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SUMMARY

Dimerization is crucial for the activation of ErbB family receptors, yet the real-time dynamics and effects of 

oncogenic mutations remain unclear. Here, we performed long-term, multicolor single-particle tracking (SPT) 

of EGFR, HER2, and HER3 in living cells using upconverting nanoparticles (UCNPs), which do not photo

bleach. Our technique enables continuous observation of receptor interactions, revealing details of their 

dimerization dynamics. Oncogenic EGFR mutations promote stable, ligand-independent dimerization. Unex

pectedly, both HER2 and HER3 exhibit constitutive homodimerization, prompting a revised model for their 

activation mechanisms. HER2 mutations modestly enhance homodimer stability compared with EGFR mu

tations, while HER3 mutations destabilize homodimers, suggesting that HER3 homodimerization sequesters 

HER3 and limits heterodimerization with other receptors. We also identified stable, ligand-independent het

erodimers among all three receptors, further stabilized by ligand stimulation. These insights offer a compre

hensive ErbB interaction network, elucidating diverse dimerization mechanisms and implications for onco

genic signaling.

INTRODUCTION

The ErbB family of receptors plays a pivotal role in regulating key 

cellular processes, including proliferation, differentiation, and 

survival.1,2 Dysregulation of ErbB signaling is frequently associ

ated with oncogenesis, driving uncontrolled cell growth and can

cer progression.3,4 This receptor family comprises four closely 

related receptor tyrosine kinases (RTKs): epidermal growth fac

tor receptor (EGFR), HER2 (ErbB2), HER3 (ErbB3), and HER4 

(ErbB4).2,4,5 Among these, EGFR, HER2, and HER3 are more 

abundantly expressed in human cancer cell lines compared 

with HER4.6 Overexpression and mutations of EGFR, HER2, 

and HER3 have been discovered and investigated in human can

cers, notably in lung cancer, breast cancer, and glioma.7–15

Despite their significance, our understanding of the real-time dy

namics of ErbB receptor interactions and functional conse

quences of oncogenic mutations in living cells remains 

incomplete.

Dimerization is an essential step in the activation of ErbB re

ceptors. In the absence of ligand, the extracellular domain 

(ECD) of EGFR adopts a tethered conformation that inhibits 

dimerization by blocking its dimerization arm (Figures 1A 

and 1B). Upon binding to epidermal growth factor (EGF) 

or other high-affinity ligands, the ECD undergoes a conforma

tional change that relieves this autoinhibition, enabling dimeriza

tion.16–19 The intracellular tyrosine kinase domain (TKD) forms an 

asymmetric dimer that trans-phosphorylates a series of tyrosine 

residues in the C-terminal tail, triggering downstream RAS/ 

MAPK and/or PI3K/AKT signaling pathways.20–25 While much 

of this understanding is derived from structural studies, the 
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real-time dynamics and stability of ErbB receptor dimerization 

remain less well characterized.

EGFR, HER2, and HER3 share conserved structural motifs: an 

ECD containing four structural domains (I through IV), with the 

dimerization arm in domain II, a single-pass transmembrane he

lix, a short juxtamembrane domain, a TKD, and a C-terminal tail 

(Figures 1B and 1C).2 Notably, no ligand has been identified for 

HER2 so far, which uniquely adopts an extended conformation 

(Figure 1C).26 In contrast, the ECD of ligand-free HER3 remains 

in the tethered form and can bind activating ligands such as neu

regulin 1 (NRG1).27 However, the HER3 TKD is catalytically 

impaired due to the lack of key residues.28,29 These distinct 

structural and functional characteristics suggest divergent acti

vation mechanisms among ErbB receptors, which are still not 

fully understood. Current consensus holds that HER2 and 

HER3 primarily function as obligate heterodimerization partners 

for other ErbB receptors.30–33 Although homodimerization of 

HER2 and HER3 has been suggested based on electron micro

scopy imaging of HER234 and in vitro oligomerization assays of 

HER3,35,36 little is known about the interaction behavior of full- 

length, membrane-anchored HER2 and HER3 in living cells. 

Here, we investigate the network and dynamics of the homo- 

and heterodimerization between these receptors (Figure 1D), 

Figure 1. Single-particle tracking of ErbB 

family of receptors dimerization dynamics 

(A) A schematic illustration of EGF-induced 

conformational changes and dimerization of 

EGFR. 

(B) Domain architecture of EGFR. 

(C) Different conformations of unliganded EGFR, 

HER2, and HER3, and schematic representation 

of multicolor labeling for tracking receptor dy

namics. Red prohibited symbols highlight the lack 

of HER2 ligand binding and the HER3 catalytic 

kinase domain. 

(D) Homo- and heterodimerization network among 

EGFR, HER2, and HER3. 

(E) Fluorescence time traces of single UCNP 

(Er10Yb90), Qdot™ 705, JF646 dye, and Cy5 dye. 

(F) Illustration of dual-color SPT trajectories of a 

dimerization event. 

See also Figure S1.

which may serve as the molecular basis 

for initiating downstream signaling and 

functional outputs.

Single-molecule fluorescence micro

scopy enables real-time visualization of 

molecular interactions in living cells, of

fering insights into molecular heteroge

neity and detecting rare, transient 

events.37–44 This technique has been 

utilized to reveal distinct dynamics of 

full-length EGFR on the live-cell mem

brane.45–50 However, early studies using 

fluorescent proteins or fluorescent dyes 

such as Cy5 suffered from rapid photo

bleaching within tens of seconds 

(Figure 1E), which hinders the ability to observe full EGFR dy

namics and dimerization interactions.48 Methods have been 

developed to suppress the photobleaching/photoblinking of 

organic fluorophores, such as using an oxygen scavenger51

and triplet-state quencher,52 changing O2 levels in the imaging 

buffer,53 and incorporating deuterium,54 but inevitably, organic 

fluorophores still bleach over time. Alternatively, quantum dots 

can extend imaging beyond 1 min, and experiments using 

them have revealed important EGFR behaviors: wild-type (WT) 

EGFR can form transient ligand-independent dimers; EGF stim

ulation stabilizes EGFR dimerization; and certain EGFR kinase 

domain mutations can promote long ligand-independent dimer

ization.45,46 Nevertheless, quantum dots, such as Qdot705, blink 

and eventually photobleach (Figure 1E), making single-particle 

tracking (SPT) challenging and still limiting the observation to 

short timescales.

Recent developments, including a highly stable dye55 and 

exchangeable HaloTag ligands that replenished photobleached 

dyes, have extended tracking of EGFR dynamics in live cells.56

Despite these improvements, key challenges remain in reliably 

measuring true molecular interactions. First, detecting dimeriza

tion requires both fluorescent probes on the two receptors to 

remain photostable, which is unlikely given the stochastic nature 
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of photobleaching. Secondly, dual-color SPT provides more reli

able dimer detection, but this requires photostable probes of 

different colors. Given that EGFR dimerization can span longer 

than tens of seconds,46 an ideal imaging probe must offer photo

stability lasting several minutes to capture not only the dimeriza

tion event itself, but also the pre-association and post-dissocia

tion periods, while preserving molecular identity throughout.

To overcome these limitations, we have developed a class of 

nanoprobes, rare-earth ion-doped upconverting nanoparticles 

(UCNPs). UCNPs exhibit exceptional photostability, showing 

no blinking or photobleaching even over several hours 

(Figure 1E). UCNPs are doped with sensitizer ytterbium (Yb3+) 

ions, which absorb near-infrared (NIR) light at 976 nm and trans

fer the energy to emitter ions such as erbium (Er3+) or thulium 

(Tm3+) that emit visible light.57–64 This upconversion process 

works by converting multiple low-energy photons to a single 

high-energy photon emitted, resulting in nearly background- 

free imaging by eliminating autofluorescence. Moreover, the 

emission color of UCNPs can be tuned by varying the type and 

concentration of doped rare-earth ions.57,65 Previously, we 

used UCNPs to perform long-term tracking of single cargoes in 

live neurons, revealing the number of active motors and resolving 

dynein steps.64 We further engineered 10 nm UCNPs with 

distinct emission spectra, enabling simultaneous three-color 

and long-term SPT in live cells.57

In this work, we used UCNPs to perform multicolor and long- 

term single-particle imaging to systematically investigate the 

homo- and heterodimerization dynamics of EGFR, HER2, and 

HER3 (Figure 1F), as well as mutant-induced dysregulation. We 

orthogonally labeled each receptor using multicolor UCNPs 

and self-labeling protein tags (Figure 1C).66 The exceptional pho

tostability of UCNPs enabled SPT for more than 15 min, revealing 

exquisite details of ErbB receptor dynamics in living cells. We 

provided direct observation of HER2 and HER3 homodimeriza

tion at the single-molecule level and revealed ligand-indepen

dent homodimerization dynamics of EGFR, HER2, and HER3 

driven by oncogenic mutations. We proposed a previously un

characterized model in which HER3 homodimers represent a 

non-signaling reservoir that prevents HER3 from heterodimeriz

ing with other ErbB family receptors. Finally, we resolved a com

plex and heterogeneous network of homo- and heterodimeric in

teractions among EGFR, HER2, and HER3, offering new insights 

into the dynamic regulation of ErbB family receptor signaling at 

the single-molecule level.

RESULTS

Engineering three orthogonal UCNPs for specific 

targeting of EGFR, HER2, and HER3

To enable single-molecule imaging of EGFR, HER2, and HER3, 

we first need to engineer three orthogonal UCNPs. We previously 

optimized three small UCNPs with distinct emission spectra, 

enabling simultaneous three-color SPT using only one excitation 

laser at 976 nm.57 These UCNPs consist of an ∼8 nm core con

taining sensitizer and emitter ions (NaYxYbyREzF4, where RE 

stands for Er3+ or Tm3+) and a ∼1–2 nm optically inactive shell 

(NaY0.8Gd0.2F4) that suppresses non-radiative energy loss to 

enhance UCNP brightness. Recently, we identified a brighter 

NIR-emitting core-shell UCNP consisting of a 10 nm 

NaYb0.8Y0.1Tm0.1F4 core and a 1.5 nm inert NaY0.8Gd0.2F4 shell 

(denoted as Tm10Yb80 in this paper). Therefore, for three- 

color imaging in this work, we selected NaYb0.3Y0.78Tm0.02F4@ 

NaY0.8Gd0.2F4 (Tm02Yb30) as the blue-emitting UCNP, 

NaYb0.9Er0.1F4@NaY0.8Gd0.2F4 (Er10Yb90) as the red-emitting 

UCNP, and Tm10Yb80 as the NIR-emitting UCNP. However, in 

two-color imaging experiments, we used NaYb0.94Tm0.06F4@ 

NaY0.8Gd0.2F4 (Tm06Yb94) as the NIR-emitting UCNP alongside 

Er10Yb90 because the stronger blue emission from Tm06Yb94 

makes it a suboptimal NIR probe in three-color imaging. The sin

gle-particle brightness and stability of all the UCNPs under live- 

cell imaging conditions are shown in Figures S1A and S1B, along 

with the absorption and emission spectra under 976 nm laser 

excitation (Figure S1C).

All UCNP cores were shelled with an inert shell to a sub-13 nm 

size.67 Transmission electron microscopy (TEM) images 

(Figure S1D) confirmed the small size and monodispersity in 

both core and core-shell UCNPs. To enable bio-imaging, we 

coated as-synthesized UCNPs with poly(maleic anhydride-alt- 

1-octadecene) (PMAO) and transferred them to aqueous solu

tions (Figure 2A).68,69 Subsequently, 1-ethyl-3-(3-dimethylami

nopropyl)carbodiimide (EDC) conjugation was performed to 

PEGylate the surface of PMAO-coated UCNPs. Additionally, 

we added 1.5% of amine-PEG conjugated to different ligands 

for specific labeling of target proteins. The representative TEM 

image of the functionalized UCNPs (Figure 2B) demonstrated 

that mono-dispersity is preserved after functionalization and pu

rification, with all functionalized UCNPs shown in Figure S1E. 

The zeta potentials of ligand-conjugated UCNPs were measured 

in water to be ∼14 mV (Figure S1F). The mono-dispersity was 

also confirmed by dynamic light scattering (DLS) measurements 

of functionalized UCNPs in 1× PBS (Figure S1G).

To achieve orthogonal labeling of single EGFR, HER2, and 

HER3 on the membrane of live cells, we used self-labeling pro

tein tags (SLP) HaloTag7,70 SNAP-tag2,71 and CLIP-tag2.72

These SLPs form covalent bonds with their respective ligands 

(Figure 2A). We refer to the ligands as HTL, STL, and CTL for 

HaloTag7, SNAP-tag2, and CLIP-tag2, respectively. The protein 

tags were fused to the N-terminus of receptors with a 13-amino 

acid flexible linker, and HaloTag7-EGFR (Halo-EGFR), SNAP- 

tag2-HER2 (SNAP-HER2), and CLIP-tag2-HER3 (CLIP-HER3) 

were expressed in U2OS cells. Expression of these fusion recep

tors was shown by staining U2OS cells transfected with Halo- 

EGFR, SNAP-HER2, and CLIP-HER3, respectively, with their 

specific fluorescent ligands (Figure 2C). The number of HTL 

on the UCNPs was quantified by saturating the HTL-UCNPs 

with purified HaloTag-mOrange and analyzing the stepwise 

bleaching of the mOrange signal. This near-monovalency indi

cates that HTL-UCNPs are unlikely to crosslink receptors 

(Figure S1H–S1J).

To validate the specificity of our UCNPs, we labeled Halo- 

EGFR with Er10Yb90-HTL, SNAP-HER2 with Tm06Yb94-STL, 

and CLIP-HER3 with Tm02Yb30-CTL. Single-particle imaging 

(Figures 2D and S2A–S2E) demonstrated at least a 75:1 spe

cific-to-nonspecific ratio for the labeling of three different SLP- 

fused receptors and also confirmed the monodispersity and 

lack of interactions between the three ligand-conjugated 
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UCNPs. These single-particle images were recorded in four 

separate color channels on a single electron multiplying 

charge-coupled device (EMCCD) camera using our home-built 

microscope setup, with total internal reflection illumination and 

a combination of dichroic mirrors to separate the emission into 

four different wavelength channels (details are described in 

STAR Methods). Notably, the CLIP-tag2 and CTL used here 

were newly developed by the Johnsson lab, which possess 

enhanced labeling kinetics and specificity.72 Importantly, we 

confirmed that the fusion of HaloTag7 at the N-terminus did 

not perturb the function of the original receptor by testing the ge

fitinib resistance of engineered PC9 cells expressing Halo- 

EGFR-L858R/T790M mutation (Figure S3A). T790M is an EGFR 

secondary mutation that confers resistance to gefitinib and co- 

occurs with other EGFR primary mutations.73,74 Figure S3A 

showed that Halo-EGFR-L858R/T790M expression in PC9 cells 

induced resistance, whereas parental PC9 cells were sensitive to 

gefitinib treatment. Additionally, we validated that the UCNP- 

HTL labeling of Halo-EGFR did not interfere with the EGF- 

induced downstream signaling of both RAS/MAPK and PI3K/ 

AKT pathways (Figure S3B). And the expression level of Halo- 

EGFR in U2OS cells that we probed in our tracking experiments 

remained comparable with a number of EGFR high-expression 

cancer cell lines (Figure S3C).6

Ultralong-term tracking of EGFR revealed distinct 

diffusional dynamics and dimer behaviors

To investigate EGFR dimerization dynamics in live cells, we per

formed dual-color long-term SPT by labeling Halo-EGFR in 

U2OS cells with Er10Yb90-HTL and Tm06Yb94-HTL probes, 

which can be simultaneously imaged in the red and NIR color 

channels, respectively. The presence of individual receptors 

was confirmed by comparing the brightness of point spread 

functions (PSFs) with the single UCNP brightness (Figure S1B). 

