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Abstract 
 
Reconstitution and Characterization of Membrane Proximal Signaling Downstream of the T 

Cell Receptor 
 

by 
 

Joseph B. DeGrandchamp  

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Jay T. Groves, Chair 

Early warning signals in the adaptive immune system originate from T Cell recognition of 
pathogenic antigens on the surface of Antigen Presenting Cells (APCs). T Cell activation and 
the production of warning molecules (cytokines) proceeds downstream of antigen binding 
to T Cell Receptor (TCR) at T Cell:APC membrane interfaces.  Complex proofreading 
mechanisms are required to control T Cell activation, and this process is thought to take 
place primarily via TCR proximal signaling events on the inner T Cell membrane. A number 
of critical components for the origination of T Cell activation signals are well known, 
including the membrane-associated scaffold LAT that becomes phosphorylated following 
TCR-antigen binding events. LAT recruits a web of cytosolic adapters, like Grb2, and 
signaling enzymes, such as Sos1 and PLCγ1. LAT has been recognized as a signaling hub 
wherefrom both proliferation signals, through Sos1 activation of Ras, and cytokine 
production signals, through PLCγ1-mediated Calcium flux, diverge. Additionally, this hub has 
been established as a biomolecular membrane protein condensate, with multivalent 
crosslinking through Grb2 and Sos1 interactions as well as more recently discovered 
crosslinking through Grb2 dimerization and the SH array of PLCγ1. The consequences of 
condensation are not yet fully understood, but in new accounts from our lab, it has been 
suggested to encode information relevant for T Cell activation. Vital to the study of this 
system, we have established an in vitro platform for the study of fluorescently labeled 
proteins on supported bilayers with visualization through TIRF microscopy. LAT 
functionalized to these bilayers is capable of both recruitment of solution proteins and 
forming condensates, and signals from recruited enzymes can be detected using labeled 
biosensors. This allows for the piece-wise investigation of mechanisms in the formation of 
this central hub. Herein, I cover our recent efforts to increase reproducibility in the use of 
this platform and expound on the recent developments in the modes of LAT crosslinking 
leading to condensation. Then, I demonstrate the effect of LAT condensation on active PLCγ1 
from mammalian cell lysate, most notably a marked decrease in activity in pLAT:Grb2 
condensates. I conclude with single particle tracking experiments of two Ras isoforms that 
reveal functional differences in their interactions with the membrane as a function of lipid 
composition. These stand to be important contributions to the understanding of TCR 
signaling and will empower future discovery. 
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Chapter 1 

Introduction 

 
The human immune system is a complex patchwork of interconnected cellular and molecular 
mechanisms. The system consists of both innate immunity, which defends us through pre-
defined mechanisms such as the complement system that we are born with, and adaptive 
immunity, an ever-evolving system of cells that must detect and respond to new threats as 
well as catalog them for future elimination. At the front line of the adaptive immune system 
are CD4+ T Cells, commonly referred to as Helper T Cells or white blood cells, that are 
responsible for the search for and recognition of foreign protein fragments (peptides) called 
antigens [1]. A class of cells called Antigen Presenting Cells (APCs) assists in this search by 
processing proteins from the surroundings (often from the debris of dead cells, which may 
have been infected by a pathogen) and “presenting” corresponding small peptides (p) on the 
cell surface loaded into Major Histocompatibility Complex Class II (MHCII) membrane 
structures. CD4+ T Cells probe the surface of APCs using small membrane extrusions, known 
as microvilli, decorated with the transmembrane T Cell Receptor (TCR) and other 
costimulatory proteins [2-4]. The TCR binds to pMHCII which, purportedly through a closely 
controlled but not fully understood proofreading mechanism [5-8], either results in simple 
unbinding (for self-peptides) or in T Cell activation signals (for true agonists). If a CD4+ T Cell 
activates fully, it will begin production of extracellular warning molecules (cytokines), to 
activate the immune system at large, and will start proliferating to amplify this signal [9]. 
This process is incredibly fine-tuned in both specificity and sensitivity, as it must be since 
the incorrect recognition of self-peptide could result in catastrophic autoimmune events and 
inability to detect pathogens would be equally disastrous. In fact, CD4+ T Cells (henceforth, 
simply “T Cells”) must discriminate between self-peptides and antigens that exist 
simultaneously on APC surfaces, and they can activate on the binding of even a single foreign 
antigen [10-12]. Where does this almost unbelievable discrimination power come from? And 
what are the exact molecular events involved in transmitting these vital signals across the T 
Cell membrane? This is the essence of our research, where we use quantitative biophysical 
techniques to increase our understanding of the T Cell:APC interface piece by piece. 

Thankfully, we are not starting from scratch, as decades of careful biochemical 
characterization have revealed a number of key players and events in the T Cell activation 
pathway. Upon TCR binding of an antigen, costimulatory receptors recruit the intracellular 
Src-family tyrosine kinase Lck, which phosphorylates tyrosines on the Immunoreceptor 
Tyrosine-based Activation Motifs (ITAMs) on the intracellular tails of the TCR [13-15]. 
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Phosphotyrosines (pY) bind with high affinity and specificity to partner SH2 domains [16-
17], with ITAM pYs being recognized by the tandem SH2 domains of the Syk-family kinase 
Zap70 [18-20]. Initially autoinhibited in the cytosol, Zap70 recruits to phosphorylated ITAMs 
and is also phosphorylated by Lck, leading to the release of Zap70 autoinhibition through 
intramolecular binding and reorganization. Active Zap70 then phosphorylates the aptly 
named Linker for the Activation of T Cells (LAT) [21]. LAT is a 25 kDa, primarily disordered 
membrane scaffold with four critical tyrosine residues on its membrane-distal end 
recognized and phosphorylated by Zap70. These LAT-pY residues serve as the basis for what 
has come to be known, with good reason, as the LAT signaling assembly, which has been 
substantiated as an integral mediator of T Cell activation [22-26]. Additionally, the LAT 
signaling assembly has been recognized as a biomolecular condensation, a novel property 
that is increasingly proving to be relevant to the regulatory function of LAT [12, 25, 27-31]. 

The LAT signaling assembly is composed of a plethora of cytosolic adapters and signaling 
enzymes recruited either directly or indirectly to phosphorylated LAT (pLAT). The 
important pY residues on LAT are known to be pY132, 171, 191, and 226 (numbered 
according to their position in the sequence of the human “short” LAT isoform) [22-24]. 
Through just these four phosphotyrosines, LAT is responsible for coordinating a multitude 
of molecular signaling pathways including the Calcium pathway (which results in cytokine 
production) and MAPK pathway (which feeds into cell proliferation mechanisms) [26]. In 
more detail, pY171, 191, and 226 are all recognized by the SH2 domain of the adapter Grb2. 
The two SH3 domains of Grb2 additionally recruit the Ras activator Sos1, specifically through 
the binding of the proline-rich (PR) domain of Sos1 (SH3:PR interactions, analogous to 
SH2:pY, are a common motif in these signaling pathways) [23-25, 27-28]. Multivalent 
binding of Grb2:Sos1 to pLAT results in extended LAT crosslinking, and under favorable 
conditions leads to pLAT condensation [27-31]. Subsequently, recruited Sos1 activates Ras, 
a small membrane GTPase and notorious oncogene due to its central role, which marks the 
origination of the MAPK pathway [28-29, 33-39]. Furthermore, LAT-pY132 recruits the 
phospholipase PLCγ1, the primary initiator of the Calcium pathway, via the nSH2 domain of 
PLCγ1 [9, 24, 26, 40-41]. But the mechanisms by which pLAT condenses are not fully 
understood, nor is the potential role of pLAT condensation in the activation of PLCγ1. And, 
further downstream, the role of the membrane in Ras signaling is of interest as well. My work 
focuses strongly on LAT, PLCγ1, and Ras and their interactions on (and with) the membrane, 
given their outsized contributions to T Cell signaling. 

