling with membrane-permeable dyes
that are brighter than fluorescent proteins. Successful transduc-
tion and dye attachment were confirmed by imaging (Fig-
ure S3A). Fluorescence-activated cell sorting (FACS) was used
to isolate a cell population with optimal expression level and
tagSrc/SspB expression ratio (Figure S3B). These cells are de-
noted BT MEFs. After sorting, the variability in tagSrc expression
level was similar to that of endogenous Src (Figure S3C).
Because expression was relatively uniform, ensemble measure-
ments based on biochemical techniques could be used to infer
properties of individual cells. Without adding doxycycline, west-
ern blotting of BT MEF lysates showed that tagSrc was ~21-fold
as abundant as endogenous Src (Figure S3D). Using doxycycline
to control expression, tagSrc could be tuned down to 0.2-fold
endogenous Src levels (Figures S3D and S3E). Importantly, the
ratio of SspB/tagSrc expression was relatively constant over
the range of tagSrc expression levels we examined, ranging
from 1-2 (Figure S3D).

Single molecule imaging of tagSrc was possible at all the
expression levels, but visualization of SspB was difficult when
doxycycline was above 100 pg/mL. To ensure that the necessary
tagSrc expression levels did not affect Src regulation or down-
stream signaling, we assessed phosphorylation of Src (Y416
and Y527) and the Src substrate paxillin as a function of tagSrc
expression (Figure S3F). Expression up to 10-fold endogenous
Src did not alter Src or paxillin phosphorylation. In contrast,
expression at 40-fold endogenous reduced the inactivating
phosphorylation at Src Y527, increased the activating phosphor-
ylation at Src Y416, and increased phospho-paxillin (Figure S3F).
We therefore carried out all the following biological studies at <7-
fold endogenous Src, with SspB at the minimum necessary
expression level.

To assess whether these concentrations led SspB to activate
Src, we examined Src regulatory phosphorylation. MEFs ex-
pressing high and low amounts of SspB within our optimized
concentration range (Figure S3B, right panel) did not display
Src phosphorylation significantly different from MEFs lacking
SspB (Figure S3G). This indicated that SspB concentrations
were below the threshold for appreciable binding to inactive
tagSrc, and SspB was binding tagSrc activated by endogenous
regulatory mechanisms.

Binder/tag reports the conformation of individual Src
molecules

TIRF microscopy was used to examine the conformational state
of individual Src molecules in living cells. Because TIRF selec-
tively illuminates a region up to roughly 100 nm from the cover-
slip, only binder molecules captured by Src at the ventral PM
were clearly visible. The small proportion of unbound binder mol-
ecules that were within TIRF illumination diffused much more
rapidly than the binder captured by tagSrc (Figure 4A). We
controlled fluorophore concentrations so that individual tracks

(G) Diffusion coefficients of tagSrc (left) and binder (right) in cells treated with dasatinib, obtained by MSD analysis. Box-and-whisker plots shown with outliers
displayed as dots. Control, n = 20 cells; dasatinib, n = 26 cells. Significance judged by unpaired two-tailed Student’s t test, ***p < 0.001.

(H and ) TagSrc (H) and binder (I) recruitment (tracks/um?2/frame) respond to PDGF treatment (20 ng/ml for 20 min). Box-and-whisker plots show outliers as dots.
Control, n = 15 cells; PDGF, n = 14 cells. Significance judged by unpaired two-tailed Student’s t test, **p < 0.01.

See also Figures S3 and S4.
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could be discerned, using either SNAP-tag and HaloTag (Kep-
pler et al., 2003; Los et al., 2008) or photoswitchable fluorescent
proteins. SNAP-tag and HaloTag provided robust means to
covalently label binder and/or tagSrc with bright Janelia Fluor
dyes (Grimm et al., 2015), and the dye/protein ratio could be
adjusted simply by incubating the cells with different concentra-
tions of dye. Photoswitchable proteins could be controlled to
limit the number of visible fluorophores (Shcherbakova
et al., 2014).

SPT of binder expressed alone yielded very few tracks (<1 new
track per frame), showing that binder had little non-specific inter-
action with the PM (Figures S4A, left, and S4B). Binder co-ex-
pressed with tag (SsrA) fused to the transmembrane receptor
Stargazin was localized to the PM, as expected (Figure S4A,
right). We further validated binder/tag by co-expressing binder
with tagSrc-Y527F (constitutively active tagSrc [CA tagSrc]).
The Y527F mutation reduces affinity of the C terminus for the
SH2 domain, leaving Src in the open conformation (Cooper
et al., 1986; Kmiecik and Shalloway, 1987; Roskoski, 2004).
Dual-color SPT showed that CA tagSrc and binder produced
similar track maps, indicating that binder interacted with CA
tagSrc (Figure 4B). Although the maps were similar, the majority
of individually tracked tagSrc and binder molecules did not co-
diffuse. This was because only a fraction of the tagSrc and binder
populations were fluorescent. The images from these studies
suggested that CA tagSrc and binder accumulated on focal
adhesions (Figure 4B), as was confirmed by colocalization
with adhesion markers (see below). To test whether the binder
was selectively reporting the open conformation of Src, we
compared the diffusion of tagSrc, CA tagSrc, or binder with
tagSrc (Figures 4C, S4C, and S4D). The diffusion coefficients
of TagSrc and CA tagSrc were markedly different, likely because
the open form of Src bound to immobilized or slowly diffusing li-
gands. When co-expressed with tagSrc, binder showed the
same slower diffusion observed for CA tagSrc, indicating that
binder interacted selectively with the open, active form of wild-
type tagSrc. The slower diffusion of active tagSrc was consistent
with prior studies using Src-Y527F (Machiyama et al., 2015;
Shvartsman et al., 2007). Altogether, these results show that
binder interacts selectively with the open conformation of
tagSrc, and this produced clearly discernable effects on particle
diffusion and localization.

We tested whether diffusion rates of tagSrc were normal under
our experimental conditions. Abnormal diffusion was detected
only at 10-fold endogenous levels (Figures S4E and S4F), poten-
tially due to full saturation of slow-diffusing binding partners. At a
doxycycline concentration producing 4- to 7-fold endogenous
Src expression levels, there was sufficient signal from both
tagSrc and binder. Neither Src diffusion nor phosphorylation of
Src substrates was perturbed at up to 7-fold overexpression
(Figures S3F, S4E, and S4F). Furthermore, increasing binder
expression did not affect Src activation or diffusion (Figures
S3G, S4E, and S4F). These conditions were used for all subse-
quent experiments unless otherwise noted.

Dual-color imaging of tagSrc and binder diffusion (Figures 4C-
4E) showed that binder diffused more slowly than the overall
tagSrc population, indicating that it was binding to activated
Src. Moment scaling spectrum analysis (Ewers et al., 2005; Fer-
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rari et al., 2001) revealed that Src can exist in both free and
confined diffusional states (Figure S4G). Binder showed a signif-
icantly higher percentage of tracks in a confined diffusional state
than did tagSrc, likely due to interactions with slow-diffusing
binding partners and/or enclosure within cytoskeletal corrals
(Kusumi et al., 2005). These differences between the diffusion
of binder and tagSrc populations further supported the selective
interaction of binder with the open form of Src.

Finally, both the activity and PM localization of Src are known
to be affected by phosphorylation (Boggon and Eck, 2004;
Shvartsman et al., 2007). We therefore examined the effects of
dasatinib, a kinase inhibitor known to reduce Src phosphoryla-
tion at Src Y416 and Y5277 (Milano et al., 2009; Pichot et al.,
2009). In our BT MEFs, dasatinib produced dose-dependent
dephosphorylation (Figure S4H) of both residues and increased
binder recruitment to the PM (Figure 4F). Src phosphorylation at
Y527 maintains the closed conformation, and phosphorylation at
Y416 increases kinase activity. Because dasatinib disrupts both
of these (Li et al., 2010; Rix et al., 2007; Roskoski, 2015), it pro-
duces an open, inactive Src that can interact with binder. Even
though dasatinib did not increase catalytic activity, the open
Src showed reduced diffusion (Figure 4G). This indicated that ki-
nase activity is not required for interaction of open Src with other
molecules, an unappreciated ability of dasatinib to generate
dominant-negative Src (Figure S4l).

Published studies (Kypta et al., 1990) and our experiments
with binder/tag FRET above showed that Src is activated when
cells are stimulated with PDGF (Figure 3F). SPT of binder/tag
Src revealed that this was primarily due to activation of mem-
brane-resident Src rather than translocation of activated Src to
the membrane (Figures 4H and 4l).

Src recruitment, concentration, and activation at
adhesions

We used binder/tag first to corroborate biosensor studies
showing Src activity at adhesions (Koudelkova et al., 2019; Lu
etal., 2014) and to ask how Src activation is affected by adhesion
maturation. We obtained snapshots of adhesion markers every
minute and in between performed dual-color SPT of binder
and tagSrc in 20-s blocks (Figures 5A and 5B). To identify adhe-
sions, we used fluorescently labeled paxillin-EGFP because pax-
illin is present from the beginning of adhesion formation (Gardel
etal., 2010). At the concentrations of paxillin-EGFP used, neither
adhesion morphology (Figure S5A), the diffusion of tagSrc, nor
the diffusion of binder (Figure S5B) was affected.

Although tagSrc diffused more rapidly outside adhesions (Fig-
ure 5C), binder was slow diffusing regardless of localization,
consistent with binder interacting selectively with activated
Src, bound to other proteins. Src is known to be involved in
adhesion maturation (Gardel et al., 2010; Huveneers and Danen,
2009; Webb. et al., 2004). Adhesions enlarge as they mature
(Chu et al., 2014; Karginov et al., 2014; Koudelkova et al.,
2019; Playford and Schaller, 2004), so we asked whether Src
behavior correlated with adhesion size. Adhesions were binned
into small (0.05-0.25 um?), medium (0.25-1 pm?), and large (1-
5 um?) categories, based on previously described sizes of
nascent adhesions, focal complexes, and focal adhesions (Gar-
del et al., 2010; Han et al., 2015). The tracks inside and outside
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Figure 5. Correlating adhesion imaging and binder/tag single particle tracking to study Src recruitment and activation at adhesions

(A) Experimental approach. To correlate adhesions with tagSrc and binder tracks, adhesion markers were imaged every minute, either by TIRF (B, Figures S5D
and S5E) or for 2 s at 100 Hz for SRRF analysis (D); dual color single particle tracking of tagSrc and binder were carried out afterward.

(B) Correlated adhesion and single particle tracking maps showed clusters of tagSrc and elevated tagSrc concentration within adhesions. Adhesions occur
predominantly at cell extensions in these cells. Scale bar, 10 um.

(C) MSD analysis of tagSrc and binder tracks on and off adhesions. Error bars show SEM, n = 16 cells.

(D) Src activity and recruitment as a function of adhesion size. Track density was computed as the number of track centroids per unit adhesion area (left).
Cytoplasmic recruitment density was computed as the number of track starts per unit adhesion area (middle). Membrane recruitment influx was computed as the
number of tracks that entered adhesions by lateral diffusion per unit adhesion perimeter (right). For all quantities, “relative” denotes normalization to the average
across all adhesions. Both the track density and the cytoplasmic recruitment density increased with adhesion size, for both tagSrc and binder. Adhesions were
identified by super resolution SRRF imaging. Bars show mean +1 SD. Significance judged by one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001

with Tukey-Kramer correction for multiple hypotheses. Data represent n = 20 cells.

adhesions persisted for the same length of time (Figure S5C), so
track densities were used as a reasonable proxy for tagSrc and
binder concentrations. Both Src and active Src concentrations
increased with adhesion size, with small adhesions showing
concentrations similar to those in the PM (Figures 5D, left, and
S5D, left) and large adhesions having twice that concentration.