Leveraging the extreme photostability of UCNPs and their high 

signal-to-noise ratio, we were able to continuously capture the 

motion of single and the same EGFRs for more than 15 min 

with 100 ms time resolution, longer than previously reported 

SPT trajectories, which were shorter than 80 s.45–50,55

Figure 3A and Video S1 show the trajectory of one EGFR mole

cule over the entire 16 min and 40 s video (10,000 frames), dis

playing more complex behavior than a simple one-state Brow

nian motion on the plasma membrane.

To characterize the heterogeneous motions of EGFRs, we 

used a hidden Markov model (HMM)-Bayes approach75 to un

cover different diffusion states in the ultralong trajectories 

(Figures S4A–S4D). Of note, the accuracy of the HMM-Bayes 

method has been shown to increase with trajectory length.75

Here, we leverage the unprecedented length of the trajectories 

obtained through UCNP-SPT to extract a detailed and accurate 

picture of the dynamics of each receptor. Details on the algo

rithm, input, output data, and control experiments to verify the 

accuracy of the method can be found in the STAR Methods sec

tion and Figures S4A–S4L. Of the nine different models tested, a 

model with two diffusion states best described the trajectory 

shown in Figure 3A. The best-fit model comprised a fast diffusion 

state with a diffusion coefficient of D1 = 0:019 μm2=s and a slow 

diffusion state with D2 = 0:006 μm2=s (Figure S4D). Data S1

Figure 2. UCNP engineering and cell labeling 

(A) A schematic illustration of the surface functionalization of UCNP. 

(B) A representative TEM image of UCNPs conjugated to the HaloTag ligand (Tm06Yb94-HTL), showing monodispersed nanoparticles. Scale bars, 50 nm. 

(C) U2OS cells expressing SLP-labeled receptors (Halo-EGFR, SNAP-HER2, and CLIP-HER3) were stained with fluorescent dyes conjugated to ligands specific 

for HaloTag, SNAP tag, and CLIP tag, CA-TMR, BG-SiR647, and BC-TMR, respectively. Images were taken under epifluorescence microscopy. Positive cells 

represent successful expression of the fusion receptors. Scale bars, 20 μm. 

(D) Specific labeling and nonspecific binding of ligand-conjugated UCNPs. Er10, Tm06, and Tm02 are abbreviations for Er10Yb90, Tm06Yb94, and Tm02Yb30, 

respectively. For each condition, the bright field image of the cell is shown on the left, and the UCNP image is shown on the right. Scale bars, 5 μm. 

See also Figures S1, S2, and S3.
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Figure 3. Long-term UCNP tracking of EGFR 

(A) 16.7-min continuous tracking of one Halo-EGFR with Er10Yb90-HTL at the bottom membrane of a U2OS cell, incubated with 100 nM EGF. For this specific 

case, labeling density was adjusted to achieve ∼100 labeled receptors per cell within one field of view. Details about this specific cell and trace can be found in 

Figures S4C and S4D. 

(B) Histogram of the diffusion coefficients of EGFR with and without stimulation by 100 nM EGF, obtained through an HMM-Bayes inference algorithm. Un

stimulated EGFR exhibits separate slow and fast modes of diffusion, whereas stimulated EGFR exhibits a significant fraction of receptors diffusing in a slow 

mode. Details about the diffusion coefficient analysis can be found in STAR Methods. 

(C) Comparison of the EGFR trajectories measured on the same cell for 3.3 min before and after stimulation with 100 nM EGF (top and bottom, respectively). While 

the post-EGF video was 16 min long, only a 3.3-min segment, 5 min after the EGF addition, was analyzed for a pair comparison to the pre-EGF video. The left 

images show all trajectories measured, and the right images highlight only trajectories of dimers above 3 s. Scale bars, 2 μm. 

(D) Example dimer trajectory and snapshots of non-stimulated EGFR. The top images show snapshots of the recorded video. Scale bars, 200 nm. The bottom 

image shows the trajectories of monomers A and B, with the portions of the trajectories in which the two receptors are closer than 125 nm labeled as ‘‘dimer.’’ The 

dimerization state graph is shown on the right. Total dimerization event durations were 2.5 and 1.3 s. 

(E) Representative example dimer trajectories and snapshots of EGFR stimulated with 100 nM EGF in the same format as (D). This dimer lifetime is longer than the 

one shown in (D), persisting for over 20 s. Scale bars, 200 nm. 

(F) Example of two EGFR molecules interacting over 3 min. The 3D kymograph is shown on the right. These receptors dimerize very often, and for varying periods 

of time. The receptor labeled with the NIR particle (magenta receptor) begins by diffusing but soon becomes immobile on the membrane. The receptor labeled by 

the green particle (green receptor) finds the magenta receptor and begins to diffuse around it. Often, the green receptor becomes immobile together with the 

magenta receptor, but then diffuses away and returns. A diffusion mode analysis for this trajectory can be found in Figure S5C. Scale bars, 200 nm. 

See also Figures S3, S4, and S5.

ll
OPEN ACCESS 

Cell 189, 3413–3431, May 28, 2026 3417 

Article 



(page 4) shows the distribution of predicted models for EGFR, 

with one diffusion mode and two diffusion modes being the 

most common.

We analyzed trajectories of EGFR with and without 100 nM 

EGF stimulation using HMM-Bayes and obtained the distribution 

of the diffusion coefficients from all the diffusion states 

(Figures 3B and S4J). In both conditions, EGFR diffusion ex

hibited a broad range from 0:001 to 1 μm2=s. For unstimulated 

EGFRs, the diffusion distribution displays two peaks at around 

0:1 and 0:01 μm2=s. However, following EGF stimulation, the 

faster diffusion modes centered around 0:1 μm2=s are shifted to

ward slower diffusion coefficients. These findings are consistent 

with previous reports of EGF-induced slowdown of EGFR ob

tained through mean square displacement (MSD) analysis.46,76

However, we note that directly applying MSD analysis to long 

trajectories with mixed motional states may fail to capture the 

heterogeneity of molecular motions, leading to inaccurate diffu

sion coefficients. To illustrate this, we simulated 10,000 mole

cules diffusing with two diffusion modes (Figures S4H and S4I). 

Applying MSD analysis to these molecules yielded only one 

diffusion mode, whereas HMM-Bayes accurately and precisely 

extracted the diffusion coefficients of both diffusional modes. 

We also verified that the diffusion coefficients obtained from 

SPT using UCNP-HTL or JF646-HTL dyes are consistent with 

each other (Figure S4K). By binning receptor localizations, we 

can obtain a heatmap of permanence for each cell, where we 

notice local hotspots from confined receptors as well as regions 

of free diffusion (Figure S4M). Comparing the maps between the 

EGF-unstimulated and EGF-stimulated conditions, we find more 

local hotspots in cells stimulated with EGF, reflecting the recep

tor slowdown seen through diffusion coefficients.

While receptor slowdown upon EGF stimulation may suggest 

EGFR dimerization and has been used in previous studies to infer 

EGFR dimerization, we directly visualized dimer formation using 

dual-color SPT (Figure 3C). EGFR can form ligand-independent 

dimers with very short lifetimes,46,77 while EGF stimulation stabi

lizes these dimers, promoting kinase domain trans-phosphoryla

tion and initiating downstream signaling.46,78 Since our UCNPs 

are photostable, we imaged the same U2OS cell before and after 

100 nM EGF treatment to directly observe EGF-induced dimer

ization (Figure 3C). We used a proximity threshold of 125 nm be

tween the two receptors to determine dimerization based on the 

structure of the EGFR dimer and the UCNP labeling strategy 

(Figures S4N–S4Q; more details in the STAR Methods section). 

Co-diffusing trajectories from both Er10-HTL and Tm06-HTL 

lasting longer than 3 s were plotted in the right panels of 

Figure 3C. For the cell shown in Figure 3C, one EGFR homodimer 

was detected before EGF treatment, but several long-lasting di

mers emerged post-stimulation, diffusing at various locations on 

the plasma membrane. Although rare, transient EGFR homo

dimers were observed in other unstimulated cells (Figure 3D; 

Data S2, pages 1, 3, and 7); these transient dimers typically 

lasted for only a few seconds. In contrast, EGF-induced homo

dimers were significantly more stable (Figures 3E and 3F; Data 

S2, pages 1, 3, and 8).

The EGFR dimer in Figure 3E persisted for nearly 25 s, with two 

brief separations at the end (Video S2). The photostability of 

UCNPs enabled us to clearly visualize both the association and 

dissociation of these dimers. Moreover, we could observe endo

cytosis of these receptors, manifested by defocusing and subse

quent disappearance of the PSF, as exemplified by the magenta 

EGFR molecule immediately following dimer dissociation. 

Furthermore, we can repeatedly measure reversible dimerization 

events for the same EGFR molecule. In Figure 3F, the EGFR mol

ecules transitioned between monomer and dimer states with 

prolonged periods of separation. Notably, the magenta trajec

tory marks an EGFR molecule that remained relatively immobile 

and confined in a local hotspot, whereas the EGFR molecule 

marked by the green trajectory diffused around this hotspot, 

repeatedly interacting with the immobile EGFR for an extended 

period. These results underscore the advantage and necessity 

of multicolor UCNP tracking for capturing long-term dimerization 

dynamics with unprecedented detail. Single-color tracking 

would have merged both point-spread functions, making it chal

lenging to resolve the distance between molecules. Additionally, 

short-term tracking would have missed the prolonged and 

repeated interactions observed in Figure 3F.

While receptor slowdown has been used in previous studies to 

infer EGFR dimerization,45 here we test this hypothesis by char

acterizing dimer behavior. We reconstructed the dimer trajec

tories by averaging the trajectories of two monomers within a 

dimer, as validated by our simulations (Figures S4R–S4T), and 

then applied the HMM analysis. We observed a correlation be

tween dimer formation and receptor slowdown (Figures S5A– 

S5F). Often, the diffusion coefficients found for the dimer seg

ments were within the slower peak of Figure 3B (<0.01 μm2=s). 

However, behavior before and after dimerization is heteroge

neous. In some cases, monomers moved rapidly before dimer

ization and slowed down when dimerized (Figures S5B, S5E, 

and S5F). In others, receptors transitioned into fast diffusion after 

dimer dissociation (Figures S5A and S5B), consistent with the 

proposed model. In other instances, receptors remained slow 

both before and after dimerization (Figure S5F). Not all changes 

between monomer and dimer states corresponded to changes 

in diffusion coefficient either. These findings indicate that recep

tor dimerization and oligomerization do not follow a simple 

model in which diffusion slows proportionally with increasing 

oligomer size, as previously suggested.45 Instead, the dynamics 

of dimerized receptors appear to be strongly influenced by the 

local membrane microenvironment and interactions with other 

unlabeled molecules. Therefore, diffusion-based analysis alone 

is insufficient to fully resolve receptor oligomerization. In 

contrast, our direct dimer detection using UCNP-SPT provides 

a more definitive assessment of EGFR dimerization dynamics.

EGFR dimer lifetimes follow a power-law distribution

To quantify the EGFR dimer stability and the impact of EGF stim

ulation, we plotted histograms of measured dimer lifetimes with 

and without EGF treatment in Figure 4A. The histogram shows 

that EGF-activated dimers persist significantly longer than un

treated dimers. To differentiate real dimers from random recep

tor crossings, we simulated Brownian motion of receptors using 

experimentally measured EGFR diffusion coefficients. As 

no interactions between receptors were incorporated in the 

simulation, transient colocalization events occurred by random 

encounters. The simulation showed that 99.5% of these 
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Figure 4. Dimerization lifetime analysis of EGFR, EGF-stimulated EGFR, and EGFR mutants 

(A) Histograms of dimer lifetimes measured across multiple cells, before and after stimulation with EGF. We have observed one dimer above 10 min that is not 

included in this graph. 

(B) Normalized probability density function corresponding to the histograms in (A). Each condition was fit to a power law, and both data and fit are shown in the 

log-log plot. The stimulated EGFR dimers fit a power law with a heavier tail than the unstimulated EGFR dimers. 

(C) The 1 − CDF curve for both stimulated and unstimulated EGFR, on a log-log scale. The tails of these curves are not straight lines, as power-law 1 − CDF 

curves usually are, because the dataset is finite and reaches zero at the last data point (a detailed explanation can be found in STAR Methods). 

(D and E) Dimerization trajectories of a pair of EGFR-R108K receptors. This dimer illustrates an example of the longer dimers found in the mutant conditions when 

compared with unstimulated EGFR-WT. Scale bars, 500 nm. 

(F) Diffusion coefficient comparison between EGFR-WT, EGFR-WT+EGF, and EGFR mutants. All mutants show a larger population of slow-diffusing receptors, 

but the difference between mutants is not significant. 

(G) The 1 − CDF curves for each mutant and WT condition. The curves were obtained from fitting the PDFs of each condition to a power law and using the 

parameters to calculate the 1 − CDF function. The x intersection of each 1 − CDF function is defined as the 99th% percentile time (τ99%). This is the time at which 

99% of dimers have already dissociated and is obtained directly from the power-law fit parameter. The original 1 − CDF data is plotted in the inset. The dimer 

histograms and power law fits for each condition can be found in STAR Methods. 

(H) The τ99% for each condition. The top and bottom edges of the boxes represent ±1 standard error from the mean, and the ends of the whiskers represent the 

95% confidence interval. More details about the analysis of the dimer lifetime data can be found in STAR Methods. 

See also Figures S3, S4, and S5.
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stochastic events lasted less than 1.5 s (Figures S5G–S5I), and 

therefore, we used 1.5 s as the minimum duration for a dimer 

when fitting the lifetime distribution to a functional form, even 

though colocalization events shorter than 1.5 s can still represent 

a real dimer. Without EGF stimulation, 92% of transient dimers 

had lifetimes shorter than 1.5 s. With EGF stimulation, 78% of di

mers had lifetimes shorter than 1.5 s, and we observed a sub

stantial increase in stable dimers longer than any recorded for 

unstimulated EGFR, including one dimer lasting over 10 min 

(Figure 4A; example dimers can be found in Data S2, page 8).