In order to study these influential signaling facilitators, I focused my efforts on the in vitro 
recapitulation of TCR-proximal signaling pathways. The evident complexity of T Cell 
signaling is, in some ways, detrimental to its investigation, making it difficult to deconvolve 
intracellular events. Instead, I examined the components of this system piecewise through 
reconstitution, while attempting to retain physiological relevance. My contributions were 
enabled by an elemental tool in our lab, the supported lipid bilayer (SLB) [42]. By forming 
such synthetic bilayers on microscopy-compatible glass supports, I was able to use 
fluorescence microscopy to quantitatively study the molecular mechanics of targets in vitro 
in a format directly relatable to TCR-proximal signaling at the membrane [28-29, 43]. These 
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SLBs were made with defined lipid compositions via vesicle fusion [44-47], and they 
remained laterally fluid, allowing for the diffusion of both the lipids and lipid-functionalized 
molecules [42-43, 45, 48-49]. Through linking purified LAT and Ras constructs to the 
bilayers, I reconstructed, in effect, portions of the inner T Cell membrane machinery. I could 
then flow solution proteins of interest, either in purified form or in minimally-processed 
lysate, over these functionalized bilayers with controllable stoichiometry. This allowed 
careful study of exactly which proteins (or isolated domains) were the primary contributors 
to mechanistic events, such as pLAT condensation or downstream signaling. Additionally, by 
utilizing fluorescent fusion proteins and conjugated organic fluorophores linked to my 
molecules of interest, I observed the spatial organization and temporal dynamics of these 
proteins on these bilayers simultaneously through Total Internal Reflection Fluorescence 
(TIRF) microscopy, a surface-selective fluorescence imaging modality [50-53]. With this 
platform, aided by traditional biochemical techniques, I sought to decipher unknown 
intricacies in the condensation of LAT and in the signaling of PLCγ1 and Ras. 

In Chapter 2, I first introduce the basic preparation of a “pLAT-functionalized SLB,” then 
present my efforts to make these preparations and downstream condensation experiments 
more reproducible, and lastly demonstrate some unique insights into novel modes of pLAT 
condensation. Since pLAT-functionalized bilayers form the foundation of many of my 
experiments (and the experiments of others in the field [27-28, 54-55]), I endeavored to 
increase consistency in their creation and use by thoughtful redesign of previously utilized 
LAT constructs. While these types of experiments have been conducted for some time now, 
there has been an expanding web of LAT constructs for these purposes. I demonstrate some 
key functional consequences of having disparate LAT constructs, especially in the formation 
of condensates, and I show the results of the LAT construct I hope becomes a new standard. 

With that standard firmly planted, I continue in Chapter 2 with a case study of two recently 
realized mechanisms of pLAT condensation: through Grb2 dimerization and PLCγ1. While it 
was first documented almost three decades ago [56], the Grb2 dimer was not considered a 
relevant contributor to pLAT condensation until a recent investigation from our lab 
demonstrated its capabilities [57]. That may be due, in part, to misunderstandings 
surrounding the purification and treatment of Grb2. I detail size exclusion chromatography 
results that suggested an artifactual Grb2 dimer is formed, perhaps because of misfolding, 
when Grb2 is expressed in E. Coli for large batch purification. Then after isolating the 
correctly folded species, I report a required pre-treatment of Grb2 before it can crosslink 
phosphotyrosine scaffolds. While not yet fully understood, a gentle heating of Grb2, after 
initial purification at 4 °C, promoted phase condensation on SLBs, presumably by 
overcoming an energetic barrier to dimer formation. By documenting these crucial aspects 
of Grb2 dimerization, I am confident that future Grb2 studies can proceed with greater 
consistency and less confusion. 

In a similar vein to the discovery of pLAT crosslinking through Grb2 dimers, an array of 
binding domains on PLCγ1 was recently found to possess the ability to condense pLAT [58]. 
In addition to the aforementioned PLCγ1-nSH2 domain binding to LAT-pY132 [24], PLCγ1 
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has a cSH2 domain and SH3 domain, in sequence with the nSH2 domain [59]. Collectively, 
we refer to this as the PLCγ1 “SHarray.” The cSH2 domain has canonically been recognized 
solely as an intramolecularly involved domain, responsible for the autoinhibition and 
activation of PLCγ1 [59-65]. However, at least in vitro, it has demonstrated a penchant for 
binding to LAT-pY171 [58]. The PLCγ1-SH3 domain is additionally involved in PLCγ1 
interactions with LAT, reportedly through binding a site on the PR of the cytosolic scaffold 
SLP76 which also binds the Grb2-like Gads [24, 41, 66-71]. Gads competes with Grb2 for 
LAT-pY171 and pY191, and these multivalent interactions ultimately result in the formation 
of a pLAT:PLCγ1:SLP76:Gads quaternary structure that enhances the binding of all parties 
[24, 72-74]. Either through this interaction or through the binding of other PR domains, the 
PLCγ1-SH3 domain facilitates crosslinking of pLAT in cooperation with the nSH2 and cSH2 
domains [58, 75]. In the conclusion for Chapter 2, I expound on experiments that both 
corroborated and broadened our current understanding of pLAT condensation by the 
SHarray. Chiefly, I show SH3 interactions significantly outweigh the contributions of the 
cSH2 domain. Finally, I end the chapter with a discussion of potential implications for the 
physiological signaling pathway. 

Building upon the groundwork in Chapter 2, I continue in Chapter 3 to study the full 
activation pathway of PLCγ1 using SLBs, and I demonstrate the first measurement of PLCγ1 
activity in a pLAT condensate. In addition, my methodology allowed me to measure PLCγ1 
recruitment to a fluid bilayer as well as its activity simultaneously, again a first for the field. 
As mentioned previously, PLCγ1 is not simply a structural element, but the initiator of the 
Calcium pathway in T Cells [40-41, 59-65]. PLCγ1 hydrolyzes PIP2 in the membrane to DAG, 
which remains in the bilayer and bolsters MAPK signaling, and the cytosolic messenger IP3, 
which activates the release of intracellular Calcium stores [9]. In an evolution of previous 
lysate assay and biosensor development in our lab [29, 39], I was able to measure this 
enzymatic process using intact PLCγ1-mNG from mammalian cell lysate and a fluorescently 
labeled DAG binding domain (“DAG sensor”) [7-8, 76-78] to measure the hydrolysis of PIP2 
in my SLBs. Utilizing PLCγ1-mNG directly from lysate bypassed lengthy and costly 
purifications and allowed for the rapid generation of mutant PLCγ1 for investigation. The 
use of the DAG sensor enabled quantitative and immediate measurement of PLCγ1 catalytic 
activity. 

In the most surprising development facilitated by this assay, I found PLCγ1 activity to be 
observably decreased in pLAT:Grb2 condensates. As expected given the structural 
cooperation of PLCγ1 with pLAT condensation detailed in Chapter 2, PLCγ1 from lysate was 
heavily incorporated into pLAT condensates, and there was evidence this increased PLCγ1 
density at the bilayer. Prior research suggested PLCγ1 activity is enhanced by its inclusion 
in condensates [79], but that was based on a growth-receptor protein complex. I showed 
pLAT:Grb2 condensates have the opposite effect, but after incorporating full-length SLP76 
and Gads (also from lysate), the canonical adapters of PLCγ1 in T Cells, the activity of PLCγ1 
was partially rescued. This suggests a novel form of compositional regulation of PLCγ1. 
SLP76 and Gads, for instance, are expressed only in T Cells, while PLCγ1 is ubiquitously 
expressed and plays a role in growth-receptor pathways [59-65, 79]. My findings, and 
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continued experiments with this now-validated assay platform, could prove to be 
instrumental in deciphering differential activation of PLCγ1 in divergent signaling pathways. 

Lastly, in Chapter 4, we advance downstream of LAT and PLCγ1 and examine dynamics 
related to active Ras on the membrane. Rather than measuring the activation of Ras, we focus 
on the effects of the membrane itself on two SLB-tethered Ras isoforms. Ras exists as many 
isoforms in cells, with a critical difference being in the Hyper-Variable Regions (HVRs) that 
link their lipidated C-terminus to their globular GTPase G-domain [49, 80-81]. In particular, 
we investigated HRas, an isoform with a neutral HVR, and KRas-4B (or simply “KRas”), which 
has a unique polylysine region in its HVR [49].  There is evidence that both the G-domain and 
HVR of KRas interact with anionic lipids, notably PIP2 [82-86]. I was able to corroborate this 
evidence using Single Particle Tracking (SPT) to measure Ras diffusion on SLBs with varied 
PIP2 content. KRas, but not HRas, diffusion decreased in line with the increase in PIP2, 
suggesting a specific interaction of KRas with the anionic headgroup. Furthermore, by 
tracking a labeled Ras Binding Domain (RBD) of a downstream Ras effector, we determined 
the diffusive state of Ras has potential functional consequences for its signaling. This work 
represents a simple but effective strategy for the measurement of meaningful Ras dynamics 
at the membrane. 