We asked whether Src was recruited to adhesions from the
PM or the cytosol and whether this was a function of adhesion
size. Larger adhesions recruited more cytoplasmic tagSrc per
unit area (Figures 5D, middle, and S5D, middle; see also STAR
Methods), but all adhesions recruited PM-associated tagSrc
equally (Figures 5D, right, and S5D, middle). Thus, the greater
concentration of Src in larger adhesions was due to their
enhanced recruitment of cytosolic Src (Figure S5E). Qualitatively
similar concentration and cytoplasmic recruitment behavior was

observed regardless of the adhesion marker (FAK-EGFP and
vinculin-EGFP) (Figure S5F).

Altogether, our results showed that larger adhesions recruit,
concentrate, and activate Src more effectively, and this
enhanced recruitment is primarily due to uptake of Src from
the cytosol, not from nearby plasma membrane. Enhanced cyto-
solic recruitment may be due to the increased availability of Src
binding sites across the surface of large adhesions.

Nanoscale clusters of Src are dynamic hotspots of
activity

Studies in fixed cells have shown that several Src family kinases
organize into clusters (Githaka et al., 2016; Owen et al., 2010).
Few studies of Src family kinase clusters have been carried out
in living cells (Rossy et al., 2013; Smith et al., 2016), and little is
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Figure 6. Src organization and activation within nanoscale clusters

(A) Workflow to identify and isolate clusters from experimental data. (i) Track maps are transformed into centroid maps and subjected to Voronoi tessellation. (ji)
Large Voronoi polygons were removed, generating proposed clusters. (jii) The proposals were used to assign tracks into clusters. Scale bar, 500 nm.

(B) An example showing incorporation of temporal information in cluster detection. The temporal density is shown as a dashed black line, and the stems denote
cluster classification. To be included in the same cluster requires an interval of <5 s between arrivals (STAR Methods).

(C) Distributions used in cluster kinetic analysis: number of tracks per cluster using 10 track per cluster minimum (left panel), observed lifetime of clusters
containing 10 or more tracks (middle), and time interval for arrival and dissociation of labeled molecules (STAR Methods). Black curves are experimental results,

(legend continued on next page)
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known about Src activity within individual clusters. Therefore, we
harnessed the capabilities of binder/tag to examine the dy-
namics of Src activation in clusters, with a resolution well beyond
that of diffraction-limited live cell microscopy.

Fixed-cell photoactivation localization microscopy (PALM) im-
aging showed tagSrc clusters throughout the cell, not simply at
adhesions, with a radius of 85 nm (Figures S6A-S6C; STAR
Methods). To examine dynamic clusters, we developed an
approach to identify clusters in dual color SPT imaging data
from BT MEFs (Figures 6A and S6D; STAR Methods). This was
based on Voronoi tessellation like that used for fixed cells (An-
dronov et al., 2016; Levet et al., 2015). Criteria for identifying
clusters were based on both the spatial (Figure 6A) and temporal
proximity (Figure 6B) of individual tracks. Other approaches have
been developed for live cell single molecule cluster analyses
(Griffié et al., 2018). However, because our method is based on
single particle tracking data, we are able follow the behavior of
individual molecules within clusters.

To obtain well-separated tracks for SPT, only a small propor-
tion of binder or tag were dye-labeled within cells (see above).
Therefore, it was rare to see two or more dye-labeled molecules
in an identified cluster at any given time, opening the possibility
that what we were actually observing was repeated interactions
of labeled molecules with a single binding partner rather than
true clusters. To determine the likelihood of such a false positive,
we performed a quantitative analysis of binder/tag kinetics
(STAR Methods). Our analysis demonstrated that the probability
of incorrectly identifying a single binder as a cluster is exceed-
ingly rare. The analysis also provided an estimate of 200 for
the average number of Src molecules within a cluster (STAR
Methods), consistent with effective radius of 85 nm estimated
from PALM imaging data (STAR Methods).

We quantified cluster dynamics using a stochastic model that
incorporates three kinetic steps: the association rate of tagSrc
with a cluster, the disassociation rate of tagSrc from a cluster,
and the disassembly rate of clusters (Figures S6F and S6G;
STAR Methods). Theoretical analysis of the model demonstrated
its ability to accurately reproduce experimental results for the
number of labeled TagSrc tracks per cluster, the observed clus-
ter lifetimes, and binding/unbinding events (Figures 6C and
S6H). Because the model contained only 3 parameters, we
also performed a systematic search of parameter space (Figures

¢ CellP’ress

6D and S6l), allowing us to estimate the median cluster lifetime
as Ty =8.7s.

We wondered whether clusters were enriched in activated Src.
Of all identified co-diffusion events (n = 1,094), 15% were in clus-
ters (Figure 6E). Comparing this percentage with that of an in sil-
ico randomization control (STAR Methods), we estimate that Src
molecules in clusters are 3 times more likely to be active
compared to unclustered molecules.

We next examined the dimensions of clusters and the distribu-
tion of active Src within them. Cluster size was determined by
creating density maps from track coordinates (Figure 6F) then
defining the cluster as the region with greater than half-maximal
density. This analysis produced median radii of 120-124 nm for
tagSrc and 105-113 nm for binder (Figure 6G). This size differ-
ence indicated that Src activation occurs in distinct regions
within larger clusters and/or that active and inactive Src are in
clusters of different sizes.

Support for “islands” of active Src within clusters was pro-
vided by assigning each displacement along each track into a
slow or fast diffusional state (Persson et al., 2013). This clearly re-
vealed that both tagSrc and binder were separated into slow and
fast diffusion zones within the same cluster (Figures 6H and
S6K). We compared the slow and fast diffusion of tagSrc in clus-
ters containing primarily tagSrc and the diffusion of binder in
clusters containing primarily binder (Figures 61, 6J, S6L, and
S6M). As illustrated in Figure 6J, the slowly diffusing regions
within tagSrc and binder clusters were roughly the same size,
whereas the fast-diffusing zones were larger and varied more
in average size. These data suggested that active Src within
clusters is separated into a smaller slow-moving zone, and
enabled us to determine the average size of each species’ distri-
bution within clusters (median radii: 96-100 nm for slow tagSrc,
88-94 nm for slow binder, 129-134 nm for fast tagSrc, and 112-
119 nm for fast binder, 95% confidence interval [Cl]). Control ex-
periments were performed to ensure that the differences were
not due to analytical or experimental artifacts (Figures SEN
and S60).

We estimated that, on average, 65% of the tracks entered
clusters via diffusion in the membrane. After removing tracks
that diffused in from the outside (Figure S6P), the fast zone re-
mained larger than the slow zone, demonstrating that this fast
zone resulted from tracks that are diffusing away from the cluster

blue shading shows spread of results using best-fitting parameters (top 5th percentile) after a systematic parameter sweep, and the red line illustrates a specific fit

(kon=2.25"", kot =5.1 57", ky = 0.049 s7").

(D) Distributions of best-fit parameters, along with mean + 1 SD. k., tagSrc association rate with a cluster; ko, tagSrc disassociation rate from a cluster; kg, the

disassembly rate of clusters.

(E) Co-diffusion events were over-represented in clusters compared to simulated random controls. Significance determined by comparing 10 simulations against

the measured value, using a one-sample Student’s t test.

(F) Example density map for a cluster, calculated using all associated track coordinates.
(G) Cluster sizes for tagSrc and binder. Distributions represent bootstrapped medians after thresholding clusters at 50% maximum density (see Figure S6J).
(H) Cluster substructure identified by a hidden Markov model-based diffusional analysis (see Figure S6K). Four example clusters highlighted, two each for tagSrc

and binder, highlighting core zones of slowed diffusion.

() Cluster sizes for the slow and fast zones within tagSrc and binder clusters. Distributions represent bootstrapped medians after thresholding clusters at 50%

maximum density (see Figure S6M).

(J) Schematic for cluster substructure based on the 95% confidence intervals in (G). Zones are drawn to scale, and the thickness of the circles corresponds to the

95% confidence interval.

(K) Measured recruitment from cytosol into clusters versus simulated random controls. All data represent n = 61 cells, with n = 3,972 tagSrc clusters and n = 2,058

binder clusters.
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center, not from active Src entering the cluster from outside.
Computer simulations predicted that 15% of tracks would arrive
from the cytosol compared to the 35% observed experimentally
(Figure 6K). This suggested that clusters of active Src are formed
by recruitment of Src to a concentration of slow-diffusing binding
sites. Finally, we note that clustered tracks had longer lifetimes
than non-clustered tracks (Figure S6Q), consistent with the exis-
tence of PM-anchored binding sites.

In summary, we found that Src clusters have an effective
radius of ~100 nm, consist of roughly 200 molecules, have a life-
time of around 9 s, and are enriched in active Src. Although most
Src (65%) enter clusters via lateral diffusion, the cluster area
does show an elevated ability to directly recruit Src from the
cytoplasm. Within clusters, we identified zones of slow-diffusing,
active Src embedded in larger zones of fast diffusing Src and
provide evidence that the active molecules are produced pre-
dominantly at sites within the clusters.

Inferring in vivo Src kinetics
Src conformational changes have been the subject of consider-
able kinetic and thermodynamic analyses in vitro (de Mol et al.,
2005; Ladbury and Arold, 2011; Payne et al., 1993; Le Roux
et al., 2016) but in vivo measurements have not been performed.
Therefore, we extended our stochastic model to study the ki-
netics of Src activation inside live cells. Our analyses relied on
co-diffusing pairs of tagSrc and binder tracks (Figure 7A; Videos
S2 and S3), which contain dynamic information about Src regula-
tion. Src molecules at the membrane can undergo 4 kinetic steps:
(1) activation (k4), (2) deactivation (k»), (3) release from the plasma
membrane in the inactive form (k7), and (4) release in the active
from (kg) (Figures 7B and 7C). The model also accounted for
SsrA/SspB interactions (ks and k) (Figure 7D; STAR Methods).
Motivated by our competitive binding studies (Figures 3D and
3F), we considered two additional steps to account for potential
effects of Src-binder interaction. We considered Src activation
induced by binder (ks) and binder dissociation caused by Src
deactivation (kg). Under our experimental conditions, binder acti-
vation of Src is negligible (Figures S3G and S7A), so we set the
rate constant for this process ks to zero. The rate of spontaneous
binder dissociation, from either tagStargazin or from tagSrc-
Y527F, was slower than the observed rate of tagSrc-binder
dissociation in co-diffusion events (kspont = 0.6~1.3 87", Kops =
4.25 s7) (Figures S7B and S7C). We therefore included ks as a
free parameter in the model. The rate of tagSrc-binder associa-
tion estimated from our cluster kinetics analysis was very low
(Kon b =0.004 s"), in part due to the low dye-labeling frequency.
However, if we look at the distribution of times for this process
(Figure 7F, process (i)), the rate appears much higher. The reason
for this discrepancy is that selecting for rare co-diffusion events
produces a higher effective association rate, because associa-
tion must occur before tagSrc dissociates from the PM (STAR
Methods). Therefore, the effective binding rate is determined
by the tagSrc dissociation rate of 3.47 s~'. These considerations
illustrate the problem with attempting to estimate single rate
constants directly from the distributions shown in Figure 7F.
That is, there are multiple competing transitions for each
biochemical state in the Markov model, so the measured distri-
butions do not purely represent the transitions shown in Fig-
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ure 7B. To overcome this problem, the model was fit to all the
data simultaneously. Photobleaching kinetics were excluded
from the model because the track lifetimes were shown to be
robust to increases in laser power (Figure S7C).

The model was simulated using each of the three PM-associ-
ated states as initial conditions. To simultaneously fit the model
to all the experimental data, we used a two-step parameteriza-
tion approach; an evolutionary algorithm (Fortin et al., 2012) pro-
vided a coarse-grained search of parameter space, after which
Markov chain Monte Carlo sampling (Haario et al., 2006; Miles,
2019) was used to refine the search and construct distributions
for the model parameters. We validated this approach using
simulated data as the ground truth (Figures S7D and S7E). After
fitting to experimental data, we obtained the parameter values
and bounds shown in Figures 7E and S7F and simulation results
shown in Figures 7F-7H.