While some previous studies have suggested that dimer life

times follow a single-exponential decay,45,46 the normalized 

probability density distribution (PDF) on a log-log scale clearly 

shows a departure from a single exponential decay. Instead, it 

is well-described by a power-law distribution (Figures 4B and 

S5J), PDF(τ)∝ τ− α, where τ is the dimer lifetime and α is the 

exponent of the power law (Table 1; Figure S5K). A key distinc

tion between a single exponential and a power-law distribution 

is that the latter has a heavier tail, meaning long-lived dimers 

occur more frequently than expected under an exponential 

decay. To reliably determine a power-law distribution, data 

should exhibit linear behavior on a log-log plot across at least 

two orders of magnitude in both axes.79 This would require the 

measurement of dimer lifetimes for more than several minutes, 

which was infeasible previously. The exceptional photostability 

of UCNPs now enables the detection of these rare, long-lived 

populations that were often missed in previous experiments.

The observed power-law behavior suggests a model with a 

continuum of EGFR dimer affinities rather than a single, fixed af

finity.80,81 This is consistent with the structural flexibility of EGFR, 

which adopts multiple conformational states.82–84 Dimerization 

of full-length EGFR involves several distinct interaction inter

faces, such as the dimerization arm, the juxtamembrane domain 

latch, and asymmetric kinase domain dimerization, not all of 

which are necessarily engaged simultaneously for a given dimer. 

Additionally, the heterogeneous cellular membrane likely modu

lates local dimerization affinities, further contributing to the 

observed power-law behavior.

Since the PDF for a power-law distribution can be noisy in the 

tail region, we also plotted the 1 − CDF (cumulative distribution 

function) to better illustrate the impact of EGF on dimer lifetime 

(Figure 4C). On a log-log plot, 1 − CDF also appears linear 

for a power-law distribution. Note that since we only have a finite 

dataset, 1 − CDF eventually goes to zero. To quantitatively 

compare dimer stability across conditions, we defined a key 

metric τ99%; the time at which 99% of dimers have dissociated 

Table 1. Summary information of UCNP single particle tracking data used for dimerization analysis and resulting parameters

Experimental condition

No. of 

videos

No. of 

dimers

No. of 

dimers > 

1.5 s α δα
τ99% 

(s)

δτ99% 

(s) ρ (%)

δρ 
(%) R2

Bootstrap 

τ99% (s)

Bootstrap 

δτ99% (s)

EGFR, wild-type, no stimulation 11 2,752 254 2.93 0.20 16.3 4.1 1.2 0.4 0.923 16.4 1.1

EGFR, wild-type, EGF stimulation 20 9,241 2,063 2.23 0.05 62.8 9.6 7.9 1.8 0.979 63.0 3.3

EGFR, R108K, no stimulation 19 9,948 1,793 2.47 0.08 34.7 5.6 6.3 0.6 0.986 34.8 1.9

EGFR, A289V, no stimulation 9 4,882 1,063 2.38 0.08 42.1 7.8 6.0 0.9 0.967 42.3 3.0

EGFR, L858R, no stimulation 15 8,006 1,805 2.32 0.07 49.8 9.3 6.6 0.9 0.989 49.9 3.0

EGFR, 19del, no stimulation 10 5,523 1303 2.22 0.07 65.1 13.2 7.6 1.3 0.964 65.4 5.4

EGFR, insSVD, no stimulation 22 18,105 4,135 2.24 0.05 61.4 9.1 7.6 0.9 0.992 61.5 2.8

HER2, Wild-type, no stimulation 17 5,437 958 2.46 0.09 34.9 6.5 4.1 0.6 0.975 35.0 2.5

HER2, S310F, no stimulation 14 10,835 2,359 2.31 0.05 50.3 7.1 12.1 3.3 0.975 34.9 1.9

HER2, insYVMA, no stimulation 9 14,058 2,969 2.47 0.06 34.8 4.5 7.6 1.2 0.987 50.4 2.6

HER2, Wild-type, EGF stimulation 19 37,512 6,217 2.54 0.06 29.6 3.5 5.9 0.7 0.997 29.7 1.0

HER3, Wild-type, no stimulation 20 3,541 750 2.21 0.09 67.7 19.5 4.2 0.8 0.948 68.3 7.8

HER3, V104L, no stimulation 10 6,719 1,526 2.31 0.07 50.7 9.2 9.0 1.3 0.971 50.8 2.9

HER3, E928G, no stimulation 13 8,147 1,473 2.47 0.07 34.3 5.3 6.4 1.1 0.988 34.4 1.8

HER3, Wild-type, NRG1β 
stimulation

13 11,363 2,624 2.41 0.06 39.1 5.4 6.4 1.0 0.988 39.2 2.1

EGFR-HER2, no stimulation 13 6,428 1,227 2.37 0.07 40.9 7.3 5.3 1.0 0.979 41.0 2.2

EGFR-HER2, EGF stimulation 9 3,166 675 2.25 0.08 59.9 14.4 4.4 0.6 0.936 60.3 5.8

EGFR-HER3, no stimulation 13 5,549 1,087 2.39 0.07 40.9 6.9 4.8 0.6 0.968 41.0 2.8

EGFR-HER3, EGF stimulation 5 2,333 484 2.34 0.09 46.5 10.5 6.1 2.0 0.928 46.9 4.7

EGFR-HER3, NRG1β stimulation 15 18,730 4,046 2.33 0.05 47.3 6.2 5.6 0.7 0.993 47.4 2.2

HER2-HER3, no stimulation 27 12,897 2,082 2.48 0.07 33.6 5.0 3.1 0.4 0.991 33.7 1.7

HER2-HER3, NRG1β stimulation 18 7,777 1,730 2.29 0.07 53.5 10.0 6.1 1.0 0.986 53.6 3.3

α is the power law exponent parameter from fitting the dimer lifetime histogram to a power law. δα is the error in the fit. ρ is the average percentage of 

receptors dimerized, and δρ is the standard error in the mean. R2 is the fit quality parameter for the power law fits. Data S2, pages 3 to 6, show the fitted 

data for the alpha parameters.
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(Figure 4G). The τ99%values of 16.3 and 62.8 s in the absence and 

presence of EGF, respectively, highlight the significant stabiliza

tion of EGFR dimers upon EGF binding.

EGFR mutants show different levels of ligand- 

independent dimerization

We next investigated how dimerization dynamics are impacted 

by five oncogenic EGFR mutations: R108K, A289V, E746- 

А750del (Ex19del), D770_N771insSVD (Ex20ins), and L858R. 

R108K and A289V are two point mutations in the EGFR extracel

lular ligand-binding and dimerization arm frequently found in glio

blastoma multiforme.8,14,85,86 Recently, an X-ray crystallography 

study revealed that both R108K and A289V stabilize EGFR di

mers activated by epiregulin, a weaker ligand compared with 

EGF, thus preventing EGFR from discriminating between the 

two ligands.85 Additionally, SPT experiments showed that both 

R108K and A289V treated by either EGF or epiregulin were 

slowed down to a similar extent.76 However, their ligand-free 

dimerization dynamics remain poorly understood. To address 

this, we transiently expressed Halo-EGFR-R108K or A289V in 

U2OS cells and performed dual-color SPT using Er10Yb90-HTL 

and Tm06Yb94-HTL. Similar expression levels of these two mu

tants were confirmed by western blot (Figure S3D).

Even in the absence of EGF stimulation, we directly observed 

ligand-independent dimerization events for both R108K 

(Figures 4D and 4E; Data S2, page 9) and A289V mutants (Data 

S2, page 10). HMM-Bayes analysis revealed a significant slow

down for both mutants without ligand stimulation (Figure 4F), 

which is different from previous results showing similar diffusion 

coefficients between wild-type, R108K, and A289V mutants with 

MSD analysis on Qdot-SPT trajectories.76 Furthermore, both mu

tants exhibited increased dimer lifetimes compared with wild-type 

EGFR without ligands (Figures 4G, 4H, and S5K). The τ99% values 

of 34.7 s for R108K and 42.1 s for A289V showed their enhanced 

dimerization, which is correlated with their increased basal phos

phorylation (Figure S3D).14,87 We hypothesize that in these mu

tants, the tethered ECD conformation is destabilized, leading to 

an increased population of EGFR in the extended ECD form, 

which in turn facilitates dimerization. The slight difference in dimer 

stability may be attributed to variations in dimer structures,85

although structures of ligand-free dimers have yet to be reported.

In non-small cell lung cancer (NSCLC), the three most frequent 

EGFR tyrosine-kinase mutations are Exon 19 deletions, Exon 20 

insertions, and Exon 21 L858R mutation.11,15,88,89 Here, we 

investigated the most common variant from each class: the 

Exon 19 deletion E745-А750del, the Exon 20 insertion 

D770_N771insSVD, and the Exon 21 L858R mutation. At similar 

expression levels (Figure S3D), all three mutations displayed 

even stronger ligand-independent dimerization compared with 

the ECD domain mutants (Figures 4G and 4H; Data S2, pages 

10–12). Among them, Ex19del exhibited the longest τ99% of 

65.1 s, indicating it forms the most stable dimers without ligand 

stimulation. Over the past decades, extensive studies have 

shown that these TKD mutations enhance basal EGFR phos

phorylation in biochemical assays,88,90 and we also confirmed 

the enhanced ligand-independent phosphorylation of these 

TKD mutants in U2OS cells (Figure S3D). Our SPT results 

demonstrate that these TKD mutants lead to significantly pro

longed dimer lifetimes, suggesting that increased dimer stability 

without EGF stabilization directly contributes to elevated basal 

phosphorylation.

We propose that the enhanced dimerization of these TKD mu

tants arises from strong TKD-TKD interactions. Enhanced dimer

ization of lung cancer mutants with WT EGFR has been observed 

in cells, resulting in trans-phosphorylation of the WT receptor.91

Previous biochemical studies reported a 20-fold lower dimer 

dissociation constant KD for the L858R mutant compared with 

wild-type EGFR,92 and crystal structures suggest that the 

L858R mutation destabilizes the inactive kinase conformation, 

thereby promoting dimerization.93 Structures of an Exon 19 dele

tion94 and Exon 20 insertions95,96 also reveal an active confor

mation of the TKD, and our results indicated that these mutations 

enhance TKD dimerization to an even greater extent than L858R. 

Normally, without ligand activation, the tethered ECD conforma

tion inhibits EGFR dimerization, preventing basal trans-phos

phorylation of TKD. However, in TKD mutants, the affinity be

tween the kinase domains may be strong enough to overcome 

this ECD inhibition, allowing ligand-independent dimerization 

and signaling.

Comparing ECD and TKD mutants, we find that TKD mutations 

exhibit even longer dimerization lifetimes, likely contributing to 

stronger ligand-independent signaling. Notably, all five EGFR 

mutants analyzed displayed similarly reduced diffusion rates, 

comparable with ligand-stimulated wild-type EGFR. The distri

butions of diffusion coefficients were indistinguishable across 

all mutants (Figure 4F), whereas τ99% values revealed distinct dif

ferences in dimer stability. Together, these results reinforce the 

canonical model in which EGFR signals through dimerization25

and further suggest that TKD mutations are particularly effective 

in stabilizing EGFR dimers, thereby promoting ligand-indepen

dent signaling.

HER2 forms stable homodimers in live cells

HER2 and HER3 are unique members of the ErbB family recep

tors. Unlike the other three family members, no specific ligand 

has been identified for HER2. Structural studies have revealed 

that HER2’s ECD adopts an open conformation.26 Many studies 

have suggested that HER2 activation relies on heterodimeriza

tion with other ligand-bound ErbB family receptors,5,31 and 

HER2 itself does not homodimerize.97 However, in vitro studies 

of isolated HER2 TMD and TKD domains have suggested an 

intrinsic dimerization propensity.92,98 Moreover, HER2 overex

pression is frequently found in breast and lung cancers, where 

it also plays a strong oncogenic role. Ligand-independent activa

tion of HER2 in NIH 3T3 cells further suggests the possibility of 

HER2 homodimerization.12,99,100 Novel HER2 ECD mutants 

have also been found to promote HER2 homodimerization.7,101

Nevertheless, it remains an open question how HER2 alone me

diates its function and whether wild-type HER2 exhibits distinct 

dimerization dynamics compared with HER2 mutants.

To directly assess HER2 homodimerization, we performed 

SPT using UCNPs in U2OS cells expressing SNAP-tagged 

HER2, labeled with Tm06Yb94-STL and Er10Yb90-STL. We 

observed that HER2 can constitutively form homodimers, even 

in the absence of ErbB family ligand stimulation (Figure 5A; 

Data S2, page 14; Video S3). Moreover, many HER2 

ll
OPEN ACCESS 

Cell 189, 3413–3431, May 28, 2026 3421 

Article 



homodimers exhibited lifetimes longer than those of unstimu

lated wild-type EGFR dimers (Figure 5C). Quantitative analysis 

of the dimer lifetime distribution revealed a τ99% of 34.9 s for 

HER2, which is more than double that of unstimulated 

EGFR,τ99% = 16.3 s (Figures 5D and S5K). We note that HER2 

diffusion is slower than EGFR without ligand stimulation (Data 

S1, page 5). Our results are consistent with previous MD simula

tions that showed the lack of intrinsic disorder in the HER2 TKD 

domain, suggesting the kinase to dimerize more readily, similar 

to the EGFR TKD mutants.92 Our direct observation of HER2 ho

modimers provides mechanistic insights into the oncogenic 

transformation of 3T3 cells by HER2 overexpression.99,100 We 

also detected strong basal phosphorylation of HER2 transiently 

expressed in U2OS cells (Figure S3E). Notably, the endogenous 

EGFR, HER2, and HER3 remain hardly detectable by western 

blot (Figures S3D–S3F), compared with transiently transfected 

Figure 5. HER2 and HER3 homodimerization dynamics 

(A) Trajectories of a long homodimer of HER2 in a U2OS cell. This dimer lasted about 75 s, then briefly separated and redimerized until the end of the recorded 

video, so the exact dimerization time afterward is unknown. 

(B) Trajectories of a long (>3 min) homodimer of HER3 in a U2OS cell. 

(C) Normalized probability distribution and fitted power law functions for the homodimer lifetimes of wild-type EGFR, HER2, and HER3. Notably, no dimers above 

35 s were found for EGFR without EGF stimulation. 

(D) τ99% for the ErbB family receptors. EGFR shows the smallest homodimerization lifetimes when compared with the other receptors in the family, but stimulation 

with EGF increases dimer lifetimes to levels similar to those of HER3. The colored box indicates the standard error, and the whiskers indicate the 95% confidence 

interval. 

(E) Normalized PDFs and power-law fits for HER2, HER2 mutants, and EGF-stimulated HER2. 

(F) τ99% for the HER2, HER2 mutants, and EGF-stimulated HER2. 

(G) Normalized PDFs and power-law fits for HER3, HER3 mutants, and HER3 stimulated with NRG1β. (H) τ99% for HER3, HER3 mutants and HER3 stimulated with 

NRG1β. 

The top and bottom edges of the boxes represent ±1 standard error from the mean, and the ends of the whiskers represent the 95% confidence interval. 

See also Figures S3, S4, and S5.
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HER2. These results suggest that HER2 homodimerization can 

lead to transphosphorylation of the HER2 TKD, resulting in acti

vation of downstream signaling. Additionally, we treated U2OS 

cells expressing SNAP-HER2 with EGF, the specific ligand for 

EGFR (Figures 5E and 5F). The difference between the measured 

τ99% of 29.6 s and that of basal HER2 homodimerization was 

insignificant (Figure S5K), indicating that HER2 homodimeriza

tion was not modulated by EGF.

