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anopore-mediated protein celivery enabing three-color single-molecule tracking in living

cells

Zhongwen Chen, Yuhong Cao, Chun-Wei Lin, Steven Alvarez, Dongmyung Oh, Peidong Yang, and Jay T. Groves

“Multiscale Research Institute of Complex Systems, Fudan University, Shanghai 200433, China; "Department of Chemistry, University of
California, Berkeley,

CA 94720; “Department of Materials Science and Engineering, University of California, Berkeley, CA 94720; and
YMechanobiology Institute, National University of Singapore, 117411, Singapore

Multicolor single-molecule tracking (SMT) provides a powerful tool to mechanistically probe molecular interactions in living cells.
However, because of the limitations in the optical and chemical properties of currently available fluorophores and the multipro-
tein labeling strategies, intracellular multicolor SMT remains chal- lenging for general research studies. Here, we introduce a practical
method employing a nanopore-electroporation (NanoEP) technique to deliver multiple organic dye-labeled proteins into living cells
for imaging. It can be easily expanded to three channels in commercial microscopes or be combined with other in situ labeling
methods. Utilizing NanoEP, we demonstrate three-color SMT for both cyto- solic and membrane proteins. Specifically, we
simultaneously mon- itored single-molecule events downstream of EGFR signaling pathways in living cells. The results provide
detailed resolution of the spatial localization and dynamics of Grb2 and SOS recruitment to activated EGFR along with the resultant
Ras activation.

Slingle-molecule tracking (SMT) provides an unprecedented ability to directly observe molecular interactions with high spatial and
poral resolution, which has significantly advanced the understanding of physical molecular mechanisms underlying function in
living cells (1-7). SMT becomes especially powerful when multiple molecular species are studied, as it allows direct observation of
two or more types of molecules simultaneously, providing an informative insight into the study of the protein— protein interactions.
Recently, much success has been made in the study of the receptor-G protein interactions and messenger RNA translation
heterogeneity with the use of two- or three- color SMT (8, 9). However, because of the limitations in the optical and chemical
properties of currently available fluo- rophores and the protein-labeling techniques, monitoring mul- tiple proteins’ interactions in
living cells remains challenging for general research applications.

Multicolor SMT has been possible to some extent with three different experimental strategies. First, photoactivatable or pho-
toconvertible fluorescent fusion proteins, such as PAmcherry or mEOS3.2 (10, 11), are the most common probes for SMT as they are
easily fused to the target proteins in cells genetically. How- ever, the molecular brightness and photostability of fluorescent proteins
are generally much lower than organic dyes (Table 1), thus limiting their applications for long-term molecule tracking. Second,
inorganic fluorescence probes, such as quantum dots, have excellent optical properties, yet they require complex func- tionalization
with biomolecules, which inherently introduces het- erogeneity, defects, and undesirable multivalence. Besides, such large particles
generally only work well on the extracellular side of cell membranes (2). Third, recent developments in membrane- permeable dyes
have provided a promising way to label intracel- lular proteins in situ through specific fusion tags (12-16); however, the nonspecific
association of dyes and the lipid bilayer is a general concern (17, 18) that needs to be validated in more context, especially in
sensitive single-molecule experiments. In fact, many bright and lipid interaction-free organic dyes are membrane impermeable and
thus far cannot be used for intracellular im- aging (Table 1). Taken together, given current limitations in fluo- rescent probes and
multispecies tagging methods, multicolor SMT in living cells still faces great challenges.

An alternative solution to achieve multicolor SMT involves intracellular delivery of dye-labeled purified proteins. Microin- jection
and cuvette electroporation (CEP) are the most practical intracellular delivery strategies. While microinjection allows for the
introduction of various types of exogenous macromolecules into living cells, it is labor intensive and requires a sophisticated
experimental apparatus (19-21). Efforts have already been made to demonstrate that CEP allows intracellular delivery of dye- labeled
molecules, including DNA oligos and proteins, for in vivo SMT (22-24). However, to the best of our knowledge, CEP has yet to be
demonstrated to deliver multiple types of proteins to the same cells to achieve in vivo multicolor SMT. This could be due to the
challenges of CEP: that it is inefficient for multitype cargo loading and is too invasive to conduct sequential delivery for different
cargos. To overcome these challenges, we have demonstrated a simple nanopore electroporation (NanoEP) method built on a
nanopore-embedded water filter to achieve nontoxic and highly efficient localized electroporation (25). In comparison with CEP,
NanoEP porates a small fraction of the cell membrane, which not only preserves cell viability but also allows sequential delivery of
various types of cargos. In addition, NanoEP employs elec- trophoresis as the main mass-transport mechanism to inject the charged
cargos into cells, thus allowing for increases in cargo- loading efficiency of 10- to 100-fold, compared with the diffusion mechanism in
CEP. We apply this method to deliver multiple organic dye-labeled proteins intracellularly to realize multicolor SMT in living cells.
This method poses great experimental ver- satility. Purified proteins can be labeled with a broad selection of high-performance dyes
that meet the optical criteria for SMT. As the protein labeling happens in a homogenous solution in vitro, this method circumvents the
technical hurdles of the intracellular protein labeling with only membrane-permeable dyes. It can be easily expanded to three channels
in commercial microscopes or be combined with other in situ labeling methods for broad research applications.