Overall, the fitted model was in agreement with the SPT data.
Encouragingly, the model predicts that the plasma membrane
dissociation for active Src (kg = 0.18 + 0.44 s~ ) is much slower
than that for inactive Src (k7 = 10 + 2.8 s™'). This result is consis-
tent with previous observations that the open-conformation Src
interacts with other proteins in the plasma membrane, whereas
closed-conformation Src interacts with the plasma membrane
primarily via N-myristoylation (Sandilands et al., 2007). The
model also recapitulated several previous experimental mea-
surements (Table S1) providing additional evidence that it cap-
tures essential features Src regulation.

In summary, through observation of binder/tag co-diffusion
events and the simultaneous fitting of multiple rate parameters,
we were able to determine in living cells the kinetics of Src acti-
vation, inactivation, and interaction with the plasma membrane,
values that would otherwise be difficult to obtain. Our analysis
provides a computational framework for examining the in vivo ki-
netics of Src and other proteins in different regions of the cell and
various biological contexts.

DISCUSSION

We have described “binder/tag,” a molecular imaging approach
that simplifies biosensor engineering and is sensitive enough to
report the conformations of individual molecules in living cells.
The method presents some clear advantages—engineering is
reduced to insertion of a small peptide, this peptide can be
placed where binder interactions do not compete with known li-
gands, and the same binder-tag pair can provide a specific inter-
action for many different target proteins. A potential advantage,
not explored here, is the ability to replace native genes with fully
functional biosensor analogs. Binder/tag should prove useful for
multiplexing applications in that each activity can be visualized
with a single fluorophore. For this, we validated a second,
orthogonal binder/tag pair. For most biosensors one must find
the intracellular concentration that provides sufficient signal/
noise, but does not perturb cell biology. Binder/tag enables the
use of low biosensor concentrations because it requires only
detection of a directly excited fluorophore, which can be
selected for brightness and photostability.

Perhaps the most challenging step in building a new binder/
tag analog is finding a good insertion site for the tag. Our studies
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Figure 7. Measuring kinetics of Src interactions in living cells using binder/tag
(A) Two examples of co-diffusion, following tagSrc (green) and binder (red) over time (80 ms between images) (left). Example trajectories, where the tagSrc track is
in black with a green arrow marking the start, and the binder track is in red (middle). Scale bar, 500 nm. The fluorescence intensities of the spots are plotted as a

function of time (right).

B) Four processes that can be measured from co-diffusion events, containing information on Src regulation.
C) Examples of waiting times associated with the four processes.
D) Kinetic model of tagSrc and binder. Processes corresponding to dashed arrows cannot be inferred from the data.

G) Simulation versus measurement for track lifetimes.
H) Simulation versus measurement for co-diffusion sequence categories, where co-diffusion events were classified based on the order of arrivals and departures

of tagSrc and binder.

(

(

(

(E) Parameters obtained corresponding to best-fit kinetic models. Shown as mean + 1 SD.
(F) Simulation versus measurement for the waiting time distributions of the four processes.
(

(

Data represent n = 1,094 co-diffusion events identified over n = 61 cells. (F-H) Errors were shown as 95% confidence intervals.
See also Figure S7, Table S1, and Videos S2 and S3.
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exemplify using an autoinhibitory interaction to sterically block
the insertion site. Other mechanisms for conformation-depen-
dent tag exposure can also be envisioned: Previous studies
have shown large changes in the conformation of “hinge se-
quences” connecting autoinhibitory domains to catalytic do-
mains upon protein activation (Azoitei et al., 2019; Marston
et al., 2020). The tag peptide could be inserted in these hinges
as well as on the binding interface between the AID and catalytic
domain. Prior studies have shown that protein activation causes
changes in surface loops that are far from the active site or
important interfaces (Choi et al., 2015; Dagliyan et al., 2013,
2016; Karginov et al., 2010, 2014; Lee et al., 2008; Ostermeier,
2009). Conformational changes in such loops could affect the
exposure or orientation of an inserted peptide. Success with
one protein can guide insertion for whole protein families, as
we did when modifying Fyn based on our success with Src.

To assess insertion sites, different assays that report protein-
protein interactions could be used. We used pull-down assays
(Src, Fyn, and Syk) and also simple imaging of protein localiza-
tion (FAK).

The amount of binder attached to activated target proteins will
be affected by the dissociation constant and intracellular con-
centrations of binder and the tag protein. We showed that the
binder concentrations required to detect FRET with typical wide-
field microscopy setups could artifactually activate the protein,
so we generated a reduced affinity tag (“micro-tag”) to be
used in such applications. The ability to force open target pro-
teins could in fact be an advantage. Optogenetic analogs of
binder could be used with native affinity tag for light-induced
protein activation. The same protein engineering could lead to
both a biosensor and an optogenetic analog.

Being able to quantify rate constants in vivo is invaluable. The
intracellular environment can differ substantially from conditions
used for in vitro biochemical assays, and variations across the
cell can produce compartment-specific regulation of protein ac-
tivity. Our results demonstrated the importance of considering all
datasets simultaneously, and highlighted potential pitfalls of
inferring individual rate constants from single distributions. Our
computational approaches provide a mathematical foundation
for future single molecule studies.

The mechanisms driving cell behavior are organized across
many scales, including multimolecular systems smaller than
the diffraction limit of light microscopy. We developed binder/
tag to visualize dynamics of such nano-scale systems, and we
provide computational techniques to quantify and interpret
experimental results. We hope this integrated approach will
prove valuable for investigations into spatiotemporal control of
diverse proteins, and that the engineering advantages of
binder/tag will provide access to previously intractable targets.

Limitations of study

One must find appropriate concentrations where spurious acti-
vation is not induced, but where the biosensor produces suffi-
cient signal. For this, the use of tag versus microtag is important.
In situations where the target protein is inaccessible to the
binder, false negatives can result. Care must be taken to place
the tag where binder interaction will not interfere with normal in-
teractions of the target protein. Should this be unavoidable, it will
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likely be mostimportant to preserve upstream regulation and any
downstream binding sites that contribute to localization. In many
biosensors, such competitive inhibition occurs, but concentra-
tions can be kept low to prevent dominant-negative effects.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FLAG Sigma-Aldrich F7425-.2MG; RRID:AB_439687

Myc-Tag (71D10) Rabbit mAb

Src (32G6) Rabbit mAb

Phospho-Src Family (Tyr416) (D49G4) Rabbit mAb
Phospho-Src (Tyr527) Antibody

B-Actin (8H10D10) Mouse mAb

Paxillin

FAK

Vinculin

Anti-Phosphotyrosine

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Technology
Cell Signaling Technology
Sigma-Aldrich

ECM Biosciences

2278S; RRID:AB_490778
2123T; RRID:AB_1102399
6943T; RRID:AB_10013641
2105T; RRID:AB_331034

3700S; RRID:AB_11188565
sc-365379; RRID:AB_10859206
3285T; RRID:AB_2269034
V9131-100UL; RRID:AB_477629
PM3751; RID:AB_1944435

Chemicals, peptides, and recombinant proteins

Dasatinib MedChem Express HY-10181
PDGF R&D system 220-BB
Dulbecco’s Modified Eagle’s Medium Cellgro 15-013-CV
Fetal Bovine Serum Hyclone SH30088.03
GlutaMax GIBCO 35050061
Hams/F12 Caisson Labs HFL12
HEPES GIBCO 15630106
DPBS Corning MT21031CV
IP lysis buffer Pierce 87788
Protease inhibitors Millipore Sigma 11873580001
Phosphatase inhibitors, PhosSTOP Roche 4906845001
2-mercaptoethanol Biorad 1610710

4x Laemmli Sample Buffer Bio-Rad 1610747
Fugene6 Promega E2691
Lipofectamine and Plus reagent Invitrogen A12621
Deposited data

Structure of SspB-ssrA complex Song and Eck, 2003 PDB:10X9
Structure of unphosphorylated c-Src Cowan-Jacob et al., 2005 PDB: 1Y57
Structure of CSK Ogawa et al., 2002 PDB: 1K9A
Structure of tyrosine kinase binding domain of Cbl-c Takeshita et al., 2012 PDB: 3VRO
Structure of PTPN-22 RCSB PDB PDB: 3BRH
Structure of p130cas Nasertorabi et al., 2006 PDB: 1X27
Experimental models: Cell lines

Mouse embryo fibroblast, Tet-Off ClonTech 630914
COs7 ATCC CRL-1651; RRID:CVCL_0224
HEK293T ATCC CRL-11268; RRID:CVCL_1926

Software and algorithms

GraphPad Prism version 8.4.3

MATLAB 2018, 2019

Seaborn, version 0.10.1

Metamorph

Micromanager 2.0 gamma

Cluster detection and analysis; kinetic modeling

GraphPad Software
The MathWorks, Inc.
Waskom, 2021
Molecular Devices, LLC.
Edelstein et al., 2014
This paper

https://www.graphpad.com/; RRID:SCR_002798
https://www.mathworks.com/; RRID:SCR_001622
https://seaborn.pydata.org/; RRID:SCR_018132

https://www.moleculardevices.com/; RRID:SCR_002368

https://micro-manager.org/; RRID:SCR_016865
https://zenodo.org/record/5508399

el Cell 184, 5670-5685.e1-e12, October 28, 2021


https://www.graphpad.com/
https://www.mathworks.com/
https://seaborn.pydata.org/
https://www.moleculardevices.com/
https://micro-manager.org/
https://zenodo.org/record/5508399

Cell ¢? CellPress

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Klaus M.
Hahn (khahn@med.unc.edu).

Materials availability
Plasmids generated in this study will be deposited to Addgene and are available from the Lead Contact with a competed Materials
Transfer Agreement.

Stable cell lines generated in this study will be available upon request from the lead contact.

Data and code availability
e Original western blot images and microscopy data reported in this paper will be shared by the lead contact upon request.
® The code supporting the current study has been publicly released on GitHub and archived with Zenodo. DOls are listed in the
Key Resources Table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

HEK293T and COS-7 cells were obtained from the ATCC (https://www.atcc.org/). Authentication was performed by the companies.
MEFs were purchased from Clontech, who state that they were derived from NIH 3T3 cells (RRID:CVCL_0594) authenticated by STR.
The ATCC states that the COS-7 cells were authenticated by morphology and were derived from ATCC CCL-70, which were authen-
ticated by Karyotype. HEK293T cells were authenticated by STR.

Cells (MEF, HeLa and HEK293T) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Cellgro, 15-013-CV) supple-
mented with 10% fetal bovine serum (FBS) (Hyclone, SH30088.03) and 1X GlutaMax (GIBCO, 35050061). For single cell imaging,
cells were re-plated on fibronectin-coated coverslips and allowed to attach for at least 2 hours. Before imaging, the media was re-
placed with Hams/F12 (Caisson Labs, HFL12) supplemented with 5% FBS and 10 mM HEPES (GIBCO, 15630106).

METHOD DETAILS

Epifluorescence microscopy

Epifluorescence imaging was performed on an Olympus IX-81 microscope equipped with a UPlanFLN 40x objective (Pil, N.A 1.30).
Metamorph software (Molecular Devices) was used to control the microscope and acquire images. The light source was a 100 Watt
mercury arc lamp. All dichroic beamsplitters and bandpass filters were purchased from Semrock unless otherwise indicated. For
assessing the localization of Src and SspB in LinXE and Hela cells, a FF444/521/608 dichroic beamsplitter and either Chroma
HQ470/40X (GFP) or Zeiss BP-585/35 (mCherry) bandpass filter were used to select excitation wavelengths. Emission selection
was accomplished with either a Chroma HQ525/50 m (GFP) or FF-647/57 (mCherry) filter. Images were collected with a Photometrics
Cool Snap ES2 CCD camera. For FRET imaging in MEF cells, a FF462/523 dichroic beamsplitter and either a FF-434/17 (CFP) or FF-
510/10 (YFP) bandpass filter were used to select excitation wavelengths. Simultaneous collection of CFP and YFP emission was
accomplished with an Andor TuCam two camera adaptor using a FF509-FDi01 dichroic beamsplitter, as well as FF-550/49 and
FF-482/35 bandpass filters. Images were collected with two Hamamatsu Flash 4 V2 sCMOS cameras. The two cameras were manu-
ally aligned prior to image analysis and images were further aligned after collection using a custom MATLAB (MathWorks) script
described previously (Hodgson et al., 2010). Image processing, including flat-field correction, background subtraction, bleed-
through subtraction, photobleaching calculations, and ratio calculations were accomplished using a custom MATLAB script (Hodg-
son et al., 2010).