In all, my work herein is a collection of foundational methodology and experimental 
observations that advance our knowledge of vital building blocks of early T Cell signaling. I 
validated the use of supported membranes and fluorescence imaging for the purpose of 
studying both membrane protein organization and enzyme catalysis, made meaningful 
progress in increasing the reproducibility of these experiments, and contributed to the 
understanding of PLCγ1 and Ras signaling. These efforts enable clear next steps, such as the 
study of how PLCγ1 diverges in different signaling pathways. 
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Chapter 2 

Novel modes and increased reproducibility of 
in vitro LAT condensation 
Copyright Notice 

Data in Figure 2.4 were adapted with permission from “A two-component protein 
condensate of the EGFR cytoplasmic tail and Grb2 regulates Ras activation by SOS at the 
membrane” Chun-Wei Lin, Laura M. Nocka, Brittany L. Stinger, Joseph B. DeGrandchamp, L. 
J. Nugent Lew, Steven Alvarez, Henry T. Phan, Yasushi Kondo, John Kuriyan, and Jay T. 
Groves. Proceedings of the National Academy of Sciences 119, e2122531119 (2022). 
Copyright 2022 National Academy of Science. 

2.1 Abstract 
Biomolecular condensates of membrane proteins have risen as a potential regulatory 
mechanism for cell signaling, and T Cells have recently been demonstrated to rely on the 
condensation of the membrane scaffold LAT for signal integration. The LAT condensation 
constitutes a signaling hub of adapter proteins, such as Grb2, and T Cell activating enzymes, 
such as the Ras-activator Sos1 and Calcium-gatekeeper PLCγ1. Due to this central role, 
increased understanding of LAT condensation mechanisms and its consequences are of great 
interest, and insights are continuously coming to light about novel modes of condensation 
and downstream interactions. To facilitate these investigations, in vitro reconstitution of the 
LAT condensation is of critical importance, as it allows for more exact determination of 
molecular events versus attempting to deconvolve complex and crowded intracellular 
pathways. Herein, I detail a platform we have developed over many years for observing LAT 
condensation and subsequential signaling events on supported bilayers, and I present new 
contributions that allow for more consistent reproducibility in these experiments. Then, I 
summarize recent discoveries utilizing this platform including condensation of LAT via Grb2 
dimers and via the SH array of PLCγ1. I particularly expound on the complicating details of 
these developments in the hope of empowering future exploration of this vital system. 
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2.2 Introduction 
In groundbreaking recent developments, our lab and others have identified the LAT 
signaling assembly as a fully-fledged phase-transitioned framework [27-30], part of an 
emerging class of signaling-competent biomolecular condensates [87-90], rather than a 
simple cluster. Besides being a physically interesting phenomenon, these condensates have 
demonstrated unique and far-reaching functional consequences. In particular, the 
condensation of pLAT via Grb2 interactions has a considerable enhancing effect on Sos1 
activation by increasing the time it interacts with the membrane, giving a boost to the 
membrane-dependent restructuring of its autoinhibitory domains [28-29]. In addition, the 
nature of condensation as an all-or-nothing occurrence makes it an attractive suspect as a 
digital converter of analog signals, which would be incredibly useful to a T Cell requiring 
both high specificity and sensitivity. Our lab has, in fact, recently revealed such a role for LAT 
condensates in T Cell signaling, demonstrating their apparent contribution to the integration 
of TCR binding events and role in antigen discrimination [12, 31]. The mechanism by which 
the LAT condensate achieves this is not well understood, however, and so the study of 
proximal signaling events, and of the condensate itself, is a fundamental imperative. 

Perhaps because its importance is being realized, what we know about how the pLAT 
condensation occurs in cells seems to be evolving at increasing speeds. It has been 
established for some time now that Grb2 and Sos1 can crosslink pLAT through pY:SH2 and 
SH3:PR interactions working in tandem [25]. This was long thought to be the major driving 
force behind pLAT condensation, though it was an open question how Sos1 could contribute 
meaningfully given its low copy number [91]. But it has come to light that Grb2 dimers can 
phase transition pLAT (and other similar pY scaffolds) without the need for Sos1 [57]. Grb2 
alone stands to be a large contributor to pLAT condensation then, due to its high expression 
and relative abundance. The Grb2 dimer itself is also regulated by a tyrosine residue, that 
will break the dimer when phosphorylated [57, 92]. This represents a novel dimension for 
the control of pLAT condensation, with the phosphorylation of Grb2 potentially placing a 
self-limiting constraint on the size or lifetime of pLAT condensates which are otherwise only 
encouraged by increased kinase activity. 

In a similar vein of novel discovery, PLCγ1, in addition to its enzymatic role, has been 
suggested as a potential nucleator of pLAT condensates. It has been demonstrated that the 
slow phosphorylation of LAT-Y132 is complimentary to proofreading by the TCR [93], and 
our lab has shown how a mutation that slows this step even further has a negative 
downstream effect on the time it takes to form pLAT condensates [31]. Preliminary results 
go further and demonstrate the overexpression of PLCγ1 results in faster condensate 
formation, and this effect is dependent on an array of SH domains of PLCγ1 [75]. This has 
been corroborated by a study exhibiting the ability of this isolated array to condense pLAT 
in vitro in a cooperative manner with Grb2:Sos1 [58]. 

For the study of these novel modes of LAT condensation as well as downstream events, I 
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present herein foundational experimental methodology for using in vitro LAT-functionalized 
supported bilayers. I first demonstrate the basic preparation of pLAT bilayer that is primed 
for condensation experiments and cover efforts to design a better LAT construct for 
increased reproducibility. Similarly, I detail easy-to-miss but critical steps in the purification 
of dimeric Grb2. Lastly, I recount experiments with PLCγ1 truncations that both corroborate 
and expound on recent findings. 

2.3 Standardizing in vitro LAT condensation 
experiments 

The basics of LAT condensation on supported bilayers 

Our lab and others have been performing membrane-protein phase condensate experiments 
on supported lipid bilayers (SLBs) for the better part of the last decade [27-28, 88]. In our 
lab, we form these SLBs in simple 6-channel lateral flow cells (ibidi µ-Slide chambers) with 
glass bottoms that serve as bilayer supports and are compatible with fluorescence 
microscopy methods. This gives us an easy platform for adding components to the SLB and 
performing washes using just our standard pipets or a laboratory vacuum line. The typical 
strategy is to functionalize the SLB with the membrane scaffold of interest using the 
chelation of histag tails to Ni-NTA lipids in the bilayer [48]. Our lab utilizes a histagged LAT 
construct consisting of the LAT intracellular domain with the four membrane-distal 
tyrosines intact (Fig 2.1A). These tyrosines (Y132, Y171, Y191, and Y226 in the human LAT 
sequence), once phosphorylated, serve as critical binding sites for cytosolic adapters. We 
purify LAT in an unphosphorylated form So, in order to generate pLAT and allow for adapter 
binding, we take advantage of an easily purified promiscuous Src-family kinase, Hck [28, 94-
95]. We express Hck with an N-terminal histag as well, linking both LAT and Hck to the 
bilayer (Fig 2.1B). With the addition of ATP to the flow channel, Hck phosphorylates LAT 
(pLAT) and, furthermore, keeps it phosphorylated during experiments, protecting pLAT 
from spontaneous dephosphorylation and the activity of wayward phosphatases. This forms 
the basis of a “pLAT functionalized” bilayer to which we add a variety of crosslinkers and 
analytes for study. 
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Figure 2.1:  LAT condensation can be induced and visualized in vitro on supported 
lipid bilayers.  
A. A schematic of LAT detailing its major tyrosine binding sites and binding partners. B. A schematic 
depicting a typical in vitro LAT condensation experiment. LAT and Hck are functionalized to an SLB 
by histidine-Ni chelation. Hck phosphorylates LAT, and adapters such as Grb2 and Sos1-PR can be 
flowed in to condense LAT. Grb2 can crosslink LAT both on its own (as a dimer) and through SH3-PR 
interactions. C. Field-corrected TIRF images of fluorescent LAT-Ax555 (at a density of ~1500 µm-2, 
lipid composition (mol%): 96:4 DOPC:Ni-DGS). before and after injection of 6 µM Grb2 and 2 µM 
Sos1-PR. The large FOV is 60 µm x 60 µm with an inset showing a 3X magnification of the central 10 
µm x 10 µm region. The scale bar is 9 µm for the lower magnification and 3 µm for the inset. 