Oncogenic mutations enhance HER2 homodimer 

stability

We next investigated the effects of activating HER2 mutations 

commonly identified in lung and breast cancer—S310F and 

A775_G776insYVMA (insYVMA). Both mutants are known to be 

potently oncogenic and to promote downstream signaling via 

elevated C-terminal tail phosphorylation.7 We expressed these 

HER2 mutants separately in U2OS cells at similar expression levels 

(Figure S3E). Western blotting showed that S310F and insYVMA 

mutants lead to stronger phosphorylation than HER2-WT 

(Figure S3E). Dual-color SPT revealed that S310F exhibited the 

longest τ99% (Figures 5E, 5F, and S5K). A recent structural study 

of a complete HER2-S310F ECD homodimer revealed that 

S310F stabilizes the dimer through a π-π interaction between 

S310F and Y274 of the dimerization partner.102 Our SPT results 

directly show enhanced homodimerization of S310F, which ex

plains the stronger phosphorylation. The HER2 insYVMA mutant, 

despite its increased kinase activity in vitro,7,103 did not show a sig

nificant increase in dimer lifetimes. To further understand this, we 

calculated dimer fractions, which were calculated by averaging the 

ratio of observed dimer to monomer through each frame of 

tracking, under various conditions (Figure S5L; Table 1). For 

EGFR, there is a strong correlation between dimer fraction and 

dimer lifetime. A similar correlation was observed for HER2 wild- 

type and mutants, with S310F exhibiting the largest dimer fraction 

and the longest τ99%. However, the insYVMA mutant, while having 

a τ99% similar to that of the wild-type, exhibited increased dimer 

fraction and phosphorylation. This suggests that the structural 

changes resulting from the insertion of residues 776–779 promote 

dimer formation and kinase activity but keep the dimer off-rate 

similar to wild-type. The enhanced phosphorylation in this case 

likely arises from a higher proportion of dimers or from intrinsic hy

peractivation of the kinase domain. This pattern contrasts with 

EGFR kinase domain mutants, which tend to directly stabilize 

ligand-independent dimers. These results highlighted the advan

tage of our SPT method in capturing real-time dimer dynamics in 

their native environment, offering insights beyond those attainable 

through structural and biochemical analysis alone.

HER3 unexpectedly forms homodimers, which are 

destabilized by oncogenic mutations

Unlike HER2, the ECD domain of HER3 adopts a tethered 

conformation, similar to the structure of EGFR.27 HER3 binds 

to ligands such as NRG1 with high affinity,28 but its intracellular 

kinase domain is catalytically impaired,104 which has long 

supported the assumption that HER3 cannot signal through 

homodimerization. Instead, HER3 is thought to function primarily 

as an allosteric activator by heterodimerizing with other ErbB 

family receptors, contributing to activation of downstream 

signaling.25,29,32,98 However, in vitro studies have demonstrated 

that purified HER3 ECD can self-associate and even form higher- 

order oligomers.35,36

To determine whether full-length HER3 can homodimerize in 

the native cellular environment, we performed dual-color SPT 

in U2OS cells expressing Halo-HER3. Remarkably, we observed 

that HER3 can form stable and diffusing homodimers (Figure 5B; 

Data S2, page 18; Video S4), with dimer lifetimes even exceeding 

those of HER2 dimers (Figures 5C and 5D). The fitted τ99% of 

67.7 s indicated robust dimer formation for HER3 without ligand 

stimulation. To verify that observed HER3 dimerization is not an 

artifact introduced by the fusion tag, we also expressed SNAP- 

HER3 and performed dual-color SPT. Similar distributions of 

dimer lifetimes and diffusion coefficients were obtained 

(Figures S4L and S5M), confirming the intrinsic nature of HER3 

homodimerization. A recent study using fluorescence cross-cor

relation spectroscopy also detected HER3 homodimerization.105

Across the ErbB family, wild-type EGFR, HER2, and HER3 all 

demonstrate ligand-independent homodimerization, although to 

varying degrees (Figures 5C and 5D). Despite high sequence ho

mology among ErbB family receptors,5 their biophysical behav

iors differ substantially, which may help explain the diverse 

signaling outcomes and functional roles triggered by each 

ErbB family receptor. In addition to dimers, we also detected 

higher-order oligomers from the tracking experiments, although 

our analysis here focused specifically on dimerization.

The unexpected homodimerization behavior of HER3 raises 

the possibility of a novel auto-inhibition mechanism in which 

HER3 homodimers represent a non-signaling reservoir that pre

vents HER3 from heterodimerizing with other ErbB family recep

tors. To further explore this hypothesis, we examined the live-cell 

dynamics of two common somatic HER3 mutations—E928G 

and V104L, which frequently occurred in breast cancer co- 

harboring HER2 and HER3 mutations.106 In contrast to EGFR 

and HER2 mutants that typically stabilize homodimers, we found 

that both HER3 mutants destabilized the HER3 homodimer, with 

lower τ99% than that of wild-type HER3 (Figures 5G, 5H, and 

S5K). Notably, HER3 E928G, the most frequently observed of 

these mutants, exhibited the greatest destabilization of HER3 

homodimers with the lowest τ99% of 34.3 s. Furthermore, we 

examined HER3 homodimerization under NRG1β stimulation 

(Figures 5G and 5H; Data S2, page 21). The τ99% decreased 

from 67.7 s under ligand-independent conditions to 39.1 s with 

NRG1β, indicating destabilization of HER3 homodimer by ligand 

binding (Figure S5K). Our live-cell results are consistent with pre

vious in vitro observations.35,36 These findings support the hy

pothesis that gain-of-function HER3 mutants and NRG1β bind

ing disrupt HER3 homodimerization, increasing the availability 

of HER3 monomers to heterodimerize with other ErbB family re

ceptors. The enhanced heterodimerization and downstream 

signaling thus contribute to oncogenic transformation.

Heterodimers are stabilized by EGF and NRG1β
In addition to homodimerization, we aimed at capturing the het

erodimeric interactions among the ErbB family receptors. To this 

end, we first demonstrated our capability for three-color SPT of 

wild-type EGFR, HER2, and HER3 simultaneously in living cells 

using a single excitation laser. As shown in Figure 6A, the three 
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co-expressed receptors were labeled with orthogonal self-label

ing tags and imaged with UCNPs emitting in spectrally distinct 

channels (Halo-EGFR by Er10-HTL, SNAP-HER2 by Tm10- 

STL, HER3 by Tm02-CTL), achieving high signal-to-noise ratios 

and, to our knowledge, the first long-term SPT of three specific 

proteins over 10 min. Even in the absence of ligand stimulation, 

we observed ligand-independent heterodimer formation be

tween the three ErbB family receptors (Figure 6B; Video S5). 

Figures 6B–6D and Video S5 show one representative example 

with multiple heterodimer partner exchanges. HER2 first formed 

a heterodimer with HER3, lasting for 20 s. 10 s after the 

dissociation of the HER2-HER3 heterodimer, HER2 switched 

to dimerize with an EGFR, though this heterodimer persisted 

for only 1.7 s. Lastly, the EGFR dissociated from HER2 and 

formed a heterodimer with HER3 for 2.1 s. We note that the pho

tostability of UCNPs allows us to follow the same receptor and 

visualize its dimerization events separated further in time and 

space than the example shown here.

We next quantitatively analyzed the dynamics of heterodimeri

zation across all three receptor pairs: EGFR-HER2, EGFR-HER3, 

Figure 6. ErbB family receptors heterodimerization dynamics 

(A) Top: Snapshot of a 10-min-long video of a U2OS cell expressing Halo-EGFR, SNAP-HER2, and CLIP-HER3. The receptors were specifically labeled with 

Er10Yb90-HTL, Tm10Yb80-STL, and Tm02Yb30-CTL, respectively (EGFR-Green, HER2-Red, HER3-Blue). Scale bars, 4 μm. Bottom: Trajectories reconstructed 

for all the tracked receptors in the video, with the same color scheme. 

(B) Trajectories of a three-receptor interaction (one EGFR, one HER2, and one HER3) reconstructed from the video shown in (A). 

(C) Receptor-receptor distances for EGFR-HER2, HER2-HER3, and EGFR-HER3, respectively. Dashed line indicates the dimerization threshold set at 125 nm. 

(D) Dimer-state plots for EGFR-HER2, EGFR-HER3, and HER2-HER3. 

(E) Normalized probability distributions and power law fits for the heterodimer lifetimes between ErbB Family receptors, as well as heterodimer lifetimes with 

ligand stimulation. 

(F) τ99% for the heterodimers shown in (E). The top and bottom edges of the boxes represent ±1 standard error from the mean, and the ends of the whiskers 

represent the 95% confidence interval. 

(G) Interaction network between EGFR, HER2, and HER3, characterized by τ99%. The thickness of each arrow represents dimer stability. Stabilization of dimers by 

different ligands is also shown. 

See also Figure S5.
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and HER2-HER3. To do this, we separately co-expressed the 

three combinations Halo-EGFR + SNAP-HER2, Halo-EGFR + 

SNAP-HER3, and Halo-HER3 + SNAP-HER2 in U2OS cells and 

performed dual-color SPT (Data S2, pages 22–24). Unexpectedly, 

under ligand-free conditions, all three heterodimer pairs exhibited 

τ99% comparable with that of HER2 homodimers and significantly 

longer than the unstimulated EGFR homodimer (Figures 6E and 

6F; Table 1).

To assess the impact of ligand binding on heterodimer stabil

ity, we added EGF to cells expressing the EGFR-HER2 and 

EGFR-HER3 pairs. In both cases, we observed a notable in

crease in τ99%, indicating EGF stabilizes EGFR-HER2 and 

EGFR-HER3 heterodimers, although not as stable compared 

with EGF-activated EGFR homodimers (Figures 6E–6G and 

S5K; Data S2, pages 25 and 26). These results are consistent 

with previous structural studies showing ligand-induced stabili

zation of the ECD of EGFR-HER2 heterodimer.33 The increase 

in τ99% for EGFR-HER2 and EGFR-HER3 pairs after ligand stim

ulation is likely correlated with enhanced phosphorylation and 

downstream signaling.33,107 We also evaluated the effect of 

NRG1β on HER2-HER3 and EGFR-HER3 heterodimerization 

(Figures 6E–6G and S5K; Data S2, pages 27 and 28). Addition 

of NRG1β stabilized HER2-HER3 heterodimerization, in agree

ment with the known structure of the stable HER2/HER3/ 

NRG1β complex.30 Ligand effect on EGFR-HER3 heterodimers 

varied, with EGF exerting a stronger stabilization than NRG1β. 

Comparing the τ99% across HER3 homodimers, HER2-HER3 

heterodimers, and EGFR-HER3 heterodimers under NRG1β 
stimulation revealed that NRG1β promotes HER3 heterodimeri

zation with other ErbB family receptors while destabilizing 

HER3 homodimers. This contrasts with EGF, which stabilizes 

both EGFR-HER3 heterodimers and EGFR homodimers. These 

observations underscore the distinct and context-dependent ef

fects of ligand binding on ErbB receptor dimerization dynamics 

at the single-molecule level.

Taken together, our live-cell SPT results reveal a previously 

unrecognized population of stable, ligand-independent hetero

dimers of EGFR-HER2, EGFR-HER3, and HER2-HER3. These 

interactions, undetectable by traditional structural biology ap

proaches, suggest a broader model of ErbB receptor signaling 

regulation, in which pre-formed heterodimers may allow for rapid 

ligand response or signal diversification.

DISCUSSION

ErbB family receptors engage in highly dynamic and heteroge

neous interactions, forming a complex signaling network.4

Dimerization acts as the fundamental unit of functional input, 

while C-terminal tail phosphorylation serves as the primary func

tional output. Ligand stimulation differentially stabilizes receptor 

dimers, leading to distinct downstream signaling out

comes.108,109 Our results revealed that ligand-independent ho

modimerization and heterodimerization occur among EGFR, 

HER2, and HER3. Notably, the lifetimes of these homodimers 

vary significantly, potentially encoding different activity levels 

and diverse functions.

While the structural basis of EGFR activation and the role of 

EGF have been extensively studied, the biophysical dynamics 

of EGFR, including the effects of various activating mutations 

on the live cell membrane, remain incompletely understood. 

The technique developed here, employing photostable UCNPs 

to track individual receptors over extended periods, offers a 

unique tool to study real-time receptor-receptor interactions in 

their native cellular context. These long-time-scale observations 

are critical for understanding dynamic processes such as 

dimerization.

Our results comparing wild-type EGFR, ECD mutants, and 

TKD mutants suggest distinct roles for the tethered ECD and 

disordered TKD domains in dimer stability. Wild-type EGFR 

and ECD mutants share the same TKD, which intrinsically con

tributes to ligand-independent homodimerization. ECD mutants 

such as R108K and A289V potentially destabilize the tethered 

ECD conformation, enhancing ECD-ECD interactions and pro

moting more stable ligand-free dimers. In contrast, EGFR TKD 

mutations, including Ex19del, Ex20ins, and L858R, are expected 

to enhance dimerization because they promote the active 

conformation of the TKD that is induced upon dimerization, 

though their ECD conformations remain unclear. In effect, 

EGFR TKD mutations lower the energy barrier for dimerization 

by promoting the dimerization-competent conformation of the 

TKD. Collectively, our findings indicate that enhanced TKD- 

TKD interactions play a more dominant role in stabilizing 

ligand-free EGFR dimers than ECD mutations. Overall, the 

ligand-independent activation observed across mutant EGFRs 

supports a conserved mechanism of ErbB family receptor acti

vation: the formation of an asymmetric TKD dimer that enables 

trans-phosphorylation and initiates downstream signaling.

HER2 is structurally and functionally distinct within the ErbB 

family of receptors. Although MD simulations have suggested 

that HER2 ECD dimers are inherently unstable,110 we have 

directly observed HER2 homodimers in living cells. The differ

ence in dimer lifetimes between wild-type HER2 and its activa

tion mutants is smaller than that observed for EGFR, which 

may be attributed to HER2’s inherently high TKD dimerization af

finity and its relatively rigid ECD, lacking the ligand-induced 

conformational changes seen in other family members. The abil

ity of HER2 and its mutants to homodimerize supports the 

broader model of ErbB family receptor activation via dimeriza

tion. Notably, the differences in dimer stabilization by EGFR 

and HER2 mutants are consistent with a distinct pattern: 

whereas EGFR-driven cancers are typically mutation-depen

dent, and HER2-driven cancers are frequently associated with 

receptor overexpression.111–113

Our findings suggest that HER3 may undergo a unique form of 

autoinhibition, leading to its distinct activation dynamics 

compared with those of EGFR and HER2. We directly observed 

ligand-independent HER3 homodimerization on the live-cell 

membrane. Given that HER3 exhibits the most stable ligand-in

dependent homodimers among EGFR, HER2, and HER3, it is 

plausible that the equilibrium of HER3 ECD is shifted toward 

the open configuration compared with the tethered form, 

which can be locked by antibodies.114 Because the HER3 

kinase domain is catalytically impaired,104 HER3 is traditionally 

studied in the context of heterodimers with other ErbB family re

ceptors. However, our results reveal an additional regulatory 

mechanism in which HER3 homodimers may sequester the 
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receptor, reducing its availability for heterodimer formation. 