In-cell kinase activity assay

HEK293T cells were seeded into 6-well plates with 0.8 M cells per well. The next day cells were transfected with the indicated con-
structs using Fugene6 (Promega) according to the manufacturer’s protocol. At 24 h post-transfection cells were collected by
removing media and washing 1X with 1 mL ice-cold DPBS. To each well, 250 pL of IP lysis buffer (Pierce) was added and cells
were removed with a cell lifter (Corning), followed by pipetting the entire volume over the surface of the well several times to remove
remaining cells and mix the lysate. Lysis buffer contained protease inhibitors (cOmplete EDTA-free; Millipore Sigma) and phospha-
tase inhibitors (PhosSTOP; Roche). Lysate was then transferred to pre-chilled Eppendorf tubes on ice and placed on rotating mixer
for 20 m at 4C. Following incubation lysates were centrifuged at 6000 rcf. for 10 m at 4C. Supernatant was removed and combined
with 4X Laemmli sample buffer (10% 2-mercaptoethanol) and boiled for 5 m. Samples were western blotted for total phosphotyrosine
and kinase expression. Initial optimization of transfection conditions was required to identify a kinase expression level that produced
detectable changes in total cell phosphotyrosine between controls.
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Co-immunoprecipitation assay

HEK293T cells were transfected and lysed as described for the in-cell kinase activity assay. Following centrifugation of lysates, 20 uL
were removed from each sample to assess lysate protein expression. Two puL Anti Flag M2 (1 mg/mL) were added to each sample of
the remaining lysate. They were then placed on a rotating mixer at 4 C for 3 h. Following incubation, 30 pL of PureProteome Protein G
magnetic beads (Millipore Sigma) were added to each sample, which were then incubated on a rotating mixer at room temperature
for 15 m. Following incubation, samples were washed 3X with IP lysis buffer and resuspended in sample buffer, boiled for 5 m, and
stored at 4 C. Samples were western blotted for indicated proteins. Kinase-dead mutants (D388R) tagSrc and tagFyn were used for
co-immunoprecipitation assay for even expression levels (Figures 2C, S1A, and S1F).

Identification of effector binding sites

Analysis of Src effector binding sites was accomplished by searching the Research Collaboratory for Structural Bioinformatics Pro-
tein Data Dank (RCSB PDB) for X-ray crystal structures of Src bound to other proteins. We identified the following structures: active
Src (1Y57), Csk (1K9A), Cbl-c (3VRO), PTPN-22 (3BRH), and p130cas (1X27). The structures were loaded in PyMOL (The PyMOL
Molecular Graphics System, Version 2.1.0 Schrodinger, LLC) and aligned using Src as a common reference.

Cell rounding

HEK293T cells were plated on fibronectin-coated coverslips and allowed to spread overnight. The next day, cells were transfected
with the indicated constructs using Fugene6 (Promega) according to the manufacturer’s protocol. At 24 h post-transfection cells
were imaged in Ham’s F-12 medium (Kaighn’s Modification) (Caisson Laboratories, Inc) supplemented with 1 mM HEPES and
5% FBS. Images were acquired using differential interference contrast (DIC) microscopy. Image fields were scored for the number
of rounded cells by an evaluator unaware of the source of each sample.

Modeling of binding curves
We used the law of mass action to model the binding equilibrium of Src and SspB. We describe the reversible binding of SspB to Src
in terms of their equilibrium dissociation constant, Kp.

® " kon [Complex|

Substitution of the equation to describe Kp solely in terms of total concentrations of SspB, Src, and the SspB-Src complex gives:

_ ([Ssthotal] B [Complex])([srctotal] - [Complex])
B [Complex|

Kb

Rearrangement of the equation and application of the quadratic formula yields:

([Ssthotal] + [Srctotal] + [KD]) + \/([SSthotal] + [Srctota/} + [KDD2 - 4[SSthota/] [Srctotal]
2

[PA] =

Where,

PA
% Src Bound = [S[rc ] ]* 100
total

We input the final formula into MATLAB to plot binding curves for a range of SspB concentrations given the concentration of Src and
the affinity of their interaction.

High-content assay

High-content live cell FRET imaging was performed as described previously (Slattery and Hahn, 2014). Briefly, HEK293T cells were
seeded onto 96-well plates and cells were transfected with the indicated constructs, using Lipofectamine and Plus reagent (Invitro-
gen) according to the manufacturer’s protocol. Plates were imaged with an automated microscope (Olympus IX-81 with automated
stage, filter wheels and X/Y/Z stage with autofocus) and Metamorph software was used to image each well for CFP, YFP, and FRET
emission. A custom-written MATLAB script was used to calculate the sum intensity of each well and perform background subtrac-
tion, bleed-through corrections, and normalization of FRET/Donor ratios for each well.

Fluorometer assay

Fluorometer assays were performed as described previously (Pertz et al., 2006). Briefly, HEK293T cells were seeded into 6-well
plates and transfected with the indicated constructs, using Lipofectamine and Plus reagent (Invitrogen) according to the manufac-
turer’s protocol. At 24 h post transfection cells were harvested by trypsinization, then resuspended in DPBS (10% FBS). The
cells were centrifuged at 1000 rcf., supernatant was removed, they were resuspended in 700 uL DPBS (10% FBS), and placed in
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Eppendorf tubes on ice, protected from light. To collect CFP and FRET emission, samples were excited at 433 nm and emission was
collected from 450 to 600 nm. To collect YFP emission, samples were excited at 505 nm and emission was measured at 525 nm. Cells
transfected with empty cDNA (pBABE-puro) was used to measure autofluorescence and light scatter, which was subtracted from the
data. FRET emission was corrected for bleed-through and FRET/Donor ratio was calculated by dividing corrected FRET emission at
525 nm by CFP emission at 474 nm.

Immunofluorescence

For measurement of endogenous Src expression level and variability, MEF cells were processed as follows: Cells were fixed with
3.7% paraformaldehyde for 20 min at room temperature and washed 3X with DPBS, then permeabilized with Triton X-100 0.1% so-
lution in DPBS for 5 min and washed 3X with DPBS. The cells were next blocked with 1% BSA and 1% FBS in DPBS for 1 h at room
temperature, then stained with primary and secondary antibodies at indicated dilutions in blocking buffer for 1 hour and washed 3X
with DPBS after each incubation.

PDGF treatment

For assessment of the FRET biosensor’s response to PDGF treatment (Figure S2J), LINXE cells were seeded in 12 well plates for at
least four hours and transfected with the binder/tag FRET biosensor or control plasmids (tagSrc-mCerulean with yPet) using Fugene6
(Promega) according to the manufacturer’s protocol. After overnight incubation, cells were transferred to glass bottom dishes
(MatTek, P35GC-1.5-14-C) coated with poly-D-lysine. Imaging was performed on an Olympus IX-81 microscope equipped with
an UPlanFLN 10X objective (N.A 0.3). For excitation, we used Chroma ET436/20 (CFP) and ET500/20 (YFP) bandpass filters com-
bined with Chroma dichroic ET445/505/580. To collect emission we used ET470/24 (Chroma) for CFP and ET535/30 (Chroma) for
YPF (or FRET). Images were collected with a Hamamatsu Flash 4 sCMOS camera. PDGF (50 ng/ml) was added at 5 minutes after
beginning acquisition.

Single molecule microscopy

Single molecule tracking was performed on a home-built TIRF microscope based on an IX81 microscope body (Olympus) and equip-
ped with four solid-state lasers (Coherent OBIS 405 nm, 488 nm, 561 nm and 647 nm). A four-band dichroic mirror (DM: Di01-R405/
488/561/635, Semrock) was used for multi-color imaging. Fluorescence images were collected using a 150 X TIRF objective (UAPON
150XOTIRF, NA 1.45, Olympus), and projected to an electron-multiplying charge-coupled device (EMCCD) camera (Evolve® 512
Delta, Photometrics). A 10-position emission filter wheel (Sutter Instruments) and imaging splitting optics (W-View GEMINI, Hama-
matsu) were mounted in front of the camera to flexibly switch between different imaging modes. For dual-color SPT, the filter settings
were as follows: in GEMINI, DM (T647Ipxr, Chroma), Long-pass filter (FF01-698/70, Semrock) and short-pass filter (FFO1-600/52,
Semrock); the emission filter wheel was set to empty. For correlative adhesion and dual-color SPT: in the GEMINI, the short-pass
filter was removed; the emission filter wheel was set to HQ525/50 M (Chroma) for EGFP-labeled adhesion marker imaging, and
was switched to ET570Ip (Chroma) for dual-color SPT. The system was controlled by the open-source software Micromanager (Edel-
stein et al., 2014).

Single molecule tracking

Single B/T MEF cells were imaged for 60 s at 50 Hz, generating 3000 frame videos. We first applied atrous-wavelet decomposition
(Olivo-Marin, 2002) to extract individual single molecules. Each identified molecule was then fit with a 2D Gaussian function to obtain
a precise centroid. We then adopted a well-established trajectory-linking algorithm to identify the same single molecule in successive
frames (Crocker and Grier, 1996).

Single molecule diffusional analysis
The MSD at different time lags 7=nAt was calculated as follows:

MSD(1) = < (Xesk — X;)? + (Vouk — ¥2)>,
where x;, , and y;, x describe a position following a time interval k after starting at x, and y... To determine the diffusion coefficient of
each track, the MSD curves were fitted to a nonlinear anomalous diffusion model:

MSD(1) = 4D7* + 402,

where D is the diffusion coefficient, « is the anomalous exponent, and o is the localization precision. To obtain a reliable estimation of
the diffusion coefficient, the minimum track length was set to 12 frames (Qian and Elson, 2002; Saxton, 1997).

We used moment scaling spectrum (MSS) analysis to categorize trajectories into diffusive modes, such as pure Brownian, confined
(sub-diffusive) or directional (super-diffusive) movement (Ferrari et al., 2001). The moments of displacement of order v is defined as:

I\/ISS(T7 1/) = <(X7+k _XT)V+()/7+k _}/T)V>7
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where 7 is the time lag. The MSD is a special case where v = 2. These moments were calculated for v = 0~6.

We also used a Hidden Markov model (HMM) approach to annotate the instantaneous diffusive behavior of trajectories using a
previously described method (Persson et al., 2013). Trajectories with at least 5 frames were analyzed by variational Bayes single par-
ticle tracking, producing per-frame classification into discrete diffusive states based on a Brownian motion approximation. After ex-
amination of 1, 2, 3, 4, and 5-state diffusional models, two diffusive states were sufficient to explain the dataset based on an elbow
analysis of the model scores. Each cell was analyzed as a separate dataset, and variability in the HMM parameters was reported over
cells. The number of iterations was set to 25, bootstrapping to 100, diffusional prior to [0.0001,5] um?/s, and dwell time prior to
[40,400] ms. Occasionally frames were missing within trajectories, so prior to HMM analysis, these frames were interpolated by mini-
mizing the sum of squares of the second derivative at the gap (see Source Code). After construction of the HMM, the interpolated
frames were removed.