With the bilayer established, we turn to the classical crosslinkers of cellular LAT—Grb2 and 
Sos1 (in this case the PR domain) [25, 28]. Fluorescently labeled pLAT is initially a single, 
fast-moving and homogenous species, appearing as an indistinct white/grey across the 
entire Field of View (FOV) in TIRF images (Fig 2.1C). With the addition of Grb2 and Sos1-PR 
(commonly at a molar ratio of 1:3), pLAT condenses into dense “protein islands” with 
disperse LAT and free membrane in between. TIRF images of the phenomenon become 
beautiful collages of bright and dark phases (Fig 2.1C). LAT slows down considerably, leading 
it to appear brighter and more spatially defined due to a decrease in motion blur (photons 
being spread across multiple pixels during the exposure time of the camera because of 
molecular movement). Importantly, LAT is not immobilized in these condensates. LAT can 
interchange (slowly) between these domains, as determined by fluorescence recovery 
experiments [28]. Adapters can also exchange freely, though their kinetics are affected by 
increased avidity [28-29]. This platform provides both a materially interesting and 
functionally important condensate for study in an accessible format. However, we have 
noticed inconsistencies across different iterations of these LAT condensation experiments. 
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A new LAT construct for more consistent experiments 

Due in part to the nature of academic research (a wide range of researchers have made their 
mark in this field over many years), the protein constructs used for forming in vitro LAT 
condensates have varied, even within our lab. We have utilized His6-LAT (purified in-house 
or by UC Berkeley collaborators) [28] as well as His8-LAT (purified by collaborators at UT 
Southwest) [96]. The number of histidines will affect both the strength of LAT chelation to 
the bilayer and its diffusion [48]. We have also utilized LAT labeled via maleimide-
conjugated fluorophores to C117 [28-29] as well as C27 (close to the membrane) [30]. The 
labeling site could affect how LAT monomers interact with each other or with the membrane 
[97-98], and a number of these constructs contain a, now archaic, cleavage site (recognized 
by TEV protease) between the histag and LAT. This site enables LAT cleavage and release 
from the membrane by any TEV contamination present in other analyte/crosslinker 
purifications, and given the prevalence of TEV in purifications, this is a concerning feature. 
Some of these differences might explain why the timescale of condensation can vary quite 
dramatically, from as short as seconds (Fig 2.1C and [57]) to as long as 30-40 minutes before 
large domains form [28], even for similar densities of LAT. In an endeavor to mitigate these 
inconsistencies and establish a standard, we cloned and purified a new construct of LAT. 

The construct most recently used in published results from our lab, His6-LAT1C(27-233) 
(Fig 2.2A), has a 6X-histidine tag and the mutation C117S in order to leave C27 as the only 
possible labeling site for maleimide-conjugation [30]. It also has a random linker (7 amino 
acids, including a tyrosine), a TEV cleavage site (7 amino acids), and six membrane-proximal 
tyrosines that are not known to be phosphorylated in vivo [21-24]. For our new construct, 
His10-LAT5Y(30-233) (Fig 2.2B), we instead built in a 10X-histidine tail and replaced the 
linker/TEV sequence with a well-studied unstructured linker (10 amino acids in length) [99]. 
We hoped to decrease the chance of LAT desorption from the bilayer and remove any 
interference from the linker. Amino acids 27-29 were removed so the only possible labeling 
site was C117, distant from the membrane. We determined this labeling site was less likely 
to affect results, especially at low labeled fractions, and this is the site most commonly used 
by other researchers as well [27, 54]. Y36, 45, 64, 70, and 110 were also mutated to F to 
reduce any potential artifacts from non-physiological phosphotyrosines (that might be 
phosphorylated by the strong kinase, Hck). We retained Y132, 171, 191, and 226 due to their 
established importance in vivo [21-24]. And even though its function is not known, Y127 was 
left unchanged, as it is phosphorylated after T Cell activation and is a highly conserved 
residue [21, 93, 100]. Next, we sought to show His10-LAT5Y was meaningfully more 
consistent while maintaining the ability to form a condensate. 
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Figure 2.2:  His10-LAT shows increased stability on the bilayer over His6-LAT. 
A-B. Schematics of LAT constructs used for in vitro experiments. Residues are labeled according to 
their position in the native LAT sequence. His6-LAT1C(27-233) (A) has a 6X-histidine (grey tail) and 
the mutation C117S. It also has a random linker (light pink, 7 amino acids), a TEV cleavage site (light 
blue, 7 amino acids), and six membrane-proximal tyrosines that are not known to be phosphorylated 
in vivo [21-24]. His10-LAT5Y(30-233) (B) has a 10X-histidine (grey tail) and the linker/TEV sequence 
was replaced with a well-studied unstructured linker (green, 10 amino acids). Y36,45,64,70,110 
were mutated to F. The only possible labeling site is C117. Both constructs (A-B) were created using 
human sequences and have Y127,132,171,191,226 due to their importance in vivo (gold). C. 
Normalized fluorescence traces over 60 min for His10-LAT5Y (solid gold) and His6-LAT1C (dashed 
gold) functionalized to SLBs, showing desorption from the bilayer over time. Lipid composition 
(mol%): 96:4 DOPC:Ni-DGS. Initial LAT densities: ~1500 µm-2. D. TIRF images (10 µm x 10 µm) of 
Alexa555-labeled His6-LAT1C (left) and His10-LAT5Y (right) after a 60 min incubation with 
Grb2:Sos1-PR (6 µM:2 µM). Lipid compositions and densities are equivalent to those in (C). 
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One foreseeable effect of the level of LAT chelation to the bilayer is differences in the rate of 
desorption, and thus changes in densities over time. If desorption is considerable, bilayers 
that are sometimes left for 1-2 hours after LAT chelation while other channels are imaged 
may have quite different LAT densities. One could control this by investing in careful timing 
of experiments such that the time allowed for desorption is kept constant, but this is often 
an untenable concept for complex, day-long experiments. To see if a larger histag might 
decrease desorption and allow for greater consistency, we took TIRF time-lapses of bilayers 
functionalized with Alexa 555 labeled His6-LAT1C and His10-LAT5Y (Fig 2.2C). Our 
standard strategy is to incubate LAT (20-45 min) and wash the channel to remove excess 
LAT. We then wait at least 20 minutes for weakly chelated proteins to desorb (during this 
time, we sometimes simultaneously phosphorylate LAT with the addition of ATP) before 
giving the bilayer a final wash [48]. We started our time-lapses after the final wash and 
tracked the normalized average image fluorescence over 60 minutes, where decreasing 
signal correlates to desorption (Fig 2.2C). In agreement with previous results from our lab 
on His10 desorption kinetics [48], His10-LAT5Y signal is stable over 60 minutes, dropping 
<5%. Meanwhile, His6-LAT1C signal drops close to 20%, indicating a clear disadvantage 
compared to His10-LAT5Y. Furthermore, His10-LAT5Y retains the capability to condense 
strongly with the addition of crosslinkers (Fig 2.2D) and appears to have larger condensed 
domains than His6-LAT1C despite similar starting densities. One concern might be the 
change in diffusion for the different constructs. However, fluorescence recovery after 
photobleaching (FRAP) for the two constructs was similar, and diffusion coefficients 
measured by fluorescence correlation spectroscopy were only moderately slower for His10-
LAT5Y (DHis6-LAT1C = ~1 µm2s-1, DHis10-LAT5Y = ~0.8 µm2s-1, results not shown) [28]. It still may 
be of interest to determine whether His8 is a better middle ground between decreasing 
desorption and lowering diffusion, as His8-LAT has also been used widely in the field [27, 
54]. 

In all, we hope His10-LAT5Y becomes a unified standard that enables more reproducibility 
and higher precision experiments. The additional His-linkage successfully reduced LAT 
desorption and will allow for more consistent LAT densities (Fig 2.2C). Furthermore, His10-
LAT5Y maintains the ability to form phase-transitioned condensates (Fig 2.2D) and should 
act as a more stable backbone for experiments involving condensation. 

2.4 Intricacies in the Grb2 dimer mediated 
condensation of LAT 

As mentioned above, we have been using Grb2 and Sos1-PR to condense LAT for many years 
[28-30], but it was not until the last few years that we determined Grb2 self-dimerization 
contributes significantly to the crosslinking of LAT (rather than crosslinking through only 
Grb2-SH3:Sos1-PR interactions) [57]. Certainly, this is in part due to the fact that Grb2 
dimerization itself is not fully understood. There is an incredible amount of disagreement 
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and contradiction in the field. For example, some researchers suggest Grb2 dimerization 
abrogates the binding of Grb2 to PR domains [92], while others claim dimerization enhances 
that same interaction [101]. There is even an unclear picture of what constitutes the “Grb2 
dimer” in the first place and inconsistencies in its purification. 