Significance
Multichannel single-molecule tracking is a powerful tool to probe molecular interactions with high spatial-temporal reso- lution.

Current methods have at least two major limitations: the lack of high-performance intracellular single-molecule fluorescence probes
and the difficulty of multispecies single- molecule labelling. Here, we employ a nanopore-electroporation technique to deliver organic



dye-labelled proteins into living cells to achieve multi-color single molecule tracking. These or- ganic dyes have better optical and
chemical properties than the probes currently used. Therefore, we significantly expand the selection of intracellular single-molecule
probes to widely available dyes. We demonstrate the application of this tech- nique by revealing detailed spatial resolution and
dynamics of membrane EGFR signaling transductions, which will shed light on the understanding of its fundamental mechanism.

Table 1. Comparison of commonly used dyes or fluorescent proteins for SMT*

Dye or Extinction Quantu Molecular Membrane Dye-lipid
Channel fluorescent coefficient m brightness’ permeability bilayer Ref
protein (M'em™) yield interaction
488 Alexa 488 73,000 0.92 67.2 No No 17
Atto 488 90,000 0.8 72.0 No No 17
Oregon Green 85,000 0.92 78.2 Yes No 53
488

PA-GFP 17,400 0.79 13.7 — — 54
561 Alexa 568 86,000 0.69 59.3 No No 17
PA-JF 549 98,900 0.85 84.1 Yes Yes* 15
TMR 78,000 0.41 32.0 Yes Yes 16
PAmcherry1 18,000 0.46 8.3 — — 10
mEOS3.2 32,200 0.55 17.7 — — 11
647 Alexa 647 27(()),00 0.33 89.1 No No 17
PA-JF 646 120,00 0.53 63.6 Yes Yes* 15

0
Cy5 250,00 0.28 70.0 No Yes 17

0
iRFP 670 114,00 0.11 12.5 — — 55

0

*This table is not to summarize all single-molecule probes but only highlights some commonly used dyes or fluorescent proteins.
"Molecular brightness is calculated by extinction coefficient x quantum yield/1,000.

*Dye-lipid bilayer nonspecific interaction of PA-JF 549 and PA-JF 646 are not reported from the literature but were tested on our
own. We observed nonspecific association of both dyes on plasma membranes in HelLLa and COS7 cells. Those nonspecific
associations can be removed almost completely by extensive washing steps.

Here, we take this strategy to look at epidermal growth factor receptor (EGFR) signaling transduction on plasma membranes. Despite
decades of intense studies on structural and functional details of EGFR, there remains little consensus on the funda- mental
mechanism by which receptor triggering is coupled to its downstream Ras-Erk activation. The canonical view of EGFR activation
considers the monomeric receptor to dimerize upon the addition of epidermal growth factor (EGF) ligands (26), which involves a
strong cooperativity between the extracellular, transmembrane, and intracellular domains (27). Recently, ques- tions were raised that
dimerization was not sufficient to activate Ras (28). Weakened EGFR dimers induced by low-affinity li- gands even result in a more
sustained Erk activation (29). Other studies have observed that EGFR predominately existed in nanoclusters upon activation (30) and
identified possible oligo- merization interfaces through extracellular cis interactions (31, 32). Such models argue that the
oligomerization is essential to organizing kinase domains in a way to fully boost receptor phosphorylation. While EGFR nanoclustering
was mostly explained by its own molecular structures, the intracellular domain continu- ously interacts with adaptor proteins, kinases and
phosphatases, and actin cytoskeleton, which could participate in remodeling the receptor organizations. In a comparative T cell
receptor-signaling system, an interesting finding shows that a scaffold protein, LAT, an adaptor protein, Grb2, and a guanine exchange
factor, SOS, to- gether form a condensation phase separation through multivalent

interactions (33-35). Notably, the phase-separated clusters are signaling hubs to activate SOS through kinetic proofreading, which
eventually leads to Ras activation (36). It is not clear whether such a mechanism applies to EGFR. Only with better spatial and
temporal resolution could it help unravel these out- standing questions. In this study, we simultaneously monitored two or three
protein species, including Grb2, SOS, Ras, and Src, which are single molecules downstream of the EGFR signaling pathway in
HeLa and COS-7 cell lines. The results reveal that Grb2 and SOS are recruited to the plasma membrane coordi- nately to form
nanoclusters after EGF stimulation, while Ras and Src are more uniformly distributed. Finally, we extend the application of
NanoEP to primary T cells.