Furthermore, our analysis of HER3 mutants indicates that certain 

gain-of-function variants may enhance oncogenic signaling by 

destabilizing HER3 homodimers and shifting the balance from 

autoinhibitory homodimers to signaling-competent hetero

dimers. We propose a model in which resting HER3 predomi

nantly exists in homodimers or higher-order oligomers,35 acting 

as an autoinhibitory reservoir. Upon stimulation or engagement 

with EGFR or HER2, a dimer ‘‘partner exchange’’ may occur, 

converting the homodimer into an active heterodimer.

Heterodimerization among ErbB family receptors has been 

rarely explored in the context of single-molecule imaging. Our 

observation of unexpectedly long lifetimes for all three ligand-in

dependent heterodimers suggests a combinatorial effect 

involving interactions between distinct ECD and TKD domains, 

resulting in enhanced dimer stability. These findings highlight 

that receptor-receptor interactions within the ErbB family are 

more complex than interactions within isolated domain types. 

We have observed unliganded homo- and heterodimers in this 

study. Notably, the EGFR kinase domain has been crystallized 

in a symmetric, inactive dimer conformation.25 However, it re

mains unclear how the intracellular TKDs interact in the unli

ganded dimers we detect and whether these dimers are signaling 

competent. Elucidating the structural and functional roles of 

these unliganded dimers is an important direction for future study.

Ligand stimulation further stabilizes all heterodimers, consis

tent with previous MD simulations showing that single-ligand- 

bound ECDs within heterodimers exhibit increased interaction 

stability.110 However, the unexpected stability of ligand-free het

erodimers cannot be explained solely by ECD interactions, sug

gesting additional structural contributions. Future structural 

studies will be needed to elucidate the mechanisms. This overall 

pattern supports the canonical model of ErbB receptor activa

tion, in which dimerization serves as the fundamental unit initi

ating downstream signaling.

With the advancement of ultralong-term SPT, we are now able 

to uncover unprecedented details of molecular interactions 

among ErbB family receptors. A wide range of ligands has 

been identified for these receptors,9 and numerous antibodies 

and small-molecule inhibitors have been developed to target 

them.115,116 We anticipate that the UCNP-SPT method will 

enable the investigation of how different ligands and therapeu

tics influence receptor dynamics at a level of detail that is not 

accessible by other existing techniques.

Limitations of the study

While the SPT software SLIMfast2 and Piscis117 provide accu

rate and efficient tracking, certain limitations remain. The most 

common issue is trajectory truncation, which can occur when 

different PSFs come within diffraction-limited distances or briefly 

move out of the focal plane. We manually stitched many trajec

tories, but the missed events may modestly underestimate 

long dimer lifetimes. To assess the potential impact of this effect, 

we simulated dimerization events with different lifetime distribu

tions and truncated the dimers at random intervals. We verified 

that the τ99%trends we observed were preserved and not biased 

by random truncation. Nevertheless, particle misidentification 

during close encounters remains a challenge, emphasizing the 

opportunity for future improvements in tracking algorithms opti

mized for high-density labeling.

Our current labeling strategy using fusion tags and UCNPs en

ables extended tracking while preserving receptor function, as 

verified by diffusion and signaling analyses. However, when 

labeling other molecular targets in future studies, potential 

perturbations may arise. To mitigate this, we are working to 

further reduce probe size without compromising spatiotemporal 

resolution.

The sparse labeling required to ensure robust SPT results in 

our calculated dimer fractions being a lower bound, which com

plicates the correlation of measured diffusion coefficients with 

receptor oligomeric state, particularly for apparent monomers 

that may interact with unlabeled partners. Computational 

methods such as FISIK118,119 have been developed to infer ac

curate oligomerization kinetics by accounting for unlabeled pop

ulations, and we plan to incorporate these methods in future 

studies to deconvolute these effects.

Finally, although our approach provides robust insights into 

dimerization dynamics, it does not distinguish structural config

urations such as symmetric versus asymmetric TKD dimers. 

Integrating our platform with complementary techniques, such 

as single-molecule FRET,120 could help resolve these structural 

details.
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Phospho-HER2/ErbB2 (Tyr1221/1222) (6B12) Monoclonal 
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MA(PEG)24 Methyl-PEG-Amine Compound Thermo Scientific™ Cat#: 26114

Pierce™ SMCC Thermo Scientific™ Cat#: 22360

IPTG Invitrogen™ Cat#: 15529019

SH-PEG-NH2.HCl Biopharma PEG Cat#: HE003005-1K

DMEM Gibco™ Cat#: 11965092

RPMI 1640 Gibco™ Cat#: 11875093

Poly(maleic anhydride-alt-1-octadecene); M.W. ∼ 30,000-50,000 VladaChem Cat#: VL171000
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DMAP Sigma-Aldrich Cat#: 8510550100

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride Sigma-Aldrich Cat#: 8009070001

N,N-Diisopropylethylamine Sigma-Aldrich Cat#: D125806
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METHOD DETAILS

Nanoparticle synthesis and functionalization

Core-shell nanoparticles were synthesized according to a previous method from the lab.57 For the synthesis of the core, we mixed 

2 mmol of Ln3+ acetate (Ln = Yb3+/Er3+/Tm3+/Y3+), 18.25 mL of oleic acid, and 20 mL of octadecene in a 250 mL three-neck round- 

bottom flask. The amount of Ln3+ acetate were weighed based on doping percentage. The mixture was heated under vacuum and at 

100◦C for 1 h. Then, 6.25 mmol sodium oleate, 10 mmol NH4F, 6.25 mL oleylamine, and 8.75 mL octadecene were added and the 

mixture was stirred under vacuum at 25◦C for 1 h. The mixture was then heated to 310◦C for 50 min under N2 flow, followed by rapid 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ytterbium(III) acetate hydrate Sigma-Aldrich Cat#: 326046

Thullium(III) acetate hydrate Sigma-Aldrich Cat#: 367702

Erbium(III) acetate hydrate Sigma-Aldrich Cat#: 325570

Gadolinium(III) acetate hydrate Sigma-Aldrich Cat#: 325678

DMSO Sigma-Aldrich Cat#: D8418

DMF Sigma-Aldrich Cat#: 227056

Sodium Fluoride Sigma-Aldrich Cat#: S6776

Chloroform Sigma-Aldrich Cat#: 319988

Fetal Bovine Serum (FBS) Sigma-Aldrich Cat#: F2442

Sodium Trifluoroacetate Sigma-Aldrich Cat#: 132101

Oleic Acid Sigma-Aldrich Cat#: 364525

Octadecene Sigma-Aldrich Cat#: O806

Oleylamine Sigma-Aldrich Cat#: O7805

Ammonium Fluoride Sigma-Aldrich Cat#: 338869

Gelatin Sigma-Aldrich Cat#: G6650

Sodium Oleate TCI America Cat#: O0057

EveryBlot Blocking Buffer Bio-Rad Cat#: 12010020

HaloTag® Ligand Building Blocks Amine (O4) Promega Cat#: P6741

Gefitinib MedChemExpress Cat#: HY-50895

CLIP-tag ligand -COOH Gift from Kai Johnsson Lab N/A

Halotag7-mOrange This work N/A

Experimental models: Cell lines

U2OS ATCC Cat#: HTB-96

HEK-293T ATCC Cat#: CRL-3216

A431 ATCC Cat#: CRL-1555

PC9 Broad Institute Cancer Program N/A

Critical commercial assays

GeneJET Gel Extraction and DNA Cleanup Micro Kit Life Technologies Cat#: K0832

Gibson Assembly Master Mix New England BioLabs Cat#: E2611L

ECL Western Blotting Substrate Life Technologies Cat#: 32109

DNA Clean & Concentrator-5 (Capped) 200prep ZYMO Cat#: D4014

E.Z.N.A.® Endo-free Plasmid DNA Mini Kit Thomas Cat#: CHM02C984

QIAprep Spin Miniprep Kit Qiagen Cat#: 27104

Pierce™ BCA Protein Assay Kit Thermo Scientific Cat#: 23227

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) Promega Cat#: G3582

Software and algorithms

SnapGene GSL Biotech LLC https://www.snapgene.com/

Image J National Institutes of Health https://imagej.nih.gov/ij/

MATLAB MathWorks N/A

PRISM GraphPad N/A
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cooling of the reaction. The core nanoparticles were precipitated and washed twice using ethanol with centrifuge at 3000× rcf for 

5 min. Core nanoparticles were resuspended in 50 mL hexane with 100 μL oleic acid. For the shelling process, 2.7 mL of core nano

particles were mixed with 4 mL oleic acid, 6 mL octadecene and vacuum was pulled to remove hexane at 70◦C for 30 min. Then the 

mixture was heated to 290◦C and held for 5 min under N2 flow. Subsequently, five rounds of injection of shelling precursor were con

ducted with a 15 min interval between each round. The amount of precursor for each round was: 1. 0.54 mL of Y/Gd shelling precur

sor; 2. 0.27 mL of sodium trifluoroacetate (NaTFA) solution and 0.68 mL of Y/Gd shelling precursor; 3. 0.34 mL of NaTFA solution and 

0.82 mL of Y/Gd shelling precursor; 4. 0.41 mL of NaTFA solution and 0.96 mL of Y/Gd shelling; 5. 0.48 mL of NaTFA solution. After 

the final injection, the reaction was kept at 290◦C for 17 min, followed by rapid cooling and purification with the same process as 

purification of core nanoparticles. Specifically, for core nanoparticle of NaTm0.1Yb0.8Y0.1F4, only first three rounds of injection 

were conducted. The final core-shell nanoparticle was resuspended in 5 mL of hexane supplemented with 10 μL of oleic acid.

To prepare Y/Gd shelling precursor, 2 mmol of yttrium acetate, 0.5 mmol gadolinium acetate,10 mL of oleic acid and 15 mL of oc

tadecene were first reacted under vacuum for at 110◦C for 15 min. Then the reaction mixture was heated to 160◦C and kept for 30 min 

under N2 flow. Then the mixture was cooled to 110◦C and vacuum was pulled once more, followed by cooling to room temperature.

To prepare NaTFA solution, 6 mmol of sodium trifluoroacetate was mixed with 15 mL oleic acid under vacuum. The mixture was 

heated to and kept at 50◦C until sodium trifluoroacetate was fully dissolved.

To functionalize the nanoparticles, 1 mL of as-prepared core-shell nanoparticles was dried under vacuum at room temperature 

followed by addition of 150 mg Poly(maleic anhydride-alt-1-octadecene (PMAO) dissolved in 7 mL chloroform. The mixed solution 

was stirred at room temperature for 1.5 h and then chloroform was evaporated under vacuum at room temperature. The residue was 

sonicated and re-dispersed in 10 mL of 100 mM NaF solution containing 150 mg DMAP. The whole solution was centrifuged at 

32,000x rcf for 2 hours and washed once with 100 mM NaF solution to remove excessive PMAO and DMAP. The PMAO-coated nano

particles were dispersed in 3 mL 1xPBS supplemented with 100 mM NaF. For ligand conjugation, 1.5 mL of PMAO-coated nanopar

ticles was mixed with 6 μl of 350 mM MA(PEG)24 Methyl-PEG-amine Compound and 8 μl of 8 mM X-PEG-Amine (X = HaloTag ligand, 

SNAP tag ligand or CLIP tag ligand) under magnetic stirring. Then 30 mg EDC dissolved in 100 μl 1xPBS was added and the mixture 

was stirred for 2 h. 30 mg EDC and 6 μl of 350 mM Methyl-PEG-Amine were added again and reacted for another 2 h. The solution was 

centrifuged at 20,000x rcf for 2 h. The supernatant containing mono-disperse ligand-conjugated nanoparticles was concentrated and 

washed with am Amicon 100kDa centrifugal filter.

The HTL-PEG-Amine was obtained by a two-step reaction. First, 150 μl of 10 mM HaloTag® Ligand Building Blocks Amine (O4) 

dissolved in anhydrous DMF was mixed with 15 μl of 100 mM SMCC dissolved in anhydrous DMF and 1 μl triethylamine. The mixture 

was reacted overnight at 37 ◦C followed by addition of 10 μl of 150 mM SH-PEG-NH2 dissolved in anhydrous DMF. The mixture was 

kept at room temperature for 10 h and stored at -20 ◦C. The STL-PEG-Amine was obtained by mixing 150 μl 10 mM BG-maleimide 

and 10 μl of 150 mM SH-PEG-NH2 dissolved in anhydrous DMF, supplemented with 1 μl triethylamine. The CTL-PEG-Amine was 

obtained by a two-step reaction as well. First, the 100 μl of 20 mM of CTL-COOH in anhydrous DMSO was activated with 3.5 μl 

DIPEA and 10 μl of 200 mM TSTU dissolved in anhydrous DMSO for 30 min. Then 10 μl of 200 mM 1-(2-aminoethyl)maleimide hy

drochloride in anhydrous DMSO was added and reacted for 3 h. 10 μl of 200 mM SH-PEG-NH2 in anhydrous DMF was added 

and the mixture was kept at room temperature for 10 h and stored at -20 ◦C. Finally, the concentration of X-PEG-Amine was adjusted 

to 8 mM using anhydrous DMF.

Nanoparticle Size Analysis

All the synthesized nanoparticles were imaged with FEI Tecnai (G2 Spirit TWIN) Transmission Electron Microscope (TEM) operated at 

120 kV. The size distribution of each sample was analyzed by a customized MATLAB code that measures the diameter of nanopar

ticles with a minimum number of 500 nanoparticles. The mean value and standard deviation were then calculated by fitting the data to 

a gaussian distribution.

Dynamic light scattering measurement

Dynamic light scattering (DLS) measurement was performed with Wyatt DynaPro™ NanoStar™. Functionalized UCNPs were diluted 

10 times, with a final concentration of ∼5 nM, in 10× PBS for the measurement.

Zeta potential measurement

Zeta potential measurement was performed with Malvern Zetasizer Advanced Pro using DTS1070 folded capillary cuvettes. Func

tionalized UCNPs were diluted 10 times, with a final concentration of ∼5nM, in water for the measurement.

Microscope Setup

The microscope carried two diode lasers, a Thorlabs 976 nm fiber coupled laser (P.N. BL976-PAG900) and a Cobolt 638 nm free- 

space laser (P.N. 06-MLD). The 976 nm laser was reflected by a 950 nm dichroic into an upright Nikon 60× oil objective (N.A. 