Separating a metastable, artifactual Grb2 dimer by size 
exclusion chromatography 

To begin with, Grb2 is an adapter protein that can be broken down into three main domains: 
an SH2 phosphotyrosine-binding domain sandwiched between an N-terminal SH3 PR-
binding domain (nSH3) and C-terminal SH3 domain (cSH3) (Fig 2.3A). Grb2 has been viewed 
as a potential dimer for decades, as the first full-length crystal structure of Grb2 was solved 
as an asymmetric dimer [56]. In this dimer, the SH2 domain nestles against the cSH3 domain 
of the partner Grb2 (Fig 2.3B), and all domains are thought to maintain their ability to bind 
their partner peptides [92]. This is the dimer researchers most often reference in their 
studies, and there is good evidence showing it exists in a classic monomer:dimer equilibrium 
with concentration dependence and has physiological relevance [92, 102]. Alternatively, 
there exists what has been referred to as a “domain-swap dimer” of Grb2 [103-106]. 
Structures for this type of Grb2 dimerization have only been fully solved for the truncated 
SH2 domain, though there is a theoretical model for a postulated full-length domain-swap 
(Fig 2.3C) [103]. In the structures for truncated SH2, an alpha helix appears to be traded 
between the SH2 monomers, yet they are still able to bind pY peptides [106]. This 
configuration has been shown to be metastable, without a concentration dependence, but 
the interaction can be broken by increasing temperature (40-50 °C) or by physical 
perturbation [106]. The theorized full-length domain swap dimer is modeled as what could 
be referred to as a “twist-tie” structure (Fig 2.3C). While the full-length version of the 
domain-swap dimer has not been experimentally characterized, it is interesting to consider 
its existence, and there is sufficient reason to believe it is present in full-length Grb2 
purifications. While some have tried to claim a functional importance for the domain-swap 
dimer [106], it is widely viewed simply as an artifact of purification done in E. Coli, perhaps 
brought about by misfolding from the lack of human cofactors. Regardless, it should be of the 
utmost importance for researchers to separate these two dimer configurations in their 
studies, especially if they are thermodynamically distinct. 

In that vein, we noted some peculiarities among different batches of Grb2 purification in our 
lab (Fig 2.3E-F). When all is said and done, the purification of Grb2 in E. Coli seems to be an 
uncomplicated affair (especially in comparison to Sos1-PR, a notorious troublemaker). It is 
easy to separate from contaminants and is stable against proteolysis and aggregation. 
However, results from experiments done with Grb2 purified at different times or by different 
people could be quite different. In some cases, Grb2 alone could condense LAT, and at other 
times the same concentrations and conditions could not. In an attempt to characterize these 
anomalies, we performed sequential size exclusion chromatography (SEC) experiments on 
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different batches of purified Grb2 and from different isolated SEC peaks. Then, we subjected 
the isolated peaks to heat treatment and observed their changes in SEC results. 

 
Figure 2.3:  Purified Grb2 has a metastable dimer dependent on temperature that may be due 
to misfolding. 
A-C. Graphics depicting possible states of Grb2. Grb2 has N-terminal SH3 (nSH3), SH2, and C-terminal 
SH3 (cSH3) domains (A). Grb2 has been structurally examined via X-Ray crystallography (PDB: 1GRI) 
where it appears as a dimer (B). This dimer is proposed as dynamic and concentration-dependent. 
Full-length Grb2 has been modeled in a “domain-swap” configuration (C). The domain-swap dimer 
appears to be metastable, with concentration having no effect on the monomer:dimer ratio. D. SEC 
chromatograms of repeat injections of Grb2 from different purifications (Batch 1 – blue, or Batch 2 – 
orange and gold) and/or isolated peaks (Batch 2 monomer – orange dashed, or Batch 2 dimer – gold 
dotted) from previous SEC runs. SEC was done at 4 °C on a Superdex 75 Increase column (24 mL bed 
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volume) with signal tracked via UV absorbance at 280. Maximums of each chromatogram were 
aligned to the maximum of Batch 1. E. The ratio of monomer:dimer (peak maximum / peak 
maximum) for the SEC chromatograms in (D). Concentrations of each batch (determined via A280 
before injection on the column) are overlayed on the corresponding bar in white text. F. The ratio of 
monomer:dimer (peak maximum / peak maximum) for SEC runs (not shown) of Batch 2 under 
different conditions. For heating treatments, aliquots were heated in a thermocycler for the time 
indicated. 

In our Grb2 purifications, Grb2 is heavily expressed and often oversaturates even our largest 
SEC columns. It generally appears as a large, broad primary peak that elutes at volumes 
equivalent to roughly 50% of the column volume (CV) and is characteristic of monomeric 
Grb2, with a smaller but not insignificant shoulder (unresolved) corresponding to dimeric 
Grb2. It is not always clear among distinct purifications what fractions are pooled and 
labeled “purified Grb2.” There may be more or less of the dimer shoulder pooled together 
with the monomer peak. That is evident after performing SEC on two different batches of 
Grb2 (Fig 2.3D-E). These batches were both purified by the same person (on different 
occasions), yet display quite significantly different monomer:dimer ratios. In Batch 2, 
additional care was taken to isolate the monomer peak and dimer shoulder, and the dimer 
was pooled and collected (separately) for analysis. It should be noted both the monomer 
fraction and dimer fraction appear as a single, clean band at the molecular weight of Grb2 in 
SDS-PAGE results (not shown). In contrast to research claiming otherwise [92, 102], these 
peaks did not reequilibrate and seemed to largely maintain their monomer:dimer ratio 
irrespective of concentration (Fig 2.3E). Even at 1/5 of the concentration of the Batch 2 
monomer peak, the Batch 2 dimer fraction had a much smaller monomer:dimer ratio, which 
was the exact opposite of what would be expected of a concentration-dependent equilibrium. 
Furthermore, any treatment of Batch 2 (either monomer or dimer pools) at room 
temperature or higher resulted in a shift towards the monomer (Fig 2.3F).  

Notably, the SEC step was carried out at 4 °C (all steps in our purifications are carried out at 
4 °C, as a standard operating practice), and after heat treatment, the samples were 
centrifuged at 4 °C to remove any aggregates. This did not nominally change the 
concentrations measured by absorbance at 280, but there was observable cloudiness of Grb2 
solutions under certain conditions. It is possible some configurations of Grb2 are less soluble 
at 4 °C, which might explain why other studies observed (via SEC at 25 °C) the dimeric form 
of Grb2 as the preferred form (while we saw the opposite) [92]. Perhaps, the dimeric peak 
observed at 4 °C is then, in actuality, the domain-swap dimer (Fig 2.3C), which would explain 
its metastability (Fig 2.3E). This implies the best course of action would be to carefully 
separate this peak in our 4 °C purifications and only pool fractions from the monomeric peak. 
By doing so, do we see more consistent results in condensation experiments using Grb2 as a 
crosslinker? 
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Formation of condensation-competent Grb2 dimers by 
gentle heat treatment 

Figure 2.4: Grb2 (without Sos1-PR) only induces phase transition after incubation at low heat. 
A. A graphic depicting a model where Grb2 exists as a structurally unique monomer (left) which 
undergoes rearrangement at physiological temperatures (middle) allowing for dimer interactions 
(right). B. TIRF images (10 µm x 10 µm) of Alexa488-labeled EGFR tail after 10 min incubation with 
untreated Grb2 (left) or Grb2 that was gently heated for 15 min at 37 °C in a thermocycler (right). 
Imaging was done at room temperature. EGFR tail is an unstructured phosphotyrosine scaffold 
similar to LAT [57]. EGFR density: ~1500 µm-2. Grb2 concentration: 6 µM. Lipid composition (mol%): 
92:4:2:2 DOPC:Ni-DGS:PIP2:MCC-DOPE. 

In fact, careful treatment of Grb2 in this way results in reliably seeing little to no 
condensation at typical timescales, as evidenced by experiments with phosphorylated EGFR 
tail (a phosphotyrosine scaffold analogous to pLAT) (Fig 2.4B, left image) [57]. We were 
confident in the removal of any potential domain-swap artifacts, so at first glance, it may 
appear the domain-swap dimer was the primary crosslinker in previous experiments 
showing Grb2-mediated condensation. However, after much trial and error, we observed 
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how a gentle heat treatment (at a physiologically relevant temperature, 37 °C) of Grb2 before 
its addition to pEGFR tail resulted in very dependable condensation on the bilayer (Fig 2.4B, 
right image). This treatment should have the effect of destabilizing any domain-swap 
formation (Fig 2.3F), so it is unlikely to be due to domain-swap dimer formed after the fact. 
Notably, this condensation can be dissolved by the phosphorylation of Grb2, which is 
characteristic of the asymmetric dimer [56, 92]. How does one make sense of this? 