Results and Discussion

Live Cell Imaging through Intracellular Protein Delivery. To perform multicolor SMT in living cells, the targeted proteins are purified
and labeled with desirable organic dyes through N-terminal amine-NHS (N-HydroxySuccinimide) ester conjugation. Next, the dye-
labeled proteins are delivered into the cytoplasm by NanoEP as described previously (25) (Fig. 1A). The NanoEP device consists of
two flat titanium electrodes and a polydimethylsiloxane (PDMS) holder with a track-etched polycarbonate (PC) water-filter membrane
embedded with nanopores of about 100 nm in diameter (Fig. 1B). Cells are cultured on the PC membrane and precoated with
fibronectin so that the cell membrane makes close contact to the nanopores. When applied with direct current electric pulses through
the nanopores, transient pores form on the local cell membrane that makes close contact to the nanopores, allowing for delivering of
the dye-labeled proteins into cells with minimal cel- lular toxicity. The delivered cells are then replaced on the integrin ligand Arg—
Gly—Asp (RGD)-coated glass coverslip for imaging with total internal reflection fluorescence (TIRF) microscopy. In this study, we
focus on EGFR signaling transductions. After activation by EGF, Grb2 and SOS are recruited to EGFR, which further catalyzes the
Ras-GDP exchange to Ras-GTP, and activates MAPK signaling cascade (37). The GTP-loaded Ras can be detected by a Ras-binding
domain (RBD) truncated from Raf (36). EGFR also undergoes Src-dependent tyrosine phosphorylation in several re- siduals that are
different from autophosphorylation sites (38), which adds another layer of signaling modulations (Fig. 1C). Simulta- neously
monitoring of these molecules by multicolor SMT would give an unpreceded resolution of how they are dynamically coupled on



membranes.



To confirm that NanoEP-delivered purified proteins are fully functional, we first studied Alexa Fluor (AF) 647-labeled Grb2
activities in response to EGF stimulation in living HeLa cells at bulk concentration. Immediately after addition of EGF ligands, the
delivered Grb2-AF647 were recruited to plasma membranes, suggesting its association onto activated EGFR (Fig. 2A and Movie S1).
Grb2-AF647 intensity gradually increased along with bound EGF in the next 10 min (Fig. 2B), which is consistent with the
observation using plasmid expression as reported previously (39). The functionality of Grb2-AF647 was further confirmed by their
enrichment on the EGF region when cells were spread on EGF/RGD-micropatterned substrates, while the RGD region also recruited
Grb2 through integrin receptors to a lesser degree (40)(Fig. 2C). These results suggest that delivered Grb2-AF647 behave similarly to
native proteins. This method can be easily extended to other dyes and cell lines. We replaced the protein- labeling dye from AF647 to
AF488. The delivered Grb2-AF488 were also functional in COS7 cells, as observed by their colocalization with ephrinA1-displayed lipid
bilayers through EphA2 receptor- signaling pathways (S Appendix, Fig. S1), which is also consistent with previous results using Grb2-
tdEos expression (41).

A B

Fig. 1. Schematic of multicolor single-molecule imaging enabled by NanoEP delivery. (A) A schematic of the NanoEP device. A
nanopore-embedded PC water-filter membrane is sealed at the base of PDMS holder to connect delivery proteins and cell
membranes. (B) An SEM image of randomly distributed 100-nm nanopores on the PC membrane. (C ) A schematic of multichannel
single-molecule imaging of the EGFR signaling pathway. Dye-labeled Grb2 and RBD are delivered into cells, while SOS and Src are
expressed by plasmid transfection.

NanoEP Enabled Multicolor SMT. The major advantage of the NanoEP strategy is to probe single molecules inside living cells with high-
performance, membrane-impermeable fluorophores. By diluting Grb2-AF488 protein concentration, we are able to deliver a trace
amount of proteins into HeLa cells so that single-molecule res- olution can be achieved. As shown in Movie S2, shortly after EGF
stimulation, delivered Grb2-AF488 single molecules clearly emerged in the periphery of the cell. Its recruitment rate (K,,) increased
and peaked at about 3 min after EGF (Fig. 2D), sug- gesting maximal EGFR phosphorylation at this time point. The coordinates of
every Grb2-AF488 molecule at its first trajectory position were assembled to reconstruct a binding frequency im- age [also termed
sptPALM (42)], revealing its clustering char- acteristic (Fig. 2E). This is consistent with the result using a photoconvertible tdEos
fusion protein (39) (Fig. 2F). Both images showed that Grb2 has an average cluster radius at around 160 nm after EGFR
activation, analyzed by Ripley’s K-function (43) (Fig. 2G). Importantly, the amount of delivered proteins are almost negligible
compared with endogenous expression levels, thus posing little effect on changing native signaling transduc- tions, which is generally
a concern with plasmid overexpression. Therefore, NanoEP-enabled protein delivery is a potent method to study single-molecule
dynamics in living cells.