1.49) atop which the sample was mounted. There was a motorized mirror which could displace the irradiation beam such that it 

hit the back optical port of the objective offset from the central axis. This allowed for reversible switching between epifluorescence 

and Total-internal-reflection fluorescence (TIRF) illumination modes. The TIRF penetration depth was calculated to about 150 nm and 

allowed for a reduced background from off-focal plane emission. Samples were able to be irradiated with power densities between 1 

ll
OPEN ACCESS 

e3 Cell 189, 3413–3431.e1–e9, May 28, 2026 

Article 



and 30 kW/cm2. The emission was captured by the objective and passed through the 950 nm dichroic into the emission pathway. The 

image was focused by a 400 mm tube lens, through a 950 nm shortpass filter. The emission passed through an iris and then into a 

dark box where it was successively split into four channels by three dichroics at 510 nm, at 610 nm and at 705 nm. The individual 

channel emissions were steered by independent mirrors toward another symmetric trio of dichroics which re-joined them. In each 

individual channel was a 255 mm collimating lens. Before hitting the camera, the emission was focused by a 300 mm lens for an over

all image with each pixel corresponding to 100 nm. Each emission was steered to occupy one corner of the camera detector, and the 

iris was sized to ensure no bleed over between quadrants.

The 638 nm laser was steered into a micromirror assembly below the backport of the objective which did not significantly occlude 

the emission image. It was angled such that it totally internally reflected on the sample and was collected by the objective. The out

going beam was focused onto a quadrant photodetector and allowed for the correction of stage z-drift. This allowed for focus to be 

maintained at the same level during long imaging sessions. The illumination of the microscope can be changed between epi-illumi

nation and TIRF illumination.

The sample mount was surrounded by an incubating enclosure which allowed control of the local atmosphere. Unless otherwise 

noted, conditions were kept at 37.0◦C and 5% CO2 for all cell experiments. No significant heating effects from the excitation laser 

were found. If the sample was heating up from the laser, the temperature gain was corrected by the incubating chamber’s temper

ature feedback loop.

Single-UCNP brightness measurement

Procedures for measuring UCNP brightness have been described previously.57 Approximately 400 ng/mL UCNPs in hexane were 

drop cast onto a clean and dry no. 1.5 cover glass pre-coated with 1% (w/v) poly-L-lysine. Hexane was used to rinse off excess nano

particles. For rigid support, the cover glass was attached to a standard microscope slide using double-sided tape after particles were 

left to dry for 5 min. Single particle optical characterization was performed using the home-built microscope described with epi-illu

mination. Custom Python-based code was used to identify single point-spread functions for each particle and perform a 2D gaussian 

fit to determine the particle emission in units of photons per second (pps). Only point-spread functions located in the center 128 

pixel × 128 pixel region of the camera field-of-view were registered and analyzed to account for the gaussian falloff of the beam 

near the edges of the field-of-view.

Measurement of number of ligands on UCNP-HTL

The coding sequence of Halotag7 was fused N-terminally to mOrange (HaloTag-mOrange) and cloned into pET expression vector 

with a N-terminal 6xHistag and a TEV cleavage site. The plasmid was transformed into E. coli BL21(DE3) cells (NEB C2527) and 

the bacteria were grown in 1 L of LB medium with 100 μg/mL ampicillin. 500 μM IPTG was added when optical density (OD600) 

reached 0.6 and bacteria were incubated overnight at 25◦C. Bacteria were harvested by centrifugation at 5,000× rcf for 20 min 

and resuspended in lysis buffer. Lysis buffer was composed of 50 mM Tris-HCl pH = 8, 500 mM NaCl, 5% glycerol and 20 mM imid

azole, supplemented with 1 μL Bezonase, 1 mM MgCl2 and protease inhibitor per 10 mL. Cells were lysed by ultrasonication, and 

supernatant was collected by centrifugation at 20,000× rcf for 20 min. Proteins were collected by NEBExpress® Ni Spin Columns 

(NEB #S1427) and were aliquoted and stored at -80◦C.

5 nM of Er10Yb90-HTL and Tm06Yb94-HTL were mixed with 1 μМ of HaloTag-mOrange and incubated overnight. UCNP-HTL con

jugated with HaloTag-mOrange was washed by centrifugation at 21,000x rcf, 2h for four times to remove free HaloTag-mOrange. The 

product was diluted and dropped onto a coverslip for imaging. Snapshots of Er10Yb90-HTL and Tm06Yb94-HTL were captured with 

976 nm laser excitation. Videos of the bleaching of mOrange were captured with 532 nm laser excitation. The maximum intensity 

projection of the time lapse videos was used to assess the colocation with UCNP signal.

Confirmation of lack of interactions between the three ligand-conjugated UCNPs

Er10Yb90-HTL, Tm10Yb80-STL and Tm02Yb30-CTL were mixed at equal concentration (∼100 nM) and incubated overnight. The 

mixture was then diluted for single-particle imaging with 976 nm laser excitation.

Experimental Model and Study Participant Details

U2OS and HEK293T were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Life Technologies) supplemented with 10% fetal 

bovine serum (FBS, Sigma F2442) and 1× penicillin/streptomycin (Life Technologies). PC9 and A431 cells were maintained in RPMI 

1640 medium (Corning) supplemented with 10% FBS and 1× penicillin/streptomycin. A431 cells (CRL-1555) were also purchased 

from ATCC. All cells were cultured at 37 ◦C with 5% CO2. Cells were dissociated using 0.05% Trypsin-EDTA (Life Technologies) 

at a split ratio of 1:3 to 1:6 every 3–6 days. Mycoplasma contamination was routinely monitored to ensure cell culture quality. There 

were no animal or human participants for any study or experiment in this work.

Plasmid construction and lentivirus preparation

Primers were ordered from IDT. CLIP-tag2’s sequence was obtained from Kai Johnsson’s group who kindly provided us the plasmid 

with the coding sequence. For transient expression plasmids, HaloTag7, SNAP-tag2, or CLIP-tag2 fragments, along with the tar

geted genes, were cloned into the pcDNA3.1 vector, separated by a 13-amino acid linker. For lentiviral plasmids, HaloTag7 and 
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EGFR fragments were cloned into pSin vectors. All constructs were verified by nanopore sequencing from Plasmidsaurus Inc. The 

detailed sequences of all the fusion proteins were listed in Table S1. In this study, all the tags are located at the N-terminus of the 

receptor.

To prepare lentiviruses, plasmids were transfected into HEK293T cells using Lipo3000 (Life Technologies) in Opti-MEM medium 

(Life Technologies). After 6 hours, the medium was replaced with regular cell culture medium. Lentiviruses were harvested and 

filtered at 48 and 72 hours post-transfection. For lentiviral infection, U2OS cells at 60%–70% confluency were incubated with the 

viruses for 4 hours, followed by selection with 1 μg/mL puromycin (Life Technologies) for 3–5 days.

Validation of non-perturbing effect of HaloTag7 fusion on EGFR

PC9 cells expressing Halo-EGFR-L858R/T790M were generated by lentiviral infection. After selection, 2,000 cells were plated in each 

well of a 96-well plate. After 24 hours, cells were treated with increasing amounts of gefitinib at half log increase. 96-hours post treat

ment, cell viability was determined using an MTS assay (Promega- CellTiter 96® AQueous One Solution Cell Proliferation Assay, 

G3580) according to manufacturer instructions.

Western blotting

Total protein was extracted from cells by incubating them on ice for 30 minutes with RIPA lysis buffer (Life Technologies) supple

mented with 1× protease and Phosphatase Inhibitor (Life Technologies). Cell lysates were centrifuged at 14,000 × g for 15 minutes, 

and the supernatants were collected. Protein concentration was quantified with BCA assay using Pierce™ BCA Protein Assay Kit. 

Proteins were resolved on 4%–20% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and transferred onto 0.2 μm nitrocel

lulose membranes using nitrocellulose Transfer Packs (Bio-Rad). Membranes were blocked with 5% non-fat milk (Bio-Rad) in Tris- 

buffered saline containing 0.1% Tween 20 (TBST) for 1 hour (Figures S3C and S3D) or with EveryBlot Blocking buffer for 5 min at room 

temperature (Figure S3E). After blocking, membranes were incubated with primary and secondary antibodies as specified in the Key 

Resources, followed by detection using the ECL Western blotting Substrate (Life Technologies).

Live-cell imaging

For the transient expression system, plasmids were transfected into U2OS cells using Lipo3000 (Life Technologies) in Opti-MEM me

dium (Life Technologies). After 6–8 hours, the cells were re-seeded on the ibidi μ-slide 18-well with glass bottom (Cat.81817). Prior to 

seeding the cells, the surface was coated with 0.2%(w/v) gelatin solution for 30 min under room temperature. To perform dye labeling, 

Halotag-TMR, SNAP-Cell 647-SiR or CLIP-Cell TMR-Star were added at 1 μM in DMEM for 5 min. Excessive dyes were wash by 

DMEM. To perform UCNP binding to live cells, cells were blocked in 1% casein (Sigma, C5890) in DMEM for 5 minutes. Subse

quently, ∼ 1 nM of UCNPs (diluted in DMEM containing 1% casein) were added, and cells were incubated at 37 ◦C with 5% CO₂ 
for 5 minutes. Before imaging, unbound UCNPs were removed by washing with DMEM containing 1% casein. Two-color live-cell 

imaging was performed under TIRF illumination, for 2–16 minutes at a time resolution of 100 ms at 37 ◦C and a power density of 

21 kW=cm2. Three-color live-cell imaging was performed under a power density of 4:2 kW=cm2 to ensure robust signal differentiation 

between Tm10Yb90-STL and Tm02Yb30-CTL. The focal plane was set to the bottom of the cell membrane and maintained 

throughout the experiment. Each well of cells was imaged no longer than 40 minutes after staining.

Single-particle tracking analysis

Point-spread function (PSF) localization and tracking were performed using the a customed MATLAB scripts, SLIMfast2, performing 

2D Gaussian fitting with the multiple-targeting tracing method.121 Localization parameters were kept constant between videos and 

conditions and can be found in Data S1; page 2, except the Intensity Threshold parameter which was changed on a case-by case 

basis to account for varying background levels so that the algorithm picked all the PSFs. We calculated the localization precision 

σloc, in live-cell videos using the number of collected photons:

σloc =
σpsf
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Nphotons

√

where σpsf is the standard deviation of a gaussian fit to the point-spread-function. This value agreed with the theoretical standard 

deviation, σpsf = 0:61⋅λ
2NA

. The localization precision was found to be 6.7 nm and 6.9 nm for Er10Yb90 and Tm06Yb94 UCNPs, 

respectively.

Trajectory generation parameters were kept the same between videos, notably, the maximum diffusion coefficient SLIMfast2 

considered was set at 1 μm2=s. This minimized any nearby trajectories switching IDs when they came close together. Although ac

curate, SLIMfast2 sometimes lost trajectories of particles due to PSF merging or off-focus movement.

In addition to SLIMfast2, we developed a novel single-particle tracking (SPT) method by combining Piscis,117 a deep learning al

gorithm for spot detection and localization, and ByteTrack,122 a Kalman filter-based algorithm for multi-object tracking. While the 

pretrained Piscis model performed well at detecting and localizing our UCNPs, we further enhanced model performance by training 

a custom model using NimbusImage,123 a cloud-computing platform for image analysis that supports human-in-the-loop finetuning. 

Specifically, we ran the pretrained Piscis model on experimental UCNP images, manually corrected the resulting annotations by 
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adding missed particles and removing false positives, and then finetuned Piscis using these curated labels. A comparison between 

these two methods showed that Piscis generated less trajectory interruptions in crowded areas. We also manually inspected and 

corrected the trajectories.

Using both SLIMfast2 and Piscis, we obtained a list of particle IDs and their trajectories for further analysis. Output from SLIMfast2 

was used for the diffusion coefficient analysis, while output from Piscis was used for the dimerization analysis.

Diffusion modes and coefficients analysis

We modeled each receptor movement as a hidden Markov model (HMM) and used a Bayesian inference algorithm75 to identify its 

parameters. This method is particularly suited for analyzing long trajectories to extract dynamic information.

We assumed the receptors imaged through UCNPs were moving on the membrane of the cell with 2D diffusion. A diffusion mode is 

characterized by the diffusion coefficient (D), and a transport coefficient (μ). The steps for each time interval (Δt) in each dimension (x, 

y) are distributed based on a Gaussian distribution:

Δx ∝
1

(4πDΔt)
3=2

e−
(x − μ)2

4DΔt 

Many trajectories exhibit more than one diffusional mode (i.e. modes with different parameters). Therefore, we find both the pa

rameters (D, μ) for the modes and the transition probabilities (Pij) between modes. Every timestep in the trajectory was assigned a 

particular mode. Figures S4A–S4D show the analysis scheme and an example trajectory.

We implemented the algorithm described in Ref. 75 and adapted it for parallel GPU HPC to accommodate the high number and long 

length of trajectories our single particle tracking method yields. Computations were run locally on a Nvidia RTX 4070 GPU, and in 

Lincoln Lab’s Supercloud cluster using a Nvidia Volta V100 GPU.

The Bayesian HMM algorithm evaluates multiple models for each trajectory and assigns probabilities to each. In this study, we 

limited the analysis to combinations of up to three diffusional (D) and with or without transport (V) modes, resulting in nine possible 

models:

• D; Trajectories found to have only one diffusion mode, with one diffusion coefficient.

• DV; Trajectories found to have one diffusion mode with one diffusion coefficient and a transport velocity vector.

• D, D; Trajectories found to have two diffusion modes, with the receptor switching between two modes during the trajectory 

length.

• D, DV; Trajectories found to have two diffusion modes, with the receptor switching between two modes during the trajectory 

length. One of the modes also has a transport velocity vector.

• DV, DV; Trajectories found to have two diffusion modes, with the receptor switching between two modes during the trajectory 

length. Both of the modes also have a transport velocity vector.

• D, D, D; Trajectories found to have three diffusion modes, with the receptor switching between the three modes during the 

trajectory length.

• D, D, DV; Trajectories found to have three diffusion modes, with the receptor switching between the three modes during the 

trajectory length. One of the modes also has a transport velocity vector.

• D, DV, DV; Trajectories found to have three diffusion modes, with the receptor switching between the three modes during the 

trajectory length. Two of the modes also have a transport velocity vector.

• DV, DV, DV: Trajectories found to have three diffusion modes, with the receptor switching between the three modes during the 

trajectory length. All of the modes also have a transport velocity vector.

We include transport modes because we occasionally observe motions that do not conform to pure diffusion and are directional in 

nature. We believe some of those are endocytosed receptors transported close to the basal membrane (hence their PSFs stay in 

focus). Allowing some modes to have a transport velocity vector in addition to the diffusion behavior is a refinement to the underlying 

model assumption that ensured the diffusion coefficients found by the Bayesian algorithm are accurate.75

While some longer trajectories may contain more than three dynamic states, expanding the model space would increase compu

tational cost and risk overfitting. Given our large dataset, comprising hundreds of thousands of trajectories across experimental con

ditions, we analyzed only the first 500 frames of each trajectory to ensure timely completion of the analysis. Further optimization of the 

computational pipeline will allow for the incorporation of additional dynamic states and full-length trajectory analysis. To determine 

how truncation of a trajectory affects the resulting distribution of modes and diffusion coefficients, we created 500 subsets of the 

trajectory shown in Figure 3 composed of 500 frames each (50 seconds). Each trajectory was shifted from the previous by one frame, 

and all included the midpoint (Figures S4E–S4G). HMM analysis on all 500 truncated trajectories showed that only one of them did not 

yield a 2-mode distribution like that of the original entire trajectory. The final distribution of diffusion coefficients is consistent with the 

one found from analyzing the entire trajectory. Furthermore, the assigned diffusion coefficient or the midpoint was always found to be 

similar (∼0.006 μm2/s), within the error of the coefficient distribution. Also, it was always the slower of the two coefficients found, as in 

the original trajectory.
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The Bayesian HMM algorithm yields the most likely hidden Markov model for every trajectory that would describe that trajectory, as 

well as the mode at each step. For each experimental condition, we pooled the most likely model for each trajectory across all the 

cells. To illustrate the full scope of the data we obtain from this analysis, we plotted all outputs of the EGFR WT condition in Data S1; 

page 4. It shows distribution of different models, distribution of diffusion coefficients from the top two or three models (such as 

1-diffusion mode and two-diffusion mode), and the total distribution of diffusion coefficients by aggregating diffusion coefficients 

from the best model of each trajectory.