It has been proposed that Grb2 cannot simply exist in the monomeric form seen in the 
dimeric structure [102]. It is more likely that, in the absence of a cSH3 from a separate Grb2 
unit, the SH2 domain would fold over and form an interface with its own corresponding cSH3 
(Fig 2.4A). The strength of this interaction has not been characterized, but we can 
hypothesize that increased temperatures will affect this structure and allow Grb2 to sample 
more configurations, including dimer formation. If this form is less soluble at low 
temperatures, it explains why we see very little dimeric population in our purifications 
where expression is typically carried out at 18 °C and purification at 4 °C (and insoluble 
components of cell lysate are pelleted by high-speed centrifugation). Interestingly, Grb2 that 
has been heated at 37 °C retains the ability to condense pLAT/pEGFR tail even after flash-
freezing and storage at -80 °C (and successive thawing), suggesting some stability of the 
dimer against temperature changes. 

Our working theory is then: domain-swap dimers of Grb2 are likely to exist in purifications 
due to artificial expression in E. Coli but can be successfully separated (Fig 2.3), and 
subsequent heat treatment of the isolated monomer encourages formation of the “true” 
asymmetric Grb2 dimer (Fig 2.4). This relatively complex scheme explains the considerable 
differences between results among not just our lab but also others in the field. The material 
properties of the domain-swap dimer in comparison to the asymmetric dimer might be of 
additional interest, but it is of questionable importance for the purposes of our studies of 
pLAT condensation. If Grb2 purification and treatment are done accordingly, we can be 
confident we are observing crosslinking induced by the physiologically relevant 
dimerization of Grb2. 

2.5 Novel modes of pLAT condensation by 
PLCγ1 SHarray 

In the previous sections, we utilized purified Grb2 as the primary condensing agent of pLAT, 
through either Grb2:Sos1 interactions or Grb2:Grb2 dimers, but the pLAT condensate 
contains many more protein components in vivo, including the T Cell activation mediator 
PLCγ1 [24]. PLCγ1 is the primary gatekeeper for the Calcium pathway in T Cells, which 
controls downstream cytokine production and is used as a marker for T Cell activation [26]. 
PLCγ1 is recruited to pLAT, most importantly through the binding of PLCγ1-nSH2 to 
pY132—a pY site on LAT expressly reserved for PLCγ1 (Fig 2.5A). PLCγ1 also has a cSH2 
domain and SH3 domain in sequence with the nSH2 domain, and the three domains 
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collectively form what we call the “SHarray” (Fig 3.5B) [75].  

 
Figure 2.5: PLCγ1 recruitment to pLAT is mediated by its SHarray. 
A-C. Graphic depictions of PLCγ1 binding to pLAT through its nSH2 domain (A) and the domain 
structure of the SHarray-WT (B) and SHarray-R675E (C) truncation constructs. R675 is a critical 
residue for the binding of pY-peptides by cSH2, and the R675E mutation abolishes cSH2 binding to 
pLAT or intramolecularly to pY783. 

Every domain of the SHarray is critical to PLCγ1, either through recruitment or activation. 
As stated, PLCγ1-nSH2 is the major mediator of its recruitment to pLAT.  PLCγ1-cSH2, on the 
other hand, is canonically involved in the release of PLCγ1 autoinhibition by binding 
intramolecularly to PLCγ1-Y783 upon phosphorylation and inducing a whole-protein 
structural rearrangement [59-65], though it has also been observed recently to bind with 
considerable affinity to LAT-pY171 [58]. PLCγ1-SH3, like the Grb2 SH3 domain, binds PR 
domains, with its demonstrated in vivo binding partner being SLP76 [24]. SLP76 then, 
additionally, binds multivalently to the Grb2-like Gads, which recognizes pY171 and pY191 
on LAT, resulting in a quaternary pLAT:Gads:SLP76:PLCγ1 complex [71-74]. These 
multivalent interactions of the PLCγ1-SHarray with pLAT suggest there could be pLAT 
crosslinking mediated by PLCγ1, and thus an effect on pLAT condensation. Indeed, newly 
published and preliminary live T Cell results from our lab indicate PLCγ1 has a role in the 
nucleation of in vivo LAT condensates [31, 75]. When mutations are introduced into LAT that 
slow the phosphorylation of LAT-Y132, the amount of time required to form a LAT 
condensate downstream of a TCR-antigen binding event is significantly increased. This is 
evidence that PLCγ1, the only protein with meaningful affinity for LAT-pY132 [24], must be 
involved either in crosslinking LAT or otherwise in protecting pLAT from 
dephosphorylation. In support of the former hypothesis, novel results from Zeng et al. [58] 
convincingly established, via in vitro imaging experiments on SLBs analogous to ours, that 
the SHarray can crosslink pLAT via both SH2 interactions and SH3-PR interactions. We 
sought to confirm their observations and to examine the contribution of the cSH2 domain 
more closely in the crosslinking of pLAT. Thus, we purified a construct of the SHarray-WT 
(Fig 2.5B) as well as a mutant “cSH2-dead” construct, SHarray-R675E (Fig 2.5C), with a 
mutation to the critical arginine of the cSH2 domain that abolishes binding to pY-peptides. 
We utilized these truncations and Sos1-PR (an accessible stand-in for SLP76/Gads) in pLAT 
condensation experiments on SLBs to characterize their crosslinking properties. 
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Our results largely agreed with the previous study by Zeng et al. [58] (Fig 2.6). SHarray-WT 
visibly condensed pLAT on its own (Fig 2.6A,E), but the strength of the condensation was 
increased greatly by the Sos1-PR with much larger apparent domains (Fig 2.6B,F). In 
contrast, SHarray-R675E could not condense pLAT at all, with LAT remaining a 
homogeneous fast-diffusing species (Fig 2.6 C,G). Meanwhile, Sos1-PR was able to largely 
rescue the condensation capability of SHarray-R675E (Fig 2.6 D,H). Altogether, this suggests 
the SHarray can crosslink LAT through either nSH2:cSH2 mediated interactions or 
nSH2:SH3:PR mediated interactions with pLAT. In a perhaps negligible contradiction to 

Figure 2.6:  PLCγ1 SHarray can 
induce LAT condensation through 
SH2 and SH3 dependent interactions. 
A-D. Graphics depicting the binding and 
crosslinking dynamics of the PLCγ1 
SHarray truncations to pLAT, corres-
ponding to the experimental results to 
the right. E-H. TIRF images (10 µm x 10 
µm) of Alexa555-labeled His10-LAT5Y 
(~1500 µm-2, 15% labeled) after 10 min 
incubations with SHarray-WT alone (E), 
SHarray-WT and Sos1-PR (F), SHarray-
R675E alone (G), or SHarray-R675E and 
Sos1-PR (H). Concentrations: 5 µM 
SHarray-WT/R675E, 2 µM Sos1-PR. 
Lipid composition (mol%): 98:2 
DOPC:Ni-DGS. 
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previous results, the SH3:PR interaction, in combination with nSH2 binding, seems to be the 
strongest of the possible configurations (Fig 2.6 B,F,D,H). With a cSH2-deletion construct 
(nSH2-SH3), Zeng et al. observed no condensation of LAT, though they did note a marked 
decrease in condensation with an nSH2-cSH2 construct compared to the full SHarray [58]. 
The differences may have been in the concentrations/densities of proteins used. Zeng et al. 
claimed their LAT densities were roughly 300 µm-2 and utilized PLCγ1 truncations at 50 nM 
with 300 nM of Sos1-PR. We used LAT at ~1500 µm-2 on the bilayer in order to more clearly 
visualize macroscopic condensation, and our SHarray and Sos1-PR concentrations were 
correspondingly larger at 5 µM and 2 µM respectively. It is not immediately clear how these 
concentrations would correlate to physiological conditions; LAT and its adapters are most 
likely at lower intracellular concentrations but do not exist in isolation and would be affected 
by significant molecular crowding [28]. Regardless, we argue this model system 
demonstrates the power of the SH3-PR interaction in contributing to pLAT condensation in 
cooperation with the SH2 domains. This is supported by preliminary results from our lab 
utilizing similar truncations in vivo, where the SHarray is capable of nucleating LAT 
condensates with either a cSH2 or SH3 deletion (but not with the deletion of both) [75]. 