The NanoEP method can be combined with available in situ labeling strategy for multicolor SMT. Many large proteins, such as SOS
(~160 kDa), and membrane proteins, such as Src, are difficult to purify and still maintain normal activity in water- soluble
conditions and thus cannot be delivered by NanoEP. In some cases, purifying proteins with correct posttranslational mod- ifications
can be challenging. Genetic expression of these proteins with a Halo-tag allows in situ labeling with membrane-permeable dyes. As
studied here, Halo-tagged SOS were expressed in HeLa cells, labeled with photoactivatable dye JF549, and the cells were
subsequently delivered with Grb2-AF647 to achieve two-color SMT. Single-channel imaging first confirmed dynamic recruitment of
SOS-HaloTag-JF549 by EGFR activation, with K,, peaks at 3 min (S/ Appendix, Fig. S2A and Movie S3). Next, simultaneous two-
color tracking indicated correlative recruitment of Grb2-AF647 and SOS-HaloTag-JF549 onto plasma membranes (Fig. 3A and Movie
S4). Formation of Grb2-AF647 and SOS-HaloTag-JF549 doublets were found throughout the cell (Fig. 3A, enlarge 1), as well as their
coalescences (Fig. 3A, enlarge 2), suggesting that EGFR, Grb2, and SOS form complexes, which further assemble into clus- ters.
SOS-HaloTag-JF549 appeared to have a slightly larger cluster size than Grb2-AF647 (SI Appendix, Fig. S2B), possibly reflecting the
features from integrin adhesions and signaling.

Simultaneous two-color SMT is a powerful method to detect molecular timing, which could provide insightful information to
understand signaling propagations, such as that shown in the discovery of kinetic proofreading mechanism of SOS activation in an in



vitro reconstitution system (36). However, such a method remains difficult to implement into living cells. Here, we seek to directly
measure the time delay between Grb2 and SOS re- cruitment downstream of EGFR signaling pathway in HeLa cells. As shown in the
snapshots (Movie S4), the two-color single- molecule movie clearly indicated recruitment of a Grb2-AF647 molecule onto membranes,
followed by dynamic recruitment of SOS-HaloTag-JF549 in the same place, before they both disso- ciated or were photobleached (Fig.
3B). The first trajectory co- ordinates of such Grb2-AF647:SOS-HaloTag-JF549 doublets were mapped out throughout the cell to
calculate recruitment time dif- ference T(SOS-Grb2), with the criteria that a paired Grb2-AF647 and SOS-HaloTag-JF549 are less than
30 nm apart (SI Appendix, Fig. S2C). To avoid complexity from clustering, a Grb2 or SOS with multiple neighboring molecules was
excluded in this anal- ysis. Statistically, SOS-HaloTag-JF549 were found to be recruited later than Grb2-AF647, consistent with the
model that SOS bind EGFR through Grb2 adaptor (Fig. 3C). Notably, the observed

single-molecule events were surrounded by numerous nonfluo- rescent molecules. As EGFR requires a minimum of dimeriza- tion, or
multimerization, to become activated, the recruited Grb2- AF647 and SOS-HaloTag-JF549 in each doublet possibly bind to different
receptors in the same complex, resulting the apparent negative values in T(SOS-Grb2) distributions. Suppose the background
molecular-binding sequence follows a Gaussian random distribution, the time delay between Grb2-AF647 and SOS-HaloTag-JF549
could then be inferred by subtracting the negative portion from its correspondent positive values. As a result, calculated T.,(SOS-
Grb2) fits well with a single expo- nential kinetic model, given an average time delay of about 11.5 s (Fig. 2D). Such a long time
could not be the waiting period of a SOS molecule binding onto an individual Grb2, because the average dwell time of Grb2 onto a
comparative LAT molecule (35), or the dwell time of SH2 domain of Grb2 onto EGFR (39),

were both measured to be subsecond level. It is more likely to represent an ensembled value of a larger complex, suggesting that even
the well resolved doublets were predominately located in condensed nanoclusters.