Quantification of adhesion morphology

BT MEF cells were transfected with paxillin-EGFP or control constructs (Figure S5) and stained with different adhesion protein anti-
bodies (Paxillin: Santa Cruz Technology, sc-365379; FAK: Cell Signaling Technology, 3285T; Vinculin: Sigma-Aldrich, V9131-100UL).
Adhesion images were taken on the home-built TIRF microscope described above, and adhesion morphology was characterized by a
well-established adhesion-processing pipeline (Berginski et al., 2011) with a few modifications. Briefly, raw images were first filtered
with a morphological top-hat operator and binarized with a wavelet decomposition approach (Olivo-Marin, 2002). A watershed algo-
rithm was then applied to separate close, contacting adhesions. Quantitation of adhesion morphology (e.g., areas, eccentricity) was
accomplished using the regionprops function of MATLAB. The full implementation of this can be found in the Source Code.

Quantification of FAK (or tagFAK) and binder intensity on adhesions

Paxillin-EGFP was used to identify adhesions using the approach described above. The adhesion mask was then mapped to the
FAK-mCherry (or tagFAK-mCherry) channel. The average FAK intensity was extracted using the regionprops function of MATLAB
and corrected by subtracting the overall cytosolic FAK intensity. The average binder intensity per adhesion was obtained similarly,
except that the background was calculated locally by taking the mean intensity of a 3-pixel band surrounding each adhesion. The
percentage binder intensity increase over background was shown. The full implementation of this can be found in the Source Code.

Normalized track density and track recruitment within adhesions

Tracks were considered ‘on adhesion’ if their centroid was within the adhesion. For each cell, absolute track centroid densities (also
‘track densities’) were calculated by counting the number of ‘on adhesion’ tracks and dividing by the area of the adhesions. Absolute
track densities were normalized to the average track density within all adhesions, resulting in a dimensionless quantity labeled ‘rela-
tive track density’ in Figure 5D. Similarly, tracks were considered recruited to adhesions from the cytoplasm if the first frame of the
track was inside an adhesion. Absolute cytoplasmic recruitment densities were calculated by counting the number of events and
dividing by the area of the adhesions. The relative cytoplasmic recruitment density was similarly normalized to the average cyto-
plasmic recruitment density within all adhesions, resulting in the dimensionless quantity ‘relative cyto. recruitment density’ in Fig-
ure 5D. Absolute membrane recruitment influx was calculated by counting the number of tracks that diffused into adhesions from
outside, then dividing by the perimeter of the adhesions. The relative membrane recruitment influx was normalized to the average
membrane recruitment influx in all adhesions, resulting in the dimensionless quantity ‘relative memb. recruitment influx’ in Figure 5D.
The adhesion size categories chosen reflect previously described bins for nascent adhesions (0.05-0.25 um?), focal complexes (0.25-
1 um?), and focal adhesions (1-5 um?) (Gardel et al., 2010).

Drug treatment

BT MEFs were cultured in 100 pg doxycycline for three days. For western blots, cells were treated with the indicated amounts of
Dasatinib (MedChem Express, HY-10181) for 4 hours and then bolted for total Src (Cell Signaling Technology, 2123T), Src-Tyr527
(Cell Signaling Technology, 2105T) and Src-Tyr461 (Cell Signaling Technology, 6943T). For SPT, BT MEFs were first stained with
SNAP-JF549 (500 nM) and Halo-JF646 (1 nM) for 30 minutes. After washing, the cells were plated on fibronectin = coated cover-
glasses and treated with 100 nM Dasatinib. After 4 hours, the cells were examined using TIRF microscopy.

Single molecule co-diffusion detection

To track individual molecules, low dye concentrations were used, so that only a sub-population of the target proteins (tagSrc and/or
binder) were fluorescently labeled. All binder events on the membrane were assumed to have a corresponding tagSrc, even though
the tagSrc in some cases would not be fluorescent. Therefore, when searching for co-diffusion events, we selected for all tagSrc
trajectories that co-diffused (distance < 100 nm per frame) with another binder trajectory for at least five consecutive frames
(100 ms) during their residence on the PM. This resulted in n = 1094 co-diffusion events over n = 61 cells.

Fixed cell PALM imaging

COS-7 cells were transiently transfected with Src-mGeosM for 12~16 hours and plated on fibronectin-coated coverglass for 4 hours.
For fixation, cells were treated with 3.7% PFA for ~20 minutes at room temperature. Each cell was imaged for 10,000-20,000 frames.
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PALM reconstruction was done using in-house MATLAB-based scripts. The cluster size was estimated with pair-correlation PALM
analysis (Sengupta et al., 2011). Briefly, we first identified single molecule localizations (see single molecule tracking section) from all
frames of the acquired movie to construct a superresolution map. Next, we manually chose regions of interests (3 um x 3 um) from 7
cells for correlation analysis. The peaks of the autocorrelation function were measured to estimate cluster size.

Cluster detection and analyses

Cluster identification and refinement were based on the following steps: Track centroids, rather than whole trajectories, were used as
the input to the tessellation process to avoid bias for longer-lived tracks and to avoid false-positive cluster detection due to repeated
observation of a slow-moving molecule. Reducing the dataset to track centroids also allowed much more efficient computation. The
polygon size threshold was obtained as described by Andronov et al. (2016): 50 realizations of randomly distributed points were sub-
jected to Voronoi tessellation, and probability density functions of the experimental and mean simulated polygon sizes were
computed. Their intersection defined the threshold. Next, tracks that diffused into proposed clusters were added, even if their cen-
troids were not originally assigned (Figure S6D). Sets of tracks with large temporal separation, despite being spatially clustered, were
split into separate assignments as follows (Figures 6B and S6E). A new molecule was typically observed at a cluster at least once
every 4 s (> 90% of all recruitment events). Therefore, proposed clusters with longer time gaps between track appearances were
split. To remove spurious clusters, we ignored clusters that had fewer than 10 tracks, clusters that contained 3 or more tracks at
the same instant in time, clusters that were first observed within the first 4 s of imaging, and clusters that had multiple unconnected
regions after thresholding at their half-maximal density.

To measure cluster sizes, we computed kernel density estimates (KDE) using the localizations associated with sets of clustered
tracks. Gaussian kernels with optimized bandwidths were used (Bowman and Azzalini, 1997). The domain was padded out by
1 um in each direction to avoid boundary artifacts, and calculations were performed on 10 nm x 10 nm pixelated grids. After
computing a KDE for each cluster, each density map was thresholded at 50% of its maximum to generate binary masks with areas
and effective radiir = \/A/x . Distributions of the corresponding areas for all clusters are provided in supplemental figures (Figures
S6J and S6M). The main text figures (Figure 6G and 6l) show violin plots of bootstrapped median radii after B = 100,000 bootstraps
with replacement. The violin plots were produced using seaborn.violinplot (v 0.10.1) (Waskom, 2021) in Python 3, using a kernel band-
width of 1, and cutting the violin range to the range of the observed data. The sizes of slow and fast zones within clusters were
computed by isolating slow (or fast) localizations, then repeating the KDE analysis as described above. Main components of this
code are available at https://github.com/mikepab/binder-tag/ and at https://hahnlab.com. Simulations and analyses were primarily
performed using Linux systems (Longleaf cluster at UNC Chapel Hill, 2.50 GHz and 2.30 GHz Intel Processors), with some subse-
quent analyses conducted on a Macintosh computer (3.4 GHz Intel Processor).

Detecting enrichment of co-diffusion events in clusters

Co-diffusion events were annotated as either clustered or not by using both detected tagSrc clusters and detected binder clusters as
references. This allows co-diffusion events to account for potentially undetected clusters, which may occur due to the existence of
non-fluorescent tagSrc and binder. The percentage of cluster-associated co-diffusion events was then determined as an assess-
ment of Src activity within detected clusters. As a null hypothesis, where clustering was unrelated to activity, randomized pairs of
tagSrc and binder tracks (n = 1094 pairs to match the number of co-diffusion events) were selected, and the percentage of clus-
ter-associated randomized events was determined. This randomization was performed 10 times, and the actual cluster-associated
co-diffusion events were compared to the random simulation by a one-sample t test.

Cluster entry from cytoplasm versus plasma membrane

Cluster-associated tracks were considered recruited from the cytoplasm if their first frame was within the cluster boundary, as deter-
mined by the KDE map using 50% of the maximum density. To simulate random uniform recruitment, we first computed the “cluster
extents,” defined by thresholding the KDE map by 5% of the maximum density. The cluster boundary was embedded within the clus-
ter extents, and under uniform recruitment, tracks were equally likely to land throughout the cluster extents. Therefore, the predicted
fraction of cytoplasm-recruited tracks for clusters with uniform recruitment was determined by dividing the area within the cluster
boundary by the area of the cluster extents.

Analysis of the number of Src molecules in a cluster
Let kon,_» denote the rate at which a labeled binder molecule associates with a tagSrc molecule (either fluorescently labeled or not).
kon_p Can be written as:

kon,b = k;n_bpa

K on_p is the rate at which a labeled binder associates with an active tagSrc molecule and p, is the probability that a tagSrc molecule is
active and free of unlabeled binder. The rate at which a binder associates with a cluster ko, gt can be written as:

kon_BT = k’on_bpa_cNtS :kon_chtS
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where Nig is the number of tagSrc in the cluster and p, . is the probability that a tagSrc molecule in a cluster is active and free
of unlabeled binder. To estimate k., » requires analysis of co-diffusion events. That is, events in which labeled tagSrc and labeled
binder are present at the same place and time. Specifically, we make use of co-diffusion events in which labeled tagSrc arrives
followed by labeled binder (i.e., they do not arrive together). When a labeled tagSrc appears on the membrane, it can either dissociate
with rate ko s or a labeled binder can bind to it. The probability that a labeled binder binds to the labeled tagSrc before it dissoci-
ates is:

De= kon_b
kon,b + koff,tS
We can also estimate p. from our single molecule data as the fraction of co-diffusion events N.q out of the total observed number of
labeled tagSrc molecules Nig:

Do = % _ kon,b
¢ Nis  Kon_b +Kofr _ts

From which we find

Neg e
P _ Njoff-S
on_b 1_ Nea
Nis

Using the above expression with the values Ngo/Nis = 0.001 and ko s = 3.5 s™! determined from the data, we find Kon_b = 0.0035 s
The probability that tagSrc is active might depend on whether tagSrc is part of cluster. The majority of co-diffusion events are not
associated with clusters. Therefore, our estimate of k., , may not apply to clusters. We can determine if the probability for tagSrc
to be active varies in clusters in the following way. Note the rates kon p and kon_nc are related through the relations

kon_bc = pa_ck/on_b

kon,b = pak/on,b
Equating k’on_p in the two equations above produces:

kon_bc = %kon_b

Therefore, to compute kon_nc We need to estimate the ratio for the probability of Src molecules being active in a cluster versus being
active when not identified as being part of cluster. We can estimate this quantity as the ratio of the relative number of co-diffusion
events that occur in clusters to that of the relative number that were not identified as being associated with clusters:

co—diffusion events in tagSrc clusters
number of clustered tagSrc tracks

fPac_

Pa co—diffusion events not identified as part of a cluster
number of non—clustered tagSrc tracks

Using the above expression, we find f = 2.5. From which we have Kon e = 2.5 Kon_p = 0.01 s™'. From the distribution of arrival
times for labeled binders in clusters, we estimate the rate at which binder associates with a cluster as kon g = 1.7 s Using
this value and Kkon e = 0.01 s, we estimate the number of tagSrc in a cluster to be Ntg = Kon_B1/Kon be = 170. From Western
Blot analysis, we determined the ratio of WT Src to tagSrc to be roughly 1:5. Therefore the number of Src molecules in a cluster
is roughly 1.2 Nts = 200. Using fixed cells, we can estimate the radius of a cluster to be 85 nm. If we assume a Src molecule has
an effective radius of 3.5 nm, then approximately 450 Src molecules can fit in a cluster, assuming they are packed on a square
lattice. Therefore, our estimate of 200 molecules appears reasonable. From our kinetic model, we estimate p, = 0.29 from which
we estimate p, . = 3 X p, = 0.87. Therefore, we can estimate the number of active Src molecules in a cluster to be on the order of
0.87x 200 = 174.