It is interesting to consider how these interactions might play out in the physiological 
pathway. The evidence that PLCγ1 has a nucleating effect in vivo is convincing [31, 58, 75], 
but how might the cSH2 and SH3 mediated interactions differ from what we see here? The 
cSH2 domain has a critical role in activating PLCγ1 by the intramolecular high-affinity 
binding of PLCγ1-pY783 [59]. Will the phosphorylation and activation of PLCγ1 then affect 
its crosslinking ability through cSH2 interactions by introducing a competitive binding site? 
The in vivo SH3-PR interactions likely diverge from our model system as well, since the 
PLCγ1-SH3 binds preferentially to the PR of SLP76 [66-74]. There is an unclear picture of 
how LAT crosslinking may proceed through SLP76. The aforementioned 
PLCγ1:SLP76:Gads:pLAT quaternary structure has been well-documented [72, 74], but 
primarily in the context of monomeric LAT (binding in cis). Furthermore, “SLP76-clusters” 
have been observed that contain PLCγ1 but are spatially separated from LAT [73]. Perhaps, 
then, the picture of this complex system evolves over time—PLCγ1 may nucleate the pLAT 
condensate through SHarray-mediated crosslinking, become phosphorylated, then break 
away from LAT condensates due to decreased interactions of PLCγ1-cSH2 with pLAT. 
Bolstering this hypothesis, PLCγ1 activation has been observed to be timed according to 
LAT-pY132, but active PLCγ1 has been observed in populations spatially distinct from LAT 
clusters [107]. Future experiments in our lab could center around determining the 
contribution of PLCγ1-pY783 to SHarray-mediated pLAT condensation and studying the 
spatial organization of active PLCγ1. 
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2.6 Experimental Methods 
Protein purifications and DNA cloning 

All purified constructs utilized pET28a (Novagen-Cat. # 69864-3) or pETM (similar to 
Addgene #108943) backbones under the T7 promoter for expression in E. Coli. Expression 
vectors were transformed into BL21-CodonPlus competent E. Coli (Agilent) and cultured in 
TB. T7 expression was induced using 2 mM IPTG (final concentration) (Gold 
Biotechnology) overnight (18-20 hrs) at 18 °C with shaking. Pelleted cells were 
resuspended in bacterial lysis buffer typically containing 75 mM NaH2PO4 pH 8.0, 300-700 
mM NaCl, 2 mM beta-mercaptoethanol (Sigma Aldrich), DNAse (Sigma Aldrich), 5-10 mM 
imidazole (Fisher Scientific), and 1-2 tablets of EDTA-free Pierce Protease Inhibitor 
Cocktail (A32965, ThermoFisher Scientific). All subsequent steps were done at 4 °C. 
Bacteria were lysed using an EmulsiFlex-C3 high-pressure homogenizer (Avestin). 
Subsequent steps are described for each protein below, with proteins generally stored at -
80 °C in 20 mM Tris-HCl (pH 8 at 4 °C), 200 mM NaCl, 1 mM TCEP (Sigma Aldrich), and 10% 
glycerol (MCB grade, Fisher Scientific) after a final SEC polishing step (Superdex 75 or 200 
column, 120 mL bed volume, Cytiva) and flash-freezing in liquid N2. 

Full-length Grb2 (human) was expressed with a cleavable (TEV) N-terminal His6-tag and 
purified as described previously [57]. Grb2 was cleaved with TEV to remove the His6-tag 
before use. Where noted, Grb2 was incubated at 37 °C for 15 min in a thermocycler to allow 
dimerization. 

His6-LAT1C (27-233 aa, human) was expressed with a cleavable (TEV) His6-tag (N-
terminal) and with the mutation C117F. His6-LAT1C was otherwise purified as described 
previously [18]. The His6-tag was left intact for membrane tethering. 

His10-LAT5Y (30-233 aa, human) was cloned from the His6-LAT1C plasmid using 
successive site-directed mutagenesis with the Q5 SDM kit (E0554S, New England Biolabs). 
His10-LAT5Y has an uncleavable N-terminal His10-tag with a SAGGSASAGGSA linker and 
contains the mutations: Y36F, Y45F, Y64F, Y70F, and Y110F. LAT was otherwise purified as 
described previously [18]. 

Hck (83-526 aa, human) was expressed with a cleavable (TEV) His6-tag and purified as 
described previously for Src-family kinases [95]. The His6-tag was left intact for membrane 
tethering. Of special note, the purification strategy utilized calls for co-expression of YopH 
phosphatase in the E. Coli host, which is essential to separate out for pLAT experiments. 
YopH seems to bind stubbornly to Hck (while running at a similar molecular weight in SDS-
PAGE) and should be removed by high salt washes and careful ion exchange 
chromatography. 
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Sos1-PR (1,051–1,333 aa, human) was expressed with a cleavable (TEV) N-terminal His6-
MBP-fusion tag and purified as described previously [28]. Of special note, it is essential this 
construct be purified by an ion exchange step (MonoS column, 1 mL bed volume, Cytiva) with 
high amounts of reducing agent (>10 mM BME for example). Sos1-PR seems to form strong 
adducts with MBP and bacterial contaminants which can strongly affect results downstream, 
but these adducts can be disrupted by ionic differences and reducing agents. Sos1-PR was 
cleaved with TEV to remove the His6-MBP-tag before use. 

PLCγ1-SHarray-WT (550-851 aa, murine) was expressed with a cleavable (TEV) N-terminal 
His6-MBP-fusion tag and otherwise purified matching the protocol for Grb2. PLCγ1-SHarray-
WT was cleaved with TEV to remove the His6-MBP-tag before use. 

PLCγ1-SHarray-R675E (550-851 aa, murine) was cloned by SDM of the PLCγ1-SHarray-WT 
plasmid to introduce the R675E mutation (Q5 SDM kit). PLCγ1-SHarray-R675E was 
expressed with a cleavable (TEV) N-terminal His6-MBP-fusion tag and otherwise purified 
matching the protocol for Grb2. PLCγ1-SHarray-WT was cleaved with TEV to remove the 
His6-MBP-tag before use. 

Fluorescent labeling of proteins 

His6-LAT1C was labeled at residue C29 and His10-LAT5Y was labeled at C117, both using 
Alexa 555 C2 maleimide (Invitrogen) according to the manufacturer protocol. Briefly, LAT 
was diluted to 100 µM with 5 mM TCEP, then allowed to react with the maleimide dye for 2 
hrs at room temperature before quenching with 10 mM BME. Excess Ax555 dye was initially 
removed by gravity desalting columns (PD10, Cytiva) and further by SEC via FPLC (Superdex 
75 increase, 24 mL bed volume, Cytiva). Of special note, we have observed LAT to appear as 
multiple SEC peaks (up to 3 or more), but these do not seem to be distinct populations for 
our purposes (if isolated, they all behave nominally the same on SLBs). We suggest simply 
pooling all SEC peaks of LAT (given they are sufficiently pure). Labeled fraction was 
determined by comparison of absorption at the dye’s λmax to the protein’s UV absorption at 
280 nm (after correction for the dye’s contribution at 280 nm [108]). 

SUV and SLB preparation 

Small unilamellar vesicles (SUVs) were made using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-carboxypentyl)iminidiacetic 
acid)succinyl] (nickel salt) (Ni2+-NTA-DGS), and L-α-phosphatidylinositol-4,5-bisphosphate 
(Brain, Porcine) (ammonium salt) (Brain PIP2) (Avanti Polar Lipids). Lipids were purchased, 
stored (-20 °C), and mixed solubilized in chloroform. Lipids were mixed in an etched round 
bottom flask to yield 2 mg total lipid mass at a ratio of 94:4:2 (mol%) DOPC:Ni-DGS:PIP2. 
After mixing well, lipids were dried by rotovap in a 37 °C water bath, kept under vacuum to 
dry an additional 10 min at room temperature, then dried under continuous N2 gas flow for 
>30 min. Lipid films were solubilized with 2 mL milli-Q water (to yield 1 mg/mL lipid 
concentration) and vigorously vortexed to ensure film liftoff. The cloudy aqueous lipid 
mixture was added to a 5 mL polypropylene tube and treated by 3 mm stepped tip sonication 
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(Sonics VCX750 – 33% amplitude, 20 s sonication, 50 s rest, 5 cycles) while submerged in 
ice. The clarified SUV solution was then centrifuged at 20,000 g for 20 min to remove tip 
debris and any remaining large vesicles. The supernatant was stored at 4 °C in a sealed tube 
for use in experiments up to ~1 week. 

Precision Schott D 263 M glass coverslips (#1.5H, 75 x 25 mm, custom ordered from 
ThorLabs, similar to Part# CG15CH) were first cleaned with warm 2% Hellmanex III (Fisher 
Scientific) solution with bath sonication at 45 °C for 30 min, then 50% IPA:mill-Q with 
sonication for >15 min, then milli-Q with sonication for >15 min. Substrates were then 
etched using a 1:3 ratio of concentrated H2SO4 to 30% H2O2 (piranha etch) for 3 min (while 
still warm). Substrates were rinsed excessively with milli-Q water between each cleaning 
step and after etching. Substrates were stored in milli-Q at room temperature for use in 
experiments up to ~1 week. To build chambers for experiments, etched substrates were 
blow-dried under N2 and attached to simple 6-channel flow cells (sticky-Slide VI 0.4, ibidi). 
Chambers were cured at 37 °C for >10 min while pressed under a heavy weight. After curing, 
chambers were allowed to cool to room temperature for >10 min. 