This two-color SMT capability was also verified by simulta- neously imaging delivered Grb2-AF647 and expressed nonreceptor kinase
Src-HaloTag-JF549. Src phosphorylates several tyrosine residues of EGFR (38). In contrast to SOS, Src-HaloTag-JF549 were much
more diffusive on plasma membrane and appeared uniformly distributed without clear correlation with Grb2 (Fig. 3E and Movie S5).
This suggests that the Src interaction with EGFR is rather fast, which is consistent with the transient nature of kinase- substrate
interactions: the negative charge of the added phosphate on tyrosine frequently repels the kinase (44). Together, a combi- nation of
NanoEP delivery and in situ labeling enables multicolor SMT for both cytosolic and membrane proteins.

NanoEP also allows delivery of multiple proteins into the same cell. We further applied this system to track Ras activation, which is
downstream of Grb2 and SOS. Ras undergoes GDP to GTP exchange after activation, which can be visualized by our recently
developed RBD sensor that reversibly bind Ras-GTP (36). RBD-AF647 was verified to bind Ras-GTP in an in vitro assay (S/
Appendix, Fig. S3). When delivered into cells, RBD- AF647 exhibited prominent membrane-recruitment dynamics

(Movie S6). Its recruitment rate had a pulsed increase after EGF stimulation and then quickly reverted to basal level (Fig. 4A4), suggesting
fast turnover of Ras-GTP. Whereas in the negative control, a point-mutation RBD-R59A that has 29-fold lower Ras-GTP binding affinity
(45), did not change its binding rate after EGF (Movie S7). RBD-AF647 had both immobile and mobile populations on the membranes
(Fig. 4B). Their recruitment was largely uniform although embedded with tiny “hot spots” (Fig. 4C), reflecting membrane diffusion of
Ras-GTP, as well as the pos- sible formation of Ras nanoclusters as reported previously (46, 47). The immobile fraction of RBD-
AF647 increased by about 5% after EGF stimulation, which could be the increase of Ras nanoclusters (SI Appendix, Fig. S4A).
Noteworthily, a few big cluster-like structures mostly located in the central region of the cell probably correspond to endocytic/recycling
vesicles, whose membranes are also rich in Ras-GTP (48). Similar with Grb2, RBD labeling can be easily switched to another dye, such
as Janelia fluorophore (JF) 646, and was verified in COS7 cells (SI Appendix, Fig. S4B). Having validated single-molecule imaging of
RBD, we combined Grb2-AF488 and RBD-AF647 delivery in the same HeLa cell for two-color SMT. While Grb2-AF488 showed robust
clustering, RBD-AF647 were uniformly distributed (Fig. 4D), suggesting that Ras was quickly disseminated after activation from
EGFR:Grb2:SOS complexes.

We then delivered both Grb2-AF488 and RBD-AF647 into SOS-HaloTag-JF549 expressing cells to demonstrate three- color SMT.
Consistent with previous results, Grb2-AF488 and SOS-HaloTag-JF549 showed clear clustering after EGF treat- ment, whereas RBD-
AF647 were more uniform, although em- bedded with tiny “hot spots” (Fig. SA and Movie S8). Merging of Grb2-AF488 and SOS-
HaloTag-JF549 images indicated coas- sembly of these molecules (Fig. 5B). Taken together, simultaneous three-color SMT has
revealed the spatial heterogeneity of EGFR signaling: Grb2 and SOS tend to assemble with EGFR into higher order clusters, which
then transduce signals into membrane dif- fusive Ras. Therefore, we anticipate that the further downstream Raf, which is activated by
Ras-GTP, is very likely to spatially de- couple from EGFR activation sites.

There is one caveat for such three-color imaging experiments. Unexpectedly, we detected a noticeable diffusion difference when
tracking Src-HaloTag-JF549 molecules under single 561-nm laser illumination or alternating with 488-nm laser exposure for an
extended period of time, possibly due to photo-induced oxida- tion of JF549 dyes by cross-illumination; but this did not happen in the
case of 647 nm laser coexposure (SI Appendix, Fig. S5). A compromised solution is to image 488 nm and other channels
simultaneously for a

short time to reduce cross-effect, at the cost of recording fewer molecules. Prospective tests of more dyes and understanding of their
photochemical properties are necessary to find the optimal combination in three-color SMT.