Validation of cluster identification criterion

The results of our analysis above suggest the existence of Src clusters consisting of roughly 170 active Src molecules. However, to
see individual molecules, it was necessary to label a small fraction of tagSrc and binder molecules. This means we rarely see multiple
labeled tagSrc or multiple labeled binders appearing simultaneously in a cluster. Therefore, it is possible that the events designated
as clusters actually resulted from a single long-lived binding site. This scenario would represent a false positive. Even though
our analysis above suggests that clusters of approximately 200 Src molecules, if there were many more single Src binding sites

e7 Cell 184, 5670-5685.e1-e12, October 28, 2021



Cell ¢? CellPress

or single tagSrc molecules than clusters, the probability of a false positive might be reasonably large. We address this issue by con-
structing an upper bound for the probability P of observing at least Ng sequential binder binding events to a single tagSrc molecule in
time T¢. Our definition of cluster requires Ng = 10. The value of T represents the characteristic lifetime of a cluster. As an estimate for
T., we use the median cluster lifetime estimated from our data T = 10 s.

To begin our analysis, note that our criterion for a cluster is at least 10 binding and dissociation events in a row. Let f(t) represent the
probability density for the time for a binding event followed by a dissociation event to occur. Then if the random variable T represent
the time for Ng such events to occur. We can write T as:

i=1

where T represents the time for a single binding and dissociation event to occur. Because the T are independent events, we can write
their joint distribution as

IR N,
F(7) = I
Using this distribution, we compute the probability that T < T, as:

TC—Z Ti
Te Te=™Ng Te—TNg—TNg-1 =

PHT < To] = / / / / ﬁﬁ(ﬂ)d%..dﬂ
2 =1

0 0 0

Note the following relation holds from the above equation:
Te Ne
PriT < T¢l< (/ f(r)dr
0

Therefore, if we can compute f(t), we can use the expression above to put an upper bound on the probability for observing a sequence
of Ng or more binding/unbinding events within time T¢. Computing f(t) is a first passage time problem. The starting point for the calcu-
lation is the following set of differential equations:

o
% = - konpo
a
% = KonPo — koffp1

where ko, is the rate at which a labeled molecule associates with a binding partner and ko is the rate at which it dissociates. Solving
the above equations with the initial conditions pg = 1 and p4 = 0 yields

po = e *rt

(e—ka,,t _ e—koﬂt)

From which f(t) can be computed as

_ {dpo  dpi _ _ KotitKon ( kont  pbopt
f(t) B ( dt * dt ) _kOﬁp1 _koff - kon (e © )

Integrating f(t) produces

Tc

KottKon <e —kottTc  g@—konTc )
f(r)dr =1+ —
/ ( ) koff - kon koff kon

0
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Note that we have estimated kon = kon_g =0.004 s™" and from our data we estimate ko = 1.74 5. Because Tc = 10's, exp[-Kof Te] < 1
and K'on b Tc < 1. We can use these relations to approximate the above expression as:

Tc

K, 1
/f(T)dewi"” (1 —konTe) =1 — (1 —konTc)
o koff *kon 1-— ﬁ
Tc
_ Kon _ Kon
f(r)dr=1—(1+-2)(1 —konTo) =konTc — -2
koff koff

From which we have:

Ne

Te Ne
PrT <T¢] < ( / f(T)dT) :(ko,,Tc—:ﬂ) <(konTc)E =101
off
0

A simple interpretation of the above result is that ko, T, is roughly the probability for a tagSrc to bind within time T.. Therefore, the
probability of seeing Ng sequential binding/unbinding events must be less than the probability of seeing Ng binding events in time
T.. Assume there are 10° tagSrc molecules and all of them are bound to the membrane. A typical experiment lasts for Te, =
10 min or 600 s. Therefore, there are N, = 10° Texp/Tc = 10° possible chances for a false positive. Given this large number, we still
do not expect to see any false positives, p = N, 107'* = 107°%. We conclude that our criterion of 10 events to identify clusters is
conservative.

Stochastic model for cluster kinetics

The above analysis demonstrates that the probability of misidentifying a single binding site as a cluster is small and that clusters likely
consist of around 200 tagSrc molecules. However, it does not address the probability of a false negative or the accuracy of the exper-
imentally determined median cluster lifetime. Therefore, to further analyze cluster kinetics, we constructed the following stochastic
model. The cluster lifetime is assumed to be an exponentially distributed random variable characterized by its mean 1/ky. During the
lifetime of the cluster, labeled tagSrc molecules bind with rate ko, ts and dissociate with rate k¢ +s. We focus on tagSrc clusters,
because when a labeled binder leaves the membrane, it is not clear if this was due to the binder dissociating from tagSrc or tagSrc
dissociating from the membrane. Because clusters consist of approximately 200 tagSrc molecules, we assume that ko, +s does not
depend on the number of labeled tagSrc molecules present in the cluster. To simplify the notation presented below, we drop the tSin
the subscripts of ko ts and Ko ts.

To be considered an experimentally detected cluster, the cluster has to satisfy two criteria: 1) no more than two labeled tagSrc can
be present in the cluster at any given time and 2) at least 10 labeled tagSrc binding/unbinding events must be observed before the
cluster disassembles. Let N(t) represent the number labeled tagSrc in the cluster at time t. Then the first criterion requires that N(t) < 2
throughout the whole cluster lifetime. This criterion is consistent with the way the experimental data were collected.

We define a “binding/unbinding” event as follows. The starting time for a binding/unbinding event T, is defined as the time when
N(t) transitions from 1 — 0 and the event continues until time T¢,q When the next 1 — 0 transition occurs. Because binding and un-
binding events are stochastic process, the time interval T = (Tgtart, Tena) i @lso a random process. The experimentally determined
distribution for cluster binding/unbinding events is given in Figure 6C. We can compute this distribution from our model as follows.
Let p;(t) denote the probability that a cluster contains i labeled tagSrc molecules at t. The functions pj(t) satisfy the following master
equation:

dpo

dt = = konpo

op

dt = - (kon + koff)p1 +konp0 +2koffp2

o]
% = - (kon + 2 koff)pZ +konp1

with the initial conditions pg(0) = 1, p1(0) = 0 and p»(0) = 0. Note that the above process terminates when either a third binding event
occurs, which happens with rate ko, po(t), or a successful binding/unbinding event occurs, which happens with rate ko p4(t). The
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probability density for the time at which the above process terminates is given by f(t) = kogs p1(t) + kon P2(t) = fsuc(t) + frai(t), where the
first term represents the times that a successful binding/unbinding event occurs and the second term represents the times for when
the criterion N(t) < 2 is not met. The model equations were solved symbolically using Mathematica.

The second criterion is that 10 binding/unbinding events must occur before the cluster disassembles. Cluster disassembly events
and binding/unbinding events are assumed to be independent. Therefore, the joint distribution for the times when these events occur
is F(t4,t) = fsuc(ts)X fy(to). We assume the cluster lifetime distribution f4(t) is exponential, f4(t) = ki, exp(-ki; t). This would be the case if
there was one rate limiting step for cluster disassembly. The average cluster lifetime is given by 1/k;.. From these considerations we
compute the probability of a successful binding/unbinding event:

Kottkon (Kif + 2Kosr + K
Psye = / fsuC(tZ) / fd(t)dtdtz = 5 off O"( it + > off + on)
2 ; (k[f + kon) (kh‘ + 3k/fkoff + 2koﬂ + 2k[fkon + koffkon + kgn)
2

(Equation 1)

and the average duration of a successful binding/unbinding event:

9

] B
TAvg = /tg fsuc(tg) / fd(t)dtdtg (Equation 2)
0 tr

(Kot — Kon) (Kot + 8Kon) ((2Kit + Koft) (Kt + 2Kost)” +2 (3K2 + Okiekiofs + k2 ) Kon + 3 (2Kt + Kot )K2, +2K3, )
(Kit +Kon) (Kt + 2Kot + Kon) (K2 + Tottkon — 8K2,) (K2 + 3Kitkiots + 22 + 2Kitkon + Kotkon + K2,

TAvg
The probability of failure because N(t) > 2, Pg4 is:

P = / faa(ts) / f,(t)dltdlt,
0 t

k3

P, =
U (K + Kon) (K2 + BKigkiogt + 2K25 + 2Kigkon + Kofthion + K2,
If off

The probability of failure because the cluster disassembles before a successful binding/unbinding event Pg; is:

- /fd / (Fan(t) + Frolt))dltclty
0

t

k[f (kltf + 2k§ﬂ + 3konkoff + 3k2 + 3k[{( off + kon))
(k/f + ko,,) (k,zf + Sk[fk i+ 2k2ff + 2k/fkon +K, ffkg,—, + k )

Pr2 =

Note that Pg,c+Pg1+Pg2 = 1. Because binding/unbinding events are independent, the probability of cluster consisting of n binding/
unbinding events is:

P, =P, .Pr (Equation 3)
Note that the sum of P,, over all n does not equal one, because it does not include events in which more than two labeled tagSrc
appeared. There are three experimental datasets that the model should reproduce: 1) the probability distribution for the number
of tracks per cluster, 2) the distribution of cluster lifetimes, and 3) the distribution for the time for binding/unbinding events (Figure 6C).
We describe how these datasets can be used to put constraints on the model parameters. Using Equation 3 to take the natural log of
P,, we find:

In(Py) = nin(Psyc) + IN(Pg2)

Therefore, we can estimate Pgyc by fitting a line to the log of the experimentally determined distribution for track number per cluster
(Figure S6F). From this we find Pg,,c = exp(—0.105) = 0.9. To estimate T4, we use the following reasoning. Let M = the minimum track
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threshold to be considered a cluster. Let Ty, = the average cluster life time using a threshold of M. Then the following relation holds
between the Ty,’s:

Tyt = Tu+Tayg

which implies:
TM = TA.,gM+ Tg

Therefore, we can estimate T, 4 by fitting a line to the average cluster lifetime as a function of M (Figure S6G). Doing this we, find T,yg =
0.62 sand To = 5.8 s. Note that to fit a line to the average cluster life time we started with a minimum value of M = 9. The deviation from
linearity for small values of M likely occurs because clusters have a finite minimum lifetime (i.e., the cluster lifetime does not follow an
exponential distribution at short times). The fraction of tagSrc clusters that are successfully identified is:

Py = Z PacPF2

m=10

and the fraction of clusters that fail because 3 or more tagSrc are present simultaneously is:

Pr =Y PloPrr (Equation 4)

m=0

From the data we find Pr to be between 0.4-0.8. We used the constraints on psyc, Tavg @and Pr to determine values for the model pa-
rameters as follows: we picked a value of k,, and then use Equations 1 and 2 to find ks and k.. We then used Equation 4 to evaluate
Pr. The range for the values of ko that produced P values in 0.4-0.8 range was 2.1-2.4 s™'. For this range of values Pr ranged from
between 0.41-0.82, k¢ ranged between 5.0 s Ps) ranged between 0.2-0.06, and ki ranged between 0.095-0.029 s The range for
ki corresponds to a range of 7.3-23.9 s for the median cluster lifetime. To validate our approach, we ran stochastic simulations using
kon=2.25"" kor=5.187", and k; = 0.049 s™'. The model showed excellent agreement with the experimental distributions for the num-
ber of tracks per cluster, observed cluster lifetime, and binding/unbinding times (Figure 6C).