We also analyzed dimer trajectories individually to test if there was any correlation between diffusion coefficient or mode, and 

dimerization state. We found both monomer and dimer receptors exhibited heterogeneous behaviors, and that the diffusion coeffi

cient is not a reliable metric to assign the oligomeric state (Figures S5A–S5F).

We performed single-particle tracking of WT-EGFR using dyes and put the resulting trajectories through the same analysis pipeline 

to compare our results to literature methods. The resulting diffusion coefficient distribution (Figure S4K) is consistent with the distri

bution obtained using UCNPs. Data S1; page 1 summarizes the dataset used to generate the diffusion coefficient histograms for all 

conditions.

The different modes obtained from the HMM analysis represent distinct physical states of EGFR mobility on the plasma membrane, 

which could reflect interactions with the cellular environment. For instance, free diffusion (D mode) likely corresponds to unbound or 

minimally interacting receptors, while directed motion (DV mode) may arise from cytoskeletal transport or clustering. Such mapping 

could reveal key aspects of EGFR signaling. However, precise determination of the corresponding biological states requires system

atic investigation, including co-staining of multiple other proteins and subcellular organelles, which is beyond the scope of this paper. 

We therefore refrain from making direct biological claims from the diffusion model distribution generated by the HMM analysis and 

instead focus more on the pooled diffusion coefficient histograms. Nevertheless, we believe the cellular environment has a substan

tial impact on receptor diffusion modes and coefficients, and a detailed study of receptor movement in conjunction with the diffusion 

heatmaps shown in Figure S4M represents one of our future research directions.

MSD analysis

Mean-square displacement (MSD) has been extensively used in single-particle tracking to extract the diffusion coefficient of trajec

tories.76,124–126 We performed MSD analysis of our data to illustrate how diffusion of membrane receptors is not accurately captured 

by such analysis. MSD diffusion coefficients were obtained by utilizing a window of 6 frames and fitting the first 5 frames of the re

sulting MSD plot to obtain the final diffusion coefficient. An increase in window frames only increased the spread of the resulting dis

tribution, as well as poorer fit qualities. Likewise for an increase in the fitting frame number. Only fits better than a threshold R-squared 

(> 0.85) were accepted.

Calculating diffusion from an MSD plot assumes that the movement of a receptor is characterized by one single diffusional param

eter. While this often true for small trajectories (t < 1s), we found from the HMM analysis that the average lifetime of a diffusional mode 

for EGFR is (0.70 ± 0.02) seconds, and so an MSD analysis of trajectories longer than this will likely violate the 1-mode assumption. 

Furthermore, this model does not account for transport, only random diffusion, any trajectories, which contain transport behavior will 

result in incorrect diffusion coefficients using the MSD analysis.

We have also simulated perfectly ideal diffusion trajectories with two modes and parameters drawn from our experimental distri

bution to ascertain the systematic error of the HMM analysis and the MSD analysis. Figures S4H and S4I shows the simulated dis

tributions and the results of both analysis methods. The separate mode peaks for the MSD results get averaged out, whereas the 

HMM results show the peaks independently, with a σ=μ of 10%.

We utilized custom Python code to obtain MSD histograms of the same data on which we performed the HMM analysis. Figure S4J 

shows that while the slow-down phenotype between WT-EGFR with and without 100 nM EGF is similar, the magnitude and numerical 

mean are different, highlighting the inaccuracy of MSD analysis over longer trajectories.

Motion blur error analysis

To estimate localization error due to the motion blur of particles, we used D = 0.01 μm2=s as the diffusion coefficient, and found the 

motion blur based on the following formula:

σMB =

̅̅̅̅̅̅̅̅̅̅
D⋅Δt

3

√

= 18:3 nm 

where Δt = 0:1 s is the exposure time. This yields a σMB of 18.3 nm. The chosen diffusion coefficient is conservative being on the 

higher end of the distributions found through the HMM analysis.

Image registration and error analysis

Image registration between the four different channels was done using UCNPs with emission in all four channels, imaged at long 

exposure as in ref. 57 with custom python code. Separate channels were coarsely aligned on the camera with independent steering 

mirrors. Fine registration was done by selecting and resolving point-spread functions present in all four channels to produce trans

formation matrices between channels. The transformation matrix was then applied to every image and video. Registration error for 
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mapping the NIR channel (for imaging Tm06Yb94) to the Red channel (for imaging Er10Yb90) was found to be σReg = 16 nm 

(Figure S4O).

Dimer lifetime analysis

Dimers formed between receptors labeled with different colors of UCNPs were identified by custom code based on the proximity of 

their reconstructed trajectories from Piscis. We set a proximity threshold of 125 nm for at least 5 frames (0.5 s) to determine coloc

alization. This distance threshold was determined based on: (1) Localization precision, σloc ∼ 6:8 nm; (2) Motion blur, σMB ∼ 18:3 nm; 

(3) Registration error, σReg = 16 nm; and (4) Physical separation of the two UCNPs on two receptors.

We then estimated the theoretical center-to-center distance between two UCNPs labeling an EGFR dimer. Based on PDB crystal 

structure of EGFR dimer activated by EGF (PDB: 1IVO),16 the distance between the two EGFR N-termini is ∼4.7 nm. On each mono

mer, this is extended by a ∼5 nm glycine linker, the ∼5 nm HaloTag protein (33 kDa), and a ∼5 nm PEG linker connecting to the UCNP 

(∼8.5 nm radius). Summing up these for the full dimer complex (illustrated in Figure S4Q):

μEGFR = 4:7 nm + 2 × (5 nm linker + 5 nm HaloTag + 5 nm PEG + 8:5 nm UCNP Radius) = 51:7 nm 

We then accounted for experimental uncertainties (localization for each channel, motion blur, registration), which combine in quad

rature to be

σTotal =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
loc 1 + σ2

loc 2 + 2σ2
MB + σ2

reg

√

= 

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(6:7 nm)
2

+ (6:9 nm)
2

+ 2(18:3 nm)
2

+ (16:2 nm)
2

√

= 32 nm:

Considering ∼3 standard deviations from the mean, this yields a maximal statistical threshold of ∼148 nm [51:7 nm + 3× 32 nm]. 

To minimize false positives, we lowered the threshold to 125 nm.

For these selected dimers, we account for stochastic variations by tolerating frames where the inter-receptor distance goes above 

the threshold for up to 8 frames but remains below a maximum of 200 nm. Likewise, we do not assign a dimer when the distance 

between two molecules occasionally dips below the threshold for shorter than 8 frames. Furthermore, we excluded any dimers 

that form within the first 5 frames or dissociate within the last 5 frames of each video. This additional filtering step ensures that 

the measured dimer lifetimes reflect their complete duration, preventing any underestimation due to video-length constraints. The 

minimum dimer lifetime resolution was set by the exposure time, 100 ms. We obtained a list of dimer lifetimes aggregated from 

several cells for each experimental condition. Data S2; page 1 shows the histograms of dimer lifetime for each condition.

We use the data to calculate the Probability Distribution Function for each condition. Let {bi} denote the histogram bin edges with 

bin width equal to dt = 0.1 s (the exposure time of all data taken). The number of occurrences in each bin is Hi, and the total number of 

counts is 
∑

Hi. The probability-mass-function (PMF) is given by:

Xt =
Hi

∑
Hi 

representing the proportion of data points in each bin. The bin center is defined as:

ti =
bi + bi + 1

2 

To obtain a smooth and reliable estimate of the probability distribution while minimizing artifacts arising from the finite time duration 

of the recorded video, we calculate the probability density function (PDF) by weighting each time point in the probability mass func

tion histogram by the average interval between its adjacent events.127

To obtain a comparable metric between conditions for dimerization, we fit the dimer lifetime PDF distribution to a Power Law 

distribution:

PDF(τ) = (α − 1)⋅tmin
α − 1τ− α 

where tmin is set to 1.5 s. We found this to be a reasonable starting point since it is highly unlikely a random overlap of non-dimerizing 

receptors will last longer than this threshold. To test this assumption, we simulated pure diffusional behavior based on the distribution 

of diffusion coefficients for EGFR+EGF found through the hidden Markov model analysis. The simulated video had no hard-coded 

dimerization, and the transient colocalization events existed only stochastically. Figure S5G–S5I show the results of the cell exper

iments versus the diffusion simulation. Only 1% of colocalizations in the simulation were longer than 1.5 seconds. Fitting the data to a 

power law allows us to calculate a power law factor α to quantify the phenotypes between WT and mutant or stimulated receptor 

proteins. Table 1 shows the α parameter found for each condition. Since a multiplying factor does not change the slope of the power 

laws, we normalize the PDF to its first datapoint before fitting. We do not use the scaling parameter obtained from the fit, as that does 

change with normalization. Calculation of the error on the fit parameters is done through the covariance matrix. The fitting strategy 

relied on minimization of log-residuals since the absolute value of the PDF at large lifetimes was much smaller than that at low life
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times, and so did the residuals. Minimizing the log-residuals ensured accurate power law behavior at the tail, which contained many 

fewer datapoints than the start of the curve due to the behavior of the power law. We also constrained the fit to the first point, such that 

all fit curves emerged from the normalized value of 1 at t = tmin.

We use α to calculate the time at which 99% of all dimers will have dissociated, denoted τ99%:

τ99% = tmin⋅(1 − 0:99)
1

1 − α 

Figure S5J shows a scheme for the data analysis pipeline for dimerization parameters. Table 1 contains the power law factor α, its 

standard error calculated from the fit, the τ99% derived from it, its standard error from the full dataset fit, and the R2 values for each of 

the fits. To calculate significance between the τ99% of different conditions, we evaluate the error on the fit parameter using bootstrap

ping. For each condition with n datapoints after t = 1.5 s, we sample n points with replacement and perform the power-law fit to obtain 

α, and τ99%. We do this for N = 10000 bootstraps and obtain the error on the estimate of τ99%: The bootstrapping means and errors 

can be found in Table 1. The τ99% comparison violin plots equivalent to those shown in Figure 4, Figure 5 and Figure 6 for the boot

strapping results can be found in Figure S5K, with the estimated significance between the fit parameters of different conditions an

notated. Significance was calculated using z-scores between bootstrapping parameters.

We further investigated whether the total percentage of dimerized receptors changed between mutants. We defined ρ (rho) as the 

average percentage of labeled receptors that are dimerizing at any given time:

ρ =
∑ 2⋅di

F⋅Ni 

where the summation is over all measured frames of the video {i}, F is the total number of frames, Ni is the number of receptors in each 

frame and di is the number of dimers in each frame. The factor of 2 means we recognize there are 2 receptors per dimer. We calcu

lated ρ for each cell and obtained an average over all cells for each condition (as well as the standard error). The values for ρ and its 

standard error for each condition can be found in Table 1; in Figure S5L, plotted against the τ99%.

QUANTIFICATION AND STATISTICAL ANALYSIS

All fit parameters have been provided with their standard errors and are reported as mean ± SEM unless described otherwise in 

the text or figure caption. Statistics, error estimates and control simulations for each analysis are described in their respective 

sections. All analysis was performed using python and MATLAB. The notation for statistical significance is as follows: * represents 

p < 0.05, ** represents p < 0.01 and *** represents p < 0.001.
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Supplemental figures 

Figure S1. UCNP characterization, related to Figures 1 and 2

(A) Stability measurement of normalized probe brightness over the time scales of hours. 

(B) Brightness under imaging conditions for the three probes for 3-color tracking and the probes for 2-color tracking. Magenta indicates emission between 705 and 

850 nm, blue indicates emission below 510 nm, and green indicates emission between 610 nm and 705 nm. Dashed lines indicate ±1 standard deviation from the mean. 

(legend continued on next page) 
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(C) Emission (left) and absorption (right) spectra of the four UCNPs used in this work, with emission normalized to the highest peak. The absorption spectra 

matched well with previously reported results on UCNP that used Yb3+ as a sensitizer.128,129

(D) TEM images of core and core-shell UCNPs. Scale bars, 50 nm. 

(E) TEM images of ligand-conjugated UCNPs. Scale bars, 50 nm. 

(F) Zeta potential of ligand-conjugated UCNPs. Measurement was conducted in DI water. 

(G) DLS of ligand-conjugated UCNPs. Measurement was conducted in 1× PBS. 

(H) Measurement of the number of HTL on HTL-conjugated UCNP through colocalization of Er10Yb90-HTL (green), Tm06Yb94-HTL (magenta), and HaloTag7- 

mOrange (orange). Scale bars, 2 μm. 

(I) Two-step and one-step bleaching traces of HaloTag-mOrange on HTL-conjugated UCNP. 

(J) Quantification of the number of HaloTag-mOrange per UCNP. We mixed HTL-conjugated UCNPs with an excessive concentration of purified HaloTag- 

mOrange protein, ensuring a close to 100% labeling efficiency. Therefore, the number of HaloTag-mOrange is approximately the number of HTL per UCNP.
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Figure S2. UCNP labeling efficiency and orthogonality, related to Figure 2

(A) Demonstration of specific versus nonspecific binding of ligand-conjugated UCNP on live cells. Representative bright-field images of the cell and corre

sponding UCNP images were taken at the bottom membrane. In the positive panels, wild-type U2OS cells were transfected with Halo-EGFR-WT for testing 

Er10Yb90-HTL, SNAP-HER2-WT for testing Tm06Yb94-STL, and CLIP-HER3-WT for testing Tm02Yb30-CTL. In the negative panels, wild-type U2OS cells were 

used for all three functionalized UCNPs. Scale bars, 5 μm. 

(B) Quantification of specific staining versus non-specific staining of all three functionalized UCNPs. 

(legend continued on next page) 
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(C) Three probes (Er10Yb90-HTL, Tm10Yb80-STL, and Tm02Yb30-CTL) were mixed at equal concentration (∼100 nM), diluted, and imaged on a coverslip to 

show orthogonality of the three ligand-conjugated UCNPs in the mixture and in the live-cell labeling. Five different representative fields of view showed no overlap 

of probes. Scale bars, 2 μm. 

(D) Halo-EGFR, SNAP-HER2, or CLIP-HER3 expressing U2OS cells were labeled by three-probe mixture (Er10Yb90-HTL, Tm10Yb80-STL, and Tm02Yb30-CTL, 

each at 1 nM). Scale bars, 5 μm. 