Application of NanoEP in Primary T Cells. The NanoEP strategy not only promotes multicolor SMT in cell lines, but also enables
single molecule imaging in hard-to-transfect primary T cells by intracellularly delivering dye-labeled proteins with minimum
toxicity. As it is known, T cells are extremely sensitive to ligand stimulation. SMT provides an ideal way to study individual li-
gands: T cell receptor recognition and signaling propagation (4, 6). However, primary T cells generally rely on virus-based
transfection to image, which is troublesome and has a broad variation in transfection efficiency. To tackle the transfection hurdle, we
demonstrate that NanoEP is able to successfully de-

liver RBD-AF647 into mouse T cells for imaging at bulk con- centration at a high efficiency (~60%) (Movie S9), as well as at
single-molecule levels (Movie S10). The cells were robustly crawling on intercellular adhesion molecule (ICAM) function- alized
supported lipid bilayers (Fig. SC and Movie S9), sug- gesting that the delivery did not affect cellular activities. We envision
NanoEP-facilitated SMT will be a promising method to study single molecules in versatile primary cells.



Conclusion

In summary, we employed nanopore-mediated protein delivery to realize multicolor SMT in living cells. This strategy signifi- cantly
expands intracellular single-molecule probes to optical high performance and lipid interaction—free organic dyes in all wavelength
bands. With this system, we simultaneously tracked two or three molecules downstream of the EGFR signaling pathway and
provided detailed resolution of the spatial locali- zation and dynamics in the receptor signaling transductions. We found that Grb2 and
SOS predominately form relatively stable clusters in response to EGFR activation, possibly suggesting their coassembly with the
receptors into higher-order structures. Ras and Src only interacted with EGFR transiently, suggesting that even downstream Raf
activation is spatially decoupled from EGFR clusters. Additionally, this method is promising for single- molecule imaging in primary
cells in the future.

Materials and Methods

Assembly of the Nanopore Device. The experimental protocol was described previously (25). The NanoEP device consists of two
titanium-plate electrodes, a 20-pm-thick track-etched PC water-filter membrane with nanopore density of 2 x 10® nanopores per cm?
(Whatman) and a PDMS (Dow Corning) square (1.5 x 1.5 x 0.2 cm) with a hole 0.5 cm in diameter in the middle. We chose the 100-nm
nanopore PC membrane for its strength and its adequate pore size for the passage of our target biomolecules. We used uncured PDMS
with the ratio of 10 (base):1- (curing agent) to attach the PC membrane onto one end of the PDMS hole to make a well and cured the
construct at 90 °C for 5 min.

Protein Labeling. The NHS-ester labeling process of Grb2-AF647 (Sigma), Grb2-AF488 (Sigma), RBD-AF647 (Sigma), and RBD-JF646
(TOCRIS) followed the vendor’s manual, at pH 8.3 and at room temperature for 1 h. Specifically, the protein:dye molar ratio is
controlled to be 1:3 during conjugation re- action to avoid overlabeling, which results in the final dye-to-protein ratio of Grb2-AF647
(0.8), Grb2-AF488 (0.9), RBD-AF647 (0.8), and RBD-JF646 (0.6).

The proteins are prepared in the concentration of 3 to 5 uM PBS (phosphate-buffered saline) solution for delivery.

Protein Delivery by Nanopore Electroporation. To perform protein delivery, the NanoEP device is first coated with 20 pL 100 ng/mL
fibronectin for 2 h. After two washes with deionized water and one wash with cell culture medium, the device is ready to use. About
15,000 cells of interest are pipetted into the device well in 80 pL corresponding culture medium. To form a tight cell-nanopore
interface, adherent cells are grown on the PC surface overnight under 5% CO, at 37 °C. For suspension-primary T cells, cells are centrifuged
at 150 x g for 5 min to establish tight cell contact with the nanopores before delivery. To perform delivery, square-wave DC pulses of 20
Hz, 200 ps, and a range of voltage intensities from 20 to 45 V are gen- erated by a square-pulse stimulator (Grass Instruments) and applied
be- tween the two titanium electrodes for 20 to 60 sec.

Electrophoresis is considered to be the dominant mechanism to transport biomolecules across the nanopore membrane. Therefore,
electric field po- larity is primarily determined by the charges on delivery molecules. As dif- ferent dyes have different charges, the
charge on a protein can be greatly altered by dye labeling, thus the ultimate charges on a dye-labeled protein cannot be assessed by
summing up the charges of each amino acid on a protein. A preliminary delivery test is preformed to determine which electric field
polarity drives the charged dye-labeled protein into cells. Briefly, cells
of interest are cultured on the NanoEP device as described above. A total of 5 pL dye-labeled protein solution is loaded at ~10 nM
concentration on the bottom titanium electrode, and the NanoEP device is immediately placed on top of the protein solution. Both
electric field polarities (cathode as the top electrode and anode as the top electrode) are used to deliver the dye- labeled protein.
The proper electric-field polarity for the protein of inter- est is determined by comparing the protein-loading efficiency from
both electric-field polarities. Delivery duration is another parameter that can be tuned to control delivery dosage of proteins.
Longer duration allows for more protein loading and vice versa. The detailed mathematical model of the cargo mass transport
mechanism is described in our previous work (49). Since electroporation physically prorates the cell membrane, the variation of
cell membrane composition between different cell types does not strongly affect the performance of NanoEP as long as the cell
membrane has tight contact with nanopores during delivery. The delivery conditions for each dye-labeled protein are summarized in
Table 2.