Finally, to investigate the sensitivity of the model results on the choice of parameter values, we performed a systematic search of
parameter space. We swept over ko, = 0.9-3.4 (increment 0.05), kot = 3-21 (increment 0.5), and ki = 0.01-0.51 (increment 0.01),
producing 90,000 parameter sets. For each parameter set, 200,000 realizations of the stochastic model were numerically solved us-
ing the Gillespie algorithm. The probability distribution for a successful binding/unbinding event was computed analytically in Math-
ematica as:

1 P
fau(t) = ﬁfsuc(t) / fa(to)dts
t

To score parameter sets, we calculated mean-squared errors between the model results and the experimentally measured distribu-
tions for: 1) the number of tracks per cluster, 2) cluster lifetime, and 3) binding/unbinding time. Furthermore, we constrained our
simulations based on the observed low frequency of tagSrc cluster and Binder cluster co-localization as follows. The cluster co-local-
ization probability is estimated as Pgoioc = Psi2, Where we have assumed that the probability of successfully observing a Binder cluster
is equal to that of tagSrc cluster. We made this assumption because the distributions for the number of tracks per cluster, cluster
lifetime and binding/unbinding time were similar for tagSrc and Binder clusters. We only accepted parameter sets for which
Pecoioc <0.015, or a less than 1.5% probability of cluster colocalization. Finally, we required Pr to be between 0.4-0.8 as above.
We accepted all parameter sets scoring in the top 5th percentile (Figures 6C and 6D). The effect of selecting different percentile
thresholds is shown in Figures S6H and S6l.

Mathematical modeling of SPT kinetics

The continuous-time Markov chain model of Src regulation was simulated using a discrete time-step simulation with four states: (1)
closed tagSrc at the plasma membrane, (2) open tagSrc at the plasma membrane, (3) open tagSrc with binder at the plasma mem-
brane, and (4) an absorbing state representing translocation into the cytosol. The transition probability matrix is:

Paa 1 —exp(—kiAt) 1 —exp(—ksAt) 1 —exp(—k7At)
p_ 1 — exp(—koAt) Py 1 —exp(—ksAt) 1 —exp(—kgAt)

1 —exp(—keAt) 1—exp(—ksAt) P, 1 —exp(—ksAt) ’

0 0 0 1
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where At is the simulated time step, and P, P, Pcc, Were calculated such that the rows sunl)med to one. The timestep was selected
such that P;j < 0.1, for i#j. A Markov chain simulation using a particular parameter vector 6 resulted in a sequence of states s =
{s1,s2,...,S7} where each s; is state A, B, or C, and the final state is state D. Analysis of the sequence s yielded process waiting
times, track lifetimes, and a co-diffusion sequence. These simulations were repeated five thou_s)and times using each of the three
non-absorbing states as initial conditions to generate distributions for each parameter vector 4. The relative proportion of events
starting from the three states was weighted by the additional parameters f4, f,, and f3, which summed to one. Of all co-diffusion
events, 24% started with both tagSrc and binder together, so f3 was fixed to 0.24. Furthermore, two parameters were fixed: ks
and ks. First, the process represented by ks is activation of labeled tagSrc by labeled binder, and the corresponding rate was fixed
to zero because binder overexpression did not induce aberrant Src activation (Figures S3F and S3G). Next, the process represented
by k3 is the association between labeled tagSrc and labeled binder. Because of low labeling density, this process occurs infrequently,
so the estimated value of this rate is very small (kon_p = 0.004 s™', see Analysis of the number of Src molecules in a cluster). How-
ever, by selecting for co-diffusion events, ks becomes determined instead by overall dissociation rate of tagSrc from the membrgne.
This is estimated to be 3.47 s-1 from clustered track lifetime data (Figure S6Q). Therefore, we optimized the parameter vector 6§ =
{k1,kz,ka.,ke.k7,ks, f1}. Simulated trajectories {?1  So,..., 's'n} were analyzed to produce simulated distributions with the same con-
straints as the experimental data: tracks shorter than 12 frames (240 ms) were ignored; tracks where binder arrived, departed, then
arrived again were ignored; and unless binder was present for at least 12 consecutive frames, the track was not considered a co-
diffusion event.

Two-step parameter inference of SPT kinetics

Atwo-step approach was used to search parameter space globally, then locally. We used an evolutionary algorithm (EA) (Fortin et al.,
2012) optimization followed by Delayed Rejection Adaptive Metropolis-Markov Chain Monte Carlo (DRAM-MCMC) (Haario et al.,
2006; Miles, 2019). For the EAs, a single evolution consisted of 100 parameter sets (“individuals”) that competed, mated, and
mutated over 100 cycles (“generations”). Three-individual tournaments were used for mating, where the two best-fitting individuals
mixed parameters to produce a new individual, while the worst-fitting individual was removed. Crossover and mutation rates were set
to 0.5 and 0.1, respectively. The initial parameters for EA optimization were based on exponential fits to the data. For DRAM-MCMC,
the single best parameter set from the EA runs was used to initialize fitting; of 10,000 total steps taken, the first 5,000 steps were
thrown away as burn-in. DRAM-MCMC inputs for S20 and NO were both set to 0.045, leading to acceptance rates near 23.4% (Haario
et al., 2006). Three independent chains were simulated, and chain convergence was verified using Geweke and Gelman-Rubin di-
agnostics (Gelman and Rubin, 1992; Geweke, 1992). For both steps, we used the score function:

Score = MSE(process._i) + MSE(process._ii) + MSE(process._iii) + MSE(process._iv)
+ MSE((tagSrc_lifetime_codiffuse) + MSE (tagSrc_lifetime_all)
+ MSE((binder_lifetime_codiffuse) + MSE(codiffusion_sequence_category),

where the MSE(e) is the mean-squared error between experﬂ}wental and simulated distributions.

For model validation, we simulated the kinetic model with 6,5 = {k1 = 6,ko = 7,ks = 2,k = 1,kz = 13,kg = 0.17,f; = 0.13}. The
number of simulated observations were closely matched to the number of experimental observations for the four measurable pro-
cess times. The initial 6,000 DRAM-MCMC steps were discarded as burn-in, and the following 5,000-step chain was analyzed. S20
and NO were both set to 0.035 to tune the acceptance ratio. We verified convergence in these chains as before. We were able to
rediscover the parameters k4, ke, k7, and f; within 1 SD of the mean, and k4, ko, and kg within 2 SDs of the mean (Figures S7D
and S7E). The variance of the k4, ko, and k7 distributions were poorly constrained in both the validation and experimental fits. Because
we cannot observe the interconversion between closed and open tagSrc in the absence of binder, we expected k4 and k; to be poorly
constrained. However, we can infer the relative proportions of closed and open tagSrc, and consistent with this the ratio k4/(k;+ky) is
better constrained (Figure S7F).

Main components of this code are available at https://github.com/mikepab/binder-tag/. Both the EA and the DRAM-MCMC fits
were conducted using Linux systems (Longleaf cluster at UNC Chapel Hill, 2.50 GHz and 2.30 GHz Intel Processors), each step taking
at minimum 2-3 days per CPU, with subsequent analyses conducted on a Mac (3.4 GHz Intel Processor).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8.4.3, MATLAB (Mathworks) and seaborn (https://seaborn.pydata.org/index.html) were used to generate the
graphs and perform statistical analysis. Significance was typically judged by either unpaired or paired Student’s t tests, or by
one-way ANOVA with Tukey-Kramer correction for multiple hypotheses, where *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
In Box-and-whisker plots, the box always extends from the 25th to 75th percentiles, the line in the middle of the box is plotted at
the median, the whiskers are drawn down to the 10th percentile and up to the 90th. Points below and above the whiskers are drawn
as individual points.
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Figure S1. Development of binder/tag Fyn, binder/tag Syk, binder/tag FAK, and an orthogonal binder/tag pair, related to Figure 2
(A) Comparing SspB interaction for tagFyn versus a tagFyn open conformation mutant (Y527F/K299M, KD/YF). Co-immunoprecipitation of tagFyn and FLAG-
SspB (binder). SsrA was inserted after the indicated residue. KD: kinase-dead.
(B) Schematic of binder/tag Syk. Two tyrosine sites (Y342 and Y346) were mutated to either phenylalanine (rendering closed tagSyk, YYFF) or alanine (rendering
open tagSyk, YYAA).
(C) Comparing SspB interaction of tagSyk closed conformation and open conformation mutants (YYAA versus YYFF respectively). Co-immunoprecipitation of
FLAG-SspB with Syk mutants (with and without tag insertion). The tag was inserted at the indicated positions (top). The insertion site with the best dynamic range
(N11) was replicated, along with Syk without the tag insertion as a control.

(legend continued on next page)
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(D) Syk with and without the tag insertion at N11 was expressed in LinXE cells and whole-cell lysates were immunoblotted for the indicated proteins.

(E) Crystal structure of the FERM (blue) and kinase (green) domains of FAK (PDB: 2J0J). Red arrows indicate the four tested SsrA insertion sites (A: R35, B: D405,
C: Y128, D: S47). The N-terminal FERM domain is attached to the central kinase domain via a linker chain. The FERM domain binds and inhibits the kinase domain
until phosphorylation by Src sets in motion a series of conformational changes that culminate in catalytic activity (Lietha et al., 2007).

(F) MEFs stably expressing binder-SNAP-tag (labeled with dye JF646) were transiently transfected with the adhesion marker Paxilin-EGFP and constitutively
active mutants of either FAK-mCherry or tagFAK-mCherry (Karginov et al., 2010; Lietha et al., 2007). The top row shows control FAK lacking the tag. Two of four
insertion sites retained adhesion localization (sites A and B), and both showed colocalization of tagFAK and binder (e.g., bottom row, showing site b). Binder
largely distributed in the cytosol and was recruited to adhesions only when interacting with tagFAK.

(G) Ctrl: FAK-mCherry; A, B: insertion sites shown in (E). CA: constitutively active FAK. Left, Intensity of FAK on adhesions: tag insertion at sites A and B didn’t alter
FAK localization to adhesions. Right, intensity of binder at adhesions: The activating mutation increased focal adhesion localization of binder only for site b,
indicating conformation-dependent binding for this tag position. Control: 810 adhesions from 10 cells; WT-A: 612 adhesions from 8 cells; CA-A: 464 adhesions
from 5 cells; WT-B: 697 adhesions from 8 cells; CA-B: 692 adhesions from 12 cells. See STAR Methods.

Further development of this FAK analog as a biosensor would include testing for perturbation of the pathway or cell behavior under study.

(H) Schematic of orthogonal binder/tag Src based on ePDZ and ARVCF.

(I) Co-immunoprecipitation of Src-ARVCF and FLAG-ePDZ using anti-FLAG antibody. Wild-type versus open conformation Src mutant (Y527F/D388R, or KD/YF).
The ARVCF peptide was inserted after the indicated residues. KD: kinase-dead.
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Figure S2. Optimization and modeling of FRET-based binder/tag biosensors, related to Figure 3

(A) LinXE cells were co-transfected with paxillin and either Src or tagSrc. Whole-cell lysates were immunoblotted for indicated proteins.

(B) Representative images of LinXE cells expressing tagSrc-GFP and binder-mCherry. Cells were imaged with DIC (top) and epifluorescence (bottom).

(C) Only constitutively active Src and tagSrc combined with binder caused cell rounding. Scale bar: 50 um.

(D) Screening different combinations of CFP variants (CyPet, mCerulean3, and mTurquoise) and YPet circular permutants (wild-type, CP173, CP157, CP229).
TagSrc and SspB were attached to CFP and YFP, respectively. FRET emission is displayed on the y axis. Star indicates optimized FRET pair (mCerulean3 and
YPet CP229).

(E) MEF cells expressing FRET biosensor based on tagSrc or tagSrc Y527F active mutant (top). TagSrc and SspB were expressed at approximately equal levels
as measured by CFP and YFP emission intensities per unit area. Color scale indicates FRET/CFP emission values. A histogram showing FRET/CFP ratio values for
each cell is shown at bottom. Control cells were transfected with tagSrc-mCerulean and yPet-cp229. Scale bar: 10 pm.

(F) FRET/CFP emission values for MEF cells expressing wild-type (n = 14) or Y527F active mutant (n = 12) tagSrc FRET biosensor. Control cells were transfected
with tagSrc-mCerulean and yPet-cp229 (n = 5). p value was calculated with an unpaired two-sample Student’s t test.

(legend continued on next page)
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(G) Initial screen to identify tag mutants with reduced affinity. Normalized FRET/CFP emission values for LinXE cells expressing the tagSrc FRET biosensor with
the indicated tag mutants are shown. TagSrc and SspB were expressed at approximately equal levels as measured by average CFP and YFP emission intensities.
This initial screen was carried out once.