(E) Quantification of specific staining versus nonspecific staining.
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Figure S3. Validation of expression and function of receptors N-terminally fused with SLPs, related to Figures 2, 3, 4, and 5

(A) Validation of the resistance of PC9 cells expressing EGFR-L858R/T790M to gefitinib. 

(B) The phosphorylation of EGFR, Akt-S473, Akt-T308, MEK, and ERK was assessed by western blot (WB) with U2OS-Halo-EGFR stable cells labeled or un

labeled with UCNP-HTL for 10 min. 100 nM EGF was added for 10 min for the EGF stimulation condition. The results indicate that UCNP-HTL did not exhibit 

agonistic or antagonistic effects on EGFR activation. Images are representative of three independent replicates. 

(legend continued on next page) 
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(C) The expression of Halo-EGFR in the U2OS stable cell line and EGFR in the A431 cell line was probed by WB. The images shown are representative of three 

independent experiments. 

(D) Western blot analysis revealed that the ligand-independent phosphorylation of EGFR-R108K, A289V, Ex19del, Ex20ins, and L858R was higher than that of WT 

EGFR in the transiently transfected U2OS cells. ACTIN was used as a loading control. The images shown are representative of three independent experiments. 

(E) Ligand-independent phosphorylation and total expression level of transiently transfected SNAP-HER2-WT and mutants in U2OS cells. ACTIN was used as a 

loading control. The images shown are representative of three independent experiments. 

(F) Phosphorylation and total expression level of transiently transfected CLIP-HER3-WT in U2OS cells. ACTIN was used as a loading control. The images shown 

are representative of three independent experiments.
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Figure S4. UCNP-SPT reveals rich dynamic information of receptor movement and diffusion, related to Figures 3, 4, and 5

(A) HMM analysis pipeline for obtaining diffusion coefficients for each condition. For each video of a given experimental condition (e.g., EGFR WT), we obtain the 

trajectories using SLIMfast2, a custom MATLAB script that performs 2D Gaussian fitting with the multiple-targeting tracing method.121 The trajectories are 

bundled together into one array, and that is submitted to the custom Python code HMM.py. The HMM algorithm has been modified from Monnier et al.75 to be 

able to run efficiently in a parallelized GPU architecture. It was necessary to do so, given the unprecedented length of the trajectories, in addition to the large 

volume of trajectories per condition. Each run lasted for 4–6 days on a V100 Nvidia GPU at Lincoln Lab’s HPC Supercloud computer. The HMM results yield many 

parameters for each trajectory, which were then used for statistical analysis: the number of diffusion modes, the diffusion coefficients of each mode, the transport 

velocities of each mode (if any), the lifetimes for each mode in the form of mode transition probabilities, and the most likely sequence of modes for the trace. 

(B) Scheme of the assumed hidden Markov model, exemplified by 3 diffusional modes. At each time point (100 ms, the exposure time of each video), the receptor 

is assumed to be in mode A, B, or C. The next step in the trace is determined by the mode parameters. The next mode is also determined stochastically based on 

(legend continued on next page) 
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the transition probabilities between modes. We limit our analysis to three modes to avoid overfitting through excess of parameters. Our results show that most 

traces remain in one or two diffusional modes. 

(C) One example trajectory of EGFR WT analyzed using the HMM algorithm. 

(D) Trajectory of (C) colored by diffusion state. The trajectory contains 2 diffusional modes, one with a slower diffusion coefficient (6× 10− 3 μm2=s) and one with a 

faster diffusion coefficient (1:9× 10− 2 μm2=s). The lifetime of the fast mode is about 0.6 s (on average, the trajectory stays in the fast mode for 6 frames), and the 

lifetime for the slow mode is about 1.7 s (on average, the trajectory stays in the fast mode for 17 frames). The horizontal bar shows the state at every time point over 

the 15+ min of the recording. 

(E) Diagram illustrating the sliding window centered around the midpoint of the trajectory shown in (C). To calculate how truncation of a trajectory affected the 

underlying diffusion coefficient, we created 500 subsets of the trajectory in (C), each composed of 500 frames (50 s). Each trajectory was shifted from the previous 

by one frame, and all included the midpoint. The first trajectory (blue) and the last (orange) are shown overlaid with the total trajectory (gray). The first and the last 

trajectories only share the midpoint in common (black circle). 

(F) Diagram showing how the sliding window captures different parts of the total trajectory as the frame shift ‘‘n’’ increases. The midpoint is shown by the black 

circle. 

(G) Diffusion coefficient distribution of the frame-shifted sub-trajectories. Only one of the trajectories did not rescue a 2-mode distribution like that of the total 

trajectory. The final distribution of diffusion coefficients agrees with the coefficients found from analyzing the entire trajectory (dashed vertical lines). Furthermore, 

the assigned diffusion coefficient or the midpoint was always found to be similar, within the error of the distribution. It was also always the slower of the two 

coefficients Found. 

(H) Histogram of the comparison between calculated diffusion coefficients obtained from mean-square displacement (MSD) analysis and from hidden Markov 

model (HMM) analysis. The ground truth was a two-state model with diffusion coefficients set to 0.05 and 0.005 μm2=s, with lifetimes of 0.3 s. 10,000 trajectories 

of 500 frames (50 s) were simulated. While the MSD obtained only one intermediate value, HMM correctly yielded the two diffusion coefficients. In all cases, the 

standard deviation over the mean was about 10%. However, MSD produced a nonsensical value between the ground truth coefficients, while HMM accurately 

predicted the correct coefficients. MSD diffusion coefficients were obtained by utilizing a window of 6 frames and fitting the first 5 frames of the resulting MSD plot 

to obtain the final diffusion coefficient. An increase in window frames only increased the spread of the resulting distribution, as well as poorer fit qualities. Likewise, 

for an increase in the fitting frame number. 

(I) Histogram of results for 10,000 trajectories, simulated with a spread of diffusion coefficients around 0.05 and 0.005 μm2=s with a standard deviation of 10%. 

While the MSD still obtained only one intermediate value, HMM correctly yielded the two diffusion coefficient distributions. The standard deviation of the 

recovered diffusion coefficient distribution is exactly what is obtained if we add in quadrature the standard deviation recovered by the HMM analysis from the 

simulation in (H) and the ground truth 10% standard deviation from the simulation in (I). 

(J) Comparison of HMM and MSD results for the EGFR WT (+/− ) EGF condition. HMM analysis gives more accurate coefficients without bias: the MSD analysis 

does not pick up on the faster-moving tail of EGFR and shows overall slower values. MSD also does not pick out the two coefficient peaks that show up in the 

HMM result for EGFR, although the slowdown trend is still captured. 

(K) Diffusion coefficients of Halo-EGFR labeled with UCNP-HTL or Halo-JF646. 

(L) Comparison of diffusion coefficients for Halo-HER3 and SNAP-HER3. 

(M) Heatmaps of trajectory localizations, in units of trajectory counts normalized by recording time. The hotspots in white indicate areas with many localizations, 

either due to large visitation rates by different receptors or due to slow diffusion by one or more receptors. The study of the diffusivity hotspots has been shown 

before to be a powerful tool for the inference of cellular structures,130,131 and thus our future research directions include correlating dimerization frequency and the 

membrane structure inferred by the existence of the diffusivity hotspots. Top left: Diffusion heatmap of EGFR WT trajectories. Bottom left: Diffusion heatmap of 

EGFR WT after stimulation with 100 nM EGF. Right: Insets in blue from the condition with EGF stimulation overlaid with individual trajectories. The top example 

trajectory diffuses around one central hotspot, while the bottom one is confined to it. 

(N) Brightness distribution per frame for the Er- and Tm-doped UCNPs used in 2-color labeling and dimer identification. To calculate localization precision, we 

divide the point-spread-function by the square root of the number of photons per frame. We calculate the average localization error of each particle to be ∼6.8 nm. 

(O) Registration error distribution for the NIR channel (for imaging Tm06Yb94) to the red channel (for imaging Er10Yb90). The mean registration error is 16.2 nm. 

(P) PDB structure (PDB: 1IVO) of the EGFR dimer,16 colored by residue. The red dashed line connects the two N-termini and measures 4.7 nm. 

(Q) Scheme showing an EGFR dimer labeled by two UCNPs. At the center, we have the PDB structure of the EGFR dimer. At their N-termini, we show the peptide 

linker to the HaloTag protein. Then, we show the PEG linker, at the end of which is connected the HaloTag Ligand. At the other end, we have the functionalized 

UCNP. Overall, the UCNP center-center distance is estimated to be 51.7 nm. 

(R) To understand how to best apply our Bayesian HMM diffusion analysis on dimers, we simulated 1000 trajectories with 2 diffusion states. We then added 

Gaussian noise centered on the calculated separation between UCNPs in an EGFR dimer (51.7 nm), with a standard deviation equal to our final error (32 nm). 

HMM analysis on these two trajectories (original input and the noisy trajectory) yielded different diffusion coefficients and state sequences. However, when we 

averaged the two trajectories, we were able to recover both the coefficients and the correct mode assignment for each step. This result shows that for accurate 

recovery of dimer behavior, we should average the trajectories of each receptor while it is dimerized. Representing dimers found through single-particle tracking 

as the average trajectory of their components is commonly done in SPT literature,44 and thus all dimer trajectories are shown as the average of the two monomers. 

(Left) Simulated trajectory and its diffusion mode as a function of time. (Middle) Simulated trajectory with Gaussian noise added, and the HMM-assigned diffusion 

modes as a function of time. (Right) Averaged trajectory of the original and noisy trajectories and the HMM-assigned diffusion modes as a function of time. 

(S) Histograms showing the simulated diffusion coefficients (dashed lines), recovered coefficients from the simulated trajectory (green), and recovered co

efficients from the average of the noisy and simulated trajectory (magenta). 

(T) Histogram of the fraction of steps per trajectory that were assigned the same mode between the simulated trajectory and the averaged trajectory. In total, 

averaging the trajectory recovers the original diffusion modes over the trajectory with 81% fidelity.
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(legend on next page)
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Figure S5. UCNP-SPT enables unprecedented details on receptor dimerization, revealing dimer lifetimes as a novel quantification of cellular 

signaling, related to Figures 3, 4, 5, and 6

(A–F) Diffusion mode analysis correlated with dimerization. They show dimers found through the dimer analysis code, and then subsequently run through the 

Bayesian HMM analysis for diffusion mode identification. The leftmost trajectory shows the dimer state for each monomer (A and B), with the black trajectory 

indicating the steps both are within the dimerization threshold of 125 nm of the other. For those steps, following the logic of (A), we average the measured 

positions of the two monomers within the dimer. The two rightmost trajectories show each monomer separately, with monomer A in the center and monomer B on 

the right, colored by diffusion mode. The bottom graph shows the diffusion mode (color-coded bars) and the distance between the two monomers as a function of 

time (distance plot). The horizontal dashed black line indicates the dimer threshold of 125 nm, and the times assigned to a dimer are highlighted in gray. Tra

jectories rarely skipped a few frames (<5 frames, or 0.5 s), and those gaps were interpolated linearly. Except for only a few frames, the diffusion coefficients of 

each receptor agree with one another when they are in the dimer state. Notably, we detect a 10-fold change in diffusion coefficient for one of the receptors when it 

becomes a dimer, shown in (F). (A) and (B) are dimers from the EGFR TW condition. (C) and (D) are dimers from the EGFR WT + 100 nM EGF condition. (E) 

Homodimer from the EGFR 19del condition. (F) Homodimer from the HER2 condition. 

(G) Left: snapshot of experimental SPT video of WT EGFR. Right: a snapshot of simulated SPT video for 100 point-spread functions. Both colors label EGFR. 

Scale bars, 5 μm. To assess whether random encounters between diffusing receptors could bias the dimerization histograms, we generated simulated datasets 

resembling the experimental conditions (three videos, 1000 frames each, ∼100 particles per video). The movements of the PSFs were simulated using diffusion 

coefficients sampled from the distribution of WT EGFR, and without any interactions between the PSFs. PSFs in two different color channels were simulated. 

These simulated videos were then processed through the same analysis pipeline used for the experimental data, and colocalization events were identified using 

the same distance thresholds. For this analysis, we relaxed the distance threshold for dimerization to 200 nm to get an upper bound on the maximum random 

‘‘dimerization lifetime.’’ 

(H) PDF histograms of WT EGFR and the simulated random encounter. There were 101 colocalization events in the simulation, and all were shorter than 2 s. Only 

one of 101 events was longer than 1.4 s. The simulation data was not fit since the fitting method used for the WT EGFR and other conditions fits only datapoints 

above 1.5 s and would fail with the simulated data. 

(I) Survival function (1− CDF) curve of the data in (T). This result ensures that the selected minimum time for the power law fit is an accurate selection of the cutoff 

differentiating random encountering from biological dimerization. 

(J) Scheme illustrating the steps taken to quantify dimerization lifetimes. From the multicolor SPT videos, we obtain trajectories of individual receptors. Then, 

custom Python code is used to identify trajectories that remain within a set threshold distance (in all cases considered in this work, 175 nm). These are classified 

as dimers. Receptors dimerized before the recording is started are disregarded, likewise with dimers that do not dissociate until the end of the recording. The 

lifetimes can be plotted as a histogram; however, given the sparse nature of long dimer events, calculating the probability distribution function gives a better idea 

of the distribution behavior. We found that the dimer lifetime distributions for all receptors follow a power law, indicated by a straight line in a log-log plot. We fit the 

PDF data to the power law and obtain the power parameter α (with error quantification). For distributions where αis larger than 2, the time at which 99% of dimers 

have dissociated is well defined analytically. We define this time as τ99%, and we use it as a measure of dimer stability. The error on this quantity is also well defined 

as a function of the error on α. 

(K) τ99% violin plots from n = 10,000 bootstrap fits on the full datasets, annotated with significance between τ99% of each condition in a series. Significance (p) was 

calculated through Z score evaluation. ‘‘ns’’: p > 0.05; ‘‘*’’: p < 0.05; ‘‘**’’: p < 0.01; ‘‘***’’: p < 0.001. 

(L) τ99% versus apparent dimer fraction of each experimental condition. The apparent dimer fraction was calculated per cell video and then averaged among the 

recordings to yield the average dimer fraction, as well as the standard error. This is the apparent dimer fraction because it is calculated from the observed 

receptors, but not all receptors on the cell membrane are labeled. For EGFR and mutants, the dimer fraction increases with the dimer lifetime. For HER2 and 

mutants, the S310F mutant shows a larger dimer fraction and higher dimer lifetimes when compared with insYVMA. For HER3 and mutants, all mutants show 

more dimers, but they also show smaller dimerization lifetimes. This implies the mechanisms of oncogenic activities are different for HER3 mutants versus EGFR 

and HER2. EGFR-HER2 heterodimers show an increase in dimer lifetimes alongside a reduction in the number of dimers upon EGF stimulation. On the other hand, 

EGFR-HER3 heterodimers show an increase in both dimer lifetimes and fraction with the same stimulation. HER2-HER3 dimerization parameters show the largest 

increase of all heterodimer data upon stimulation of NRG1. 

(M) Comparison of dimer lifetime for Halo-HER3 and SNAP-HER3.
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