Table 2. Summary of NanoEP delivery parameters of different proteins

Dye-labeled protein name Top electrode Voltage intensity Delivery duration
polarity W) (s)
Grb2-AF647 Negative 35 30
Grb2-AF488 Positive 35 60
RBD-AF647 Positive 30 15
RBD-JF646 Negative 30 20

To deliver two or more dye-labeled proteins, each protein specie is de- livered into the cells independently, one after another. To
combine with in situ labeling strategy, cells are transfected with SOS-Halo/Src-Halo 1 d before usage. On the day of usage, SOS-
HaloTag/Src-HaloTag are labeled with membrane-permeable dye PA-JF549 (a generous gift from Luke Lavis, Janelia Research
Campus, HHMI, Ashburn, VA) at single molecule density (~10 nM dye for 30 min). After that, single Grb2-AF647 or Grb2-AF488
plus RBD-AF647 are delivered into cells. After delivery, the delivered cells are detached by enzyme-free cell stripper (Thermo-



Fisher), washed four times, and replated to a PLL-PEG-Biotin + Neutravidin + Biotin-RGD precoated glass-slip cell culture chamber
(41). The delivered cells are then imaged be- tween 1 to 3 h at 37 °C in imaging buffer (25 mM Tris, 140 mM NaCl, 3 mM KClI, 2
mM CaCl,, 1 mM MgCl,, and 5.5 mM D-glucose).

Plasmid Constructs. The C terminus of SOS and Src sequences is attached to a linker (GGGGSGGGDP) followed by the sequence of
HaloTag fusion protein. The combined gene is cloned into the mammalian expression vector (pPCAGGS). Both sequences of SOS-Halo and
Src-Halo are further confirmed by DNA sequencing.

Micropatterning. Micropatterning of supported lipid-bilayer ephrinAl and RGD, or immobilized EGF and RGD were done by
photolithography, as reported in our previous paper (41).

Cell Transfection and EGF Treatment. HeLa and COS7 cells were transfected by Lipofectamine 2000 (Thermo Fisher) 1 d before usage,
following vendor’s manual. During the experiment, 50 ng/mL EGF was added into the imaging chamber to stimulate cells. The cells
were then quickly imaged and recorded for single-molecule movies.

Mouse T Cell Preparation. CD4+ T cells from the lymph nodes and spleens of 6- to 20-wk-old AND x B10.BR transgenic mice
(Jackson Laboratory) were stimulated with MCC (moth cytochrome C) peptide in vitro, as described previously (4). All animal work
was performed with prior approval by Law- rence Berkeley National Laboratory Animal Welfare and Research Commit- tee under
the approved protocol 17702.

Single-Molecule Imaging. An Eclipse Ti inverted microscope (Nikon) with a TIRF system and iXon EMCCD (Electron Multiplying
Charged-Coupled Device) camera (Andor Technology) was used for live-cell imaging. TIRF microscopy was performed with a 100x TIRF
objective with a numerical aperture of 1.49 (Nikon) and a U-N4S 4-laser unit as a laser source (Nikon). To increase tracking accuracy,
cells with the density of individual molecules less than

~0.5/um? were chosen for imaging.

To obtain time-dependent recruitment rate of Grb2-AF488, SOS-JF549, and RBD-AF549, the properly delivered or transfected cells
were imaged at 20 fps (frames per sec) video rate, for a total of 30 frames (1.5 s) at each time point before or after EGF treatment.
To obtain reconstructed frequency images, cells were imaged 1 to 2 min after EGF treatment at 20 fps video rate, for a total of 1,000
frames (50 s) for future analysis. Multichannel single-molecule images were acquired using a “Triggering TIRF” mode in Nikon
microscope, in which multilasers were alternating to illuminate the sample, and the photons from each fluorescence signal were
recorded by a single camera sequentially. In this mode, a single multiband filter was used for all colors so that the filter does not
need to be switched during imaging. Digital switching of different lasers allows for the fast al- ternating illumination and essentially
simultaneous multichannel single- molecule recording. For both two- and three-color imaging, the exposure time of each image is 50
ms; two-color imaging has a 10 fps video rate and three-color imaging has a 6.67 fps video rate.