(H) Co-immunoprecipitation of tagSrc mutants and FLAG-SspB using anti-FLAG antibody. Reduced affinity SspB (A70Q) used as a control is in the left lane. Other
lanes use WT SspB. Band densities were quantified, and normalized tagSrc/SspB is displayed on the y axis (n = 1).

() A model of SspB binding to SsrA-tagged proteins. The effect of AID engagement on SspB binding was incorporated by applying the Schild model of
competitive antagonism (Colquhoun, 2007; Schild, 1947).

(J) After specifying the Src concentration and AID affinity, the SsrA/SspB affinity determined the SspB concentration needed to bind a given percent of tagSrc. For
inactive tagSrc, AID affinity is high (Roskoski, 2004), so AID competes strongly with SspB. For active tagSrc, AID affinity is low and competition is weaker. In our
past experience with GTPase pathways roughly 200-800 nM biosensor has been required for FRET imaging (Azoitei et al., 2019; Hodgson et al., 2016; Machacek
et al., 2009; Marston et al., 2020; Nalbant et al., 2004; Pertz et al., 2006; Zawistowski et al., 2013). The model indicates that at these concentrations we should
reduce the affinity of SspB to prevent activation of tagSrc.

(K) FRET for a fixed concentration of tagSrc or micro-tagSrc, with varying levels of SspB. Lowering the affinity of SsrA shifted the binding isotherms as predicted.
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Figure S3. Generation of MEFs stably expressing tagSrc and binder, related to Figure 4

(A) MEF cells stably expressing tagSrc-HaloTag and binder-SNAP-tag were labeled with Oregon Green (HaloTag ligand) and MeroSnap (SNAP-tag ligand). Cells
were imaged using epifluorescence microscopy.

(B) Populations with different expression levels in BT MEF cells were selected by flow cytometry. Cells were selected for low expression of tagSrc (left), with high
or low binder expression (right). Scale bar: 50 um.

(C) Immunofluorescence of parental MEF cells stained for endogenous Src (left). BT MEF cells stably expressing tagSrc-HaloTag labeled with Oregon Green
(middile). Cells were imaged using epifluorescence microscopy. Quantification of normalized fluorescence intensity for tagSrc-HaloTag (n = 14) or endogenous
Src (n = 12) (right). Scare bar = 50 um.

(D) Whole-cell lysates of BT MEF cells were immune-blotted for the indicated proteins. Doxycycline concentration was titrated to control the level of expression.
TagSrc-HaloTag band density was quantified and normalized to either endogenous Src or fully induced tagSrc-HaloTag.

(E) Whole-cell lysates of BT MEF and parental MEF cells were immunoblotted for Src. Doxycycline concentration was titrated to control the level of expression.
(F) Whole-cell lysates of BT MEF, parental MEF cells, and electroporated parental MEF cells (GFP and Src) were immunoblotted for the indicated proteins.
Normalized band densities were quantified. TagSrc-HaloTag and phospho-tagSrc-HaloTag were normalized to endogenous Src in the top three rows (Src pY416,
Src pY527). Phospho-paxillin was normalized to paxillin in the bottom two rows (Paxillin pY31).

(legend continued on next page)
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Expression up to 10-fold endogenous Src did not alter Src or paxillin phosphorylation. In contrast, expression at 40-fold endogenous reduced the inactivating
phosphorylation at Src Y527, increased the activating phosphorylation at Src Y416, and increased phospho-paxillin (F). We therefore carried out all following
biological studies at < 7-fold endogenous Src, with SspB at the minimum necessary expression level.

(G) Whole-cell lysates of binder-Low and binder-High BT MEFs and parental MEF cells were immunoblotted for the indicated proteins. Doxycycline concentration
was titrated to control the level of expression. MEFs expressing high and low amounts of SspB within our optimized concentration range (B, right panel) did not
display significantly different Src phosphorylation relative to MEFs lacking SspB.
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Figure S4. Controls and additional binder/tag SPT results, related to Figure 4

(A) SspB shows little nonspecific binding to the plasma membrane. COS-7 cells were transiently transfected with binder alone (left) or co-transfected with SsrA
fused to the membrane anchor Stargazin (right).

(B) New binder events per frame from cells expressing binder alone, binder and WT tagSrc, binder and CA tagSrc.

(C) Single particle tracking of tagSrc-yPet (left) and CA tagSrc-yPet (right) in transiently transfected COS-7 cells.

(D) Mean squared displacement analysis of tagSrc-yPet and CA tagSrc-yPet.

(E and F) Diffusion coefficients extracted by MSD analysis for tagSrc-Halo-JF646 and binder-SNAP-JF549 in (E) “binder-Low” and (F) “binder-High” BT MEF cells
as a function of doxycycline-dependent expression of both tagSrc and binder. Data shown with Mean + SD.

(G) Moment scaling spectrum analysis of tracks shown in Figure 4D, quantifying random and confined diffusive populations. Directionally diffusing molecules
were ignored.

(H) Dose-dependent dephosphorylation of Src Tyr-416 and Tyr-527 by dasatinib in BT-MEFs.

(I) Dasatinib generates an open, catalytically inactive Src (middle structure) that binds to downstream targets and to the binder.
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Figure S5. Controls and additional data for correlation of adhesion imaging and binder/tag single particle tracking, related to Figure 5

(A and B) BT MEF cells were transfected with paxillin-EGFP or control vectors (A: blank pBabe vector; B: a vector carrying only the fluorescent protein
dTurquoise). Expression of paxillin-EGFP did not perturb (A) the morphology of endogenous adhesions or (B) the diffusion of tagSrc and binder. Adhesion
morphologies were characterized by immuno-staining BT MEFs with different adhesion protein antibodies (see STAR Methods). IF, immunofluorescence; TF,
transfection; PXN, paxillin; FAK, focal adhesion kinase; VCL, vinculin. Box-and-whisker plots shown with outliers displayed as dots.

(C) Lifetimes of tracks in and out of adhesions are similar, so track density is a reasonable proxy for concentration.

(D) Src activity and recruitment as a function of adhesion size. Track density was computed as the number of track centroids per unit adhesion area (left).
Cytoplasmic recruitment density was computed as the number of track starts per unit adhesion area (middle). Membrane recruitment influx was computed as the
number of tracks that entered adhesions by lateral diffusion per unit adhesion perimeter (right). For all quantities, “relative” denotes normalization to the average
across all adhesions. Both the track density and the cytoplasmic recruitment density increased with adhesion size, for both tagSrc and binder. Adhesions were
identified through TIRF imaging of adhesion markers, as described in materials and methods. Bars show mean + 1 s.d. Significance judged by one-way ANOVA,
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001 with Tukey-Kramer correction for multiple hypotheses. Data represent n = 16 cells.

(E) Proportions of tracks entering adhesions from the cytoplasm versus membrane as a function of adhesion size. Adhesions were revealed by a single TIRF
snapshot. Bars show mean + 1 s.d. Significance judged by one-way ANOVA with Tukey-Kramer correction for multiple hypotheses, *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001.

(F) Track densities and cytoplasmic recruitment densities of tagSrc and binder in cells with adhesions marked by FAK-EGFP (n = 9 cells) and Vinculin-EGFP
(n = 10 cells). Adhesions were revealed by a single TIRF snapshot. Bars show mean + 1 s.d. Significance judged by one-way ANOVA with Tukey-Kramer
correction for multiple hypotheses, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure S6. Additional data for the nanoscale organization and activation of Src within clusters, related to Figure 6

(A) Pair-correlation PALM of fixed MEF cells transiently transfected with Src-mGeosM. Scale bar, 5 um. Insert is a magnified view of the area marked by the
dashed yellow box, showing Src clusters. Scale bar, 1 um.
(B) The autocorrelation function g°°2¥ of molecules in the ROI of (A) was measured, enabling calculation of the correlation due to stochastic re-appearances of a

single protein gst°°h

and the actual protein correlation gPrte™,

(C) The cluster size of Src was estimated from multiple fixed cells, each dot indicating a measurement from a 3 um x 3 um area. Results are from 7 cells and 14

areas. Shown is mean + 1 s.d.

(D) Example illustrating spatial refinement. During the cluster identification pipeline, densely packed tracks (gray) produced small islands of Voronoi polygons
(black). Tracks that diffused into the island (red) could be left out of the cluster proposal because their centroids were further away. These tracks were added into
the cluster during spatial refinement, prior to temporal clustering.

(legend continued on next page)



¢ CelPress Cell

(E) Distribution of track arrival intervals at proposed clusters, prior to temporal clustering. The arrival interval is the time between new observations of tracks. Most
arrival intervals (> 90%) are less than 4 s, which was chosen as the cutoff to temporally separate clusters.

(F) The number of tagSrc tracks versus the natural log of the frequency of observation, used for estimating the probability of success Pg,c (Equation 1).

(G) The minimum number of tracks used to define clusters versus the average observed cluster lifetime, used to estimate the probabilistic cluster lifetime pa-
rameters Ty, and Ty

(H) Regions of parameter space corresponding to the top 10%, 5%, and 1% of simulations matching the data after fitting to the data in Figure 6C, constraining the
probability of cluster colocalization to < 1.5%, and requiring the probability of failure P to fall between 0.4 and 0.8.

() One-dimensional kernel density estimates of the distributions in (H).

(J) Size distributions of tagSrc and binder clusters, from thresholding clusters at half maximal density.

(K) Two-state diffusional analysis of tagSrc and binder using a hidden Markov model, giving diffusion coefficients (D, pm?/s) and transition rates, mean + 1 s.d.
(L) Paired-difference cluster size distributions, showing the difference between fast and slow zones on a per-cluster basis. In most clusters the fast zone is larger
than the slow zone.

(M) Size distributions of the slow- and fast-diffusing components of clusters. Sizes were obtained by thresholding clusters at half maximum density.

(N) Cluster sizes of tagSrc and binder across a different minimal track criteria for defining clusters (n = 4 to n = 20 tracks minimum). Distributions represent
bootstrapped medians after thresholding clusters at 50% maximum density.

(O) Cluster sizes for constitutively active tagSrc (CA tagSrc) and binder in the same cells, using the same fluorophores and conditions as in the wild-type tagSrc
experiments. Distributions represent bootstrapped medians after thresholding clusters at 50% maximum density.

(P) Slow and fast diffusive zone sizes after removing tracks that diffused into clusters along the plasma membrane. Distributions represent bootstrapped medians
after thresholding clusters at 50% maximum density

(Q) Track lifetimes show clusters stabilize both tagSrc and binder in the plasma membrane.

Data in panels E-R represent n = 61 cells.
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Figure S7. Controls and additional data for kinetic analysis in living cells, related to Figure 7

(A) Titrating doxycycline to adjust tagSrc and binder expression levels does not significantly alter the measured process durations.

(B) Control experiments measuring spontaneous binder dissociation. Binder track lifetimes when co-expressed with tagStargazin in COS-7 cells (left). Binder
track lifetimes when co-expressed with tagSrc-Y527F in COS-7 cells (right). Binder was labeled with SNAP-JF549.

(C) The working laser power (6 mW for tagSrc, 2 mW for binder) did not significantly influence lifetime estimates. A 0.02 s change corresponded to a 1-frame
change. N > 3, shown is mean + 1 s.d.

(D and E) Parameter posterior distributions (D) and chains (E) from three independent MCMC fits to the validation data.

(F) Parameter posterior distributions from three independent MCMC fits to the experimental data. Parameters that were not well constrained (k4, ko, and k) also
showed large variability when parameter estimation was performed using simulated data, suggesting that our inability to identify these parameters was due to the
structure of the data and not our inference method. Consistent with this, the ratio of k; to k, was better constrained by the data.

(G) Linear regression of tagSrc:binder dissociation (k4) versus one-step Src inactivation + tagSrc:binder dissociation (kg) parameters from the experimental data
MCMC fits (F). R is the Pearson’s correlation coefficient.
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