Image Analysis. Single-molecule movies were tracked by an Imagel] plugin “TrackMate” (50) to obtain molecular spots and
trajectories. The total counted molecule numbers per time is calculated as binding frequency (Kon). To get diffusion coefficient (D),
the first four spots from each trajectory were linearly fitted by the equation MSD = 4Dt, in which MSD is mean square displacement,
and t is time delay between each image (50 ms). Individual D values were log normalized in the distribution plot to clearly show
immobile and mobile populations (1). The distribution was fitted by two-peak normal distributions with Origin software to get
immobile and mobile fractions.

The frequency image reconstruction was done by an ImagelJ plugin “Octane” developed by Ji Yu’s Lab (51). The first spots of every
molecular trajectory (with trajectory length more than two spots) were assembled to generate binding frequency image. All x-y
coordinates were replaced as Gaussian point spread function with 30 nm pixel size and 90 nm FWHM (full width at half maximum).
The spatial dispersion of these x-y coordinates was tested using modified Ripley’s K-function, so called L(r) function, considering the
edge affect correction (52). Counting the number of points within a circle with radius (r), we computed L values as function of r with 10
nm bin. Both Grb2-AF488 and Grb2-tdEos had peak L values at r = 160 nm, corresponding to the size of 320 nm cluster.

Grb2 and SOS doublets in two-color single-molecule imaging were iso- lated with the criteria that the distance between a paired
Grb2 and SOS is

less than 30 nm. For simplicity, a Grb2 or SOS molecule with multiple neighboring molecules that is within 30 nm were excluded in this
analysis. All detected Grb2 and SOS doublets were isolated pairs. Further, the time delay T(SOS-Grb2) quan- tification excluded doublets that
were longer than 30 s because these only con- tributed to a very small fraction of the total data points, and they were most likely to be
resulted from coincident colocalization during 100 s long imaging of the cell.
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Fig. 2. Delivery of Grb2 into Hela cells for bulk- and single-molecule imaging. (A) Fluorescent images of AF647, labeled Grb2,
recruitment to plasma membrane after EGF (50 ng/mL) stimulation. (B) Quantification of time-course Grb2 and EGF fluorescence intensity. (C
) Fluorescent images of a Grb2-AF647- delivered HelLa cell spreading on EGF patterned substrate. (D) Counts of Grb2-AF488 molecule
appearances in each 1.5-s recording period as response to EGF stimulation, with an insertion of a representative single-molecule image. n
= 6 cells; error bar shown as SD. (E) A reconstructed frequency image of Grb2- AF488 single-molecule recruitment after EGF stimulation.
It is generated by assembly of the first spots of every single-molecule trajectory. Each spot is plotted as Gaussian point spread function
with 30-nm pixel size and 90-nm FWHM. (F) A reconstructed frequency image of Grb2-tdEos single-molecule recruitment after EGF
stimulation. (G) A cluster analysis of Grb2-AF488 and Grb2-tdEos using Ripley’s K-function (L(r)-r).
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Fig. 3. Two-color single-molecule imaging by combining NanoEP delivery and in situ labeling. (A) Reconstructed frequency images of
Grb2-AF647 and SOS-HaloTag-JF549 single molecules after EGF stimulation, with indicated enlarged regions. The arrows indicate Grb2
and SOS doublets. (B) An image montage constructed from the two-color Grb2-AF647 and SOS- HaloTag-JF549 single-molecule movie,
with arrows indicating molecule recruitment and dissociation. (C ) Quantification of recruitment delay t(SOS-Grb2) in each of the SOS
and Grb2 doublets, with bin size set as 5 s. (D) T.a(SOS-Grb2) is cal- culated by subtracting the negative portion from its correspondent
positive values, with bin size set as 2 s. The data are fitted by a single exponential decay function in a solid line. (E) A reconstructed
image of Grb2-AF647 and Src- HaloTag

JF549 single molecules after EGF stimulation, with indicated enlarged regions
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Fig. 4. Deliverly of RBD and Grb2 for two-color single-molecule imaging. (A) Counts of AF647-labeled RBD-WT or RBD-R59A mutant molecules
in each 1.5-s acquisition period as response to EGF stimulation, with an insertion of a representative RBD-WT-AF647 single-molecule image. n
= 6 cells for each group; error bar shown as SD. (B) Distribution of RBD-AF647 diffusion coefficient (D) from each molecular trajectory after
EGF stimulation. The D value is normalized by log (D), shown in X-axis. The distribution is well fitted by a two-peak Gaussian distribution
function in dashed lines. n = 10 cells. (C ) A reconstructed frequency image of RBD-AF647 single molecules after EGF stimulation. (D) Two-
color reconstructed frequency images of Grb2-AF488 and RBD-AF647 single molecules after EGF stimulation.
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