Supported lipid bilayers were formed via vesicle rupture. The 1 mg/mL SUV solution was 
diluted to 0.25 mg/mL in degassed 1X TBS. 100 µL of 0.25 mg/mL SUV (0.75X TBS) was 
added per chamber channel and incubated for >30 min at room temperature. Channels were 
washed via 1 mL degassed 1X TBS. SLBs were then blocked with 1 mg/mL casein solution 
(Blocker Casein, Thermo Scientific) diluted in 1X TBS for 10 min. Channels were exchanged 
to an incubation buffer (1X TBS, 2 mM MgCl2, 1 mM TCEP). His-tagged membrane proteins 
were thawed, diluted in incubation buffer, then centrifuged at 20,000 g at 4 °C to remove 
aggregates before use. 100 nM His10-LAT5Y or 175 nM His6-LAT1C and 10 nM His6-Hck in 
incubation buffer (with 0.1 mg/mL casein) were added to bilayers (100 µL per channel) and 
incubated for 20 min (yields ~1500 µm-2 total LAT density). After an initial wash, channels 
were incubated in 1 mM ATP, 1 mM sodium orthovanadate, and 0.1 mg/mL casein in 
incubation buffer for 20 min to both phosphorylate LAT via Hck and to allow weakly chelated 
proteins to dissociate. After a secondary wash, channels were ready for experiments (used 
within ~1-4 hrs). 

Imaging Hardware and Acquisition 

TIRF imaging experiments were performed on an inverted Nikon Eclipse Ti microscope 
using a 100X Nikon oil-immersion TIRF objective (1.49 NA). We used a 1.5X lens tube 
(Nikon) before the camera for a total 150X magnification. Micro-positioning was done using 
a motor-controlled stage (MS-2000, ASI). Images were acquired with an iXon Ultra 897 
EMCCD camera (Andor Technology). Fluorescent LAT-Ax555 was excited (~0.25 mW at the 
objective) with a 561 nm diode laser (OBIS laser diode; Coherent) controlled with a custom 
laser driver (Solamere Technology) using TTL signals from the camera. The laser was 
collimated with the objective position at the approximate sample z-focus before every 
experiment. A single quad-band dichroic cube was used for all acquisitions 
(ZT405/488/561/ 640rpcv2, Chroma). Fluorescence emission was additionally filtered by 



CHAPTER 2: MODES OF IN VITRO LAT CONDENSATION 24 
 
an ET600/50M filter (Semrock). Microscope and accessory hardware were controlled using 
Micro-Manager, version 4.0 [109]. Experiments were conducted at 21-23 °C. Images were 
acquired with a 20 ms camera exposure and 500 EM gain, with 5-10 s delays between time 
points for time-lapse measurements. Background images (20-30) were collected before the 
addition of condensing agents to be used for field illumination (“shade”) correction (to 
remove aberrations and uneven TIRF illumination). Corrections and quantitative image 
analyses were done in MATLAB. 

Condensation experiments 

All condensation experiments were performed in imaging buffer containing 1X TBS, 2 mM 
MgCl2, 1 mM TCEP, 1 mM ATP, 1 mM sodium orthovanadate, 2 mM Trolox (UV treated), 10 
mM BME, 0.1 mg/mL casein (final concentrations after addition of analytes/sensors). Trolox 
(Sigma Aldrich) was prepared as previously described [110]. Protein components were 
combined at stated concentrations and added as a single injection (100 µL). Background 
measurements were taken for 30 s before carefully injecting condensing agent solutions 
mid-acquisition (such that the objective focus was unaffected). Images were collected at 5-
10 s intervals for as long as 1.5 hrs. 

Small-batch SEC of Grb2 

An aliquot of Grb2 Batch 1 was thawed on ice after storage at -80 °C. Aliquots of Grb2 “Batch 
2 monomer” and “Batch 2 dimer” were from a purification completed the same day as these 
experiments and were never frozen. All steps were handled at 4 °C unless otherwise stated. 
100 µL aliquots of Grb2 Batch 2 were heat treated as stated in a thermocycler. Heat-treated 
aliquots were cooled back to 4 °C. All aliquots were then centrifuged at 20,000 g for 10 min. 
The concentration was then measured via absorbance at 280 nm (ε: 37.93 mM-1cm-1) using 
a NanoDrop instrument (Thermo Scientific). A Superdex 75 Increase SEC column (24 mL bed 
volume, Cytiva) was equilibrated in 2 column volumes (CVs) of degassed SEC buffer 
containing 20 mM Tris-HCl (pH 8 at 4 °C), 200 mM NaCl, 1 mM TCEP, 5% glycerol using an 
AKTA Explorer FPLC system (GE HealthCare, now Cytiva) located in a laboratory cold room. 
All SEC steps were run at a flow rate of 1 mL per min. UV absorbance was tracked at 280 nm 
and 215 nm (not shown). Approximately 75 µL of each sample was loaded onto a 100 µL 
sample loop for injection onto the column. The sample loop was washed 3X with SEC buffer 
between samples. For each sample SEC run, at least 1.5 CV was eluted (starting from the 
volume of injection) before the injection of the next sample. Chromatograms were imported 
into and analyzed using MATLAB. 
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3.1 Abstract 
Early T cell activation after antigen recognition proceeds through the release of calcium into 
the cytoplasm, a tightly regulated process directly downstream of the activation of the 
phospholipase C-γ1 (PLCγ1). PLCγ1, heavily autoinhibited in the cytosol and activated at the 
membrane, hydrolyzes its substrate PIP2 to the membrane molecule DAG and cytosolic 
second messenger IP3. Importantly, activation of PLCγ1 relies on phosphotyrosine-mediated 
recruitment to the membrane-bound scaffold LAT. LAT is also known to bind multivalently 
to cytosolic adapters, such as Grb2, to form extended protein phase transition condensates. 
This assembly has been shown to have a drastic regulatory effect on the activity of Sos1, an 
enzyme critical to the MAPK pathway, and recent research has demonstrated a potential 
structural role for PLCγ1 in the nucleation of the LAT condensate. However, it was still 
largely unknown what the role of PLCγ1 is in the assembly or if the assembly has signaling 
consequences for PLCγ1 activity. Due to the critical role of PLCγ1 in T cells, it is imperative 
to obtain a more complete understanding of this interaction. We utilized purified protein 
constructs and dilute mammalian cell lysate flowed over LAT-functionalized supported lipid 
bilayers to reconstitute these interactions in a controlled system. We determined the binding 
dynamics of PLCγ1 to phase condensed and uncondensed LAT via fluorescence imaging and 
measured PLCγ1 activity via fluorescent biosensors. We found PLCγ1 recruits heavily to the 
LAT:Grb2 condensate but its activity was surprisingly decreased, most likely due to the 
reduced ability of PLCγ1 to reach its substrate. 
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3.2 Introduction 
Adaptive immunity is largely governed by the antigen discrimination power of T Cells. T Cells 
must be able to determine whether their T Cell Receptor (TCR) is binding to a true foreign 
antigen, lest they miss invasive pathogens or, alternatively, target the body’s own cells. This 
power to distinguish binding events originates from events proximal to the TCR, such as the 
multistep recruitment and activation of the kinase Zap70 or its phosphorylation of the 
membrane scaffold LAT [5-6, 93]. More recently, the condensation of phosphorylated LAT 
(pLAT) via the multivalent binding of cytosolic adapters, including Grb2 and Sos1, has been 
realized as a key step in antigen discrimination [31]. The phospholipase PLCγ1, critical to the 
activation of T Cells through gating the release of intracellular calcium, recruits to and is 
activated at pLAT clusters and has demonstrated an ability to crosslink pLAT as well [58]. 
This immediately calls into question the effect of the pLAT condensate on PLCγ1 activation 
and enzymatic turnover—and thus T Cell activation itself. 

LAT has four key pY residues that are phosphorylated by Zap70: Y132, Y171, Y191, and Y226 
[23]. The pY132 is reserved exclusively for the recruitment of PLCγ1, while pY171, pY191, 
and pY226 allow for the multivalent binding of the cytosolic adaptor Grb2 [23-25]. pY171 
and pY191 also compete for the Grb2-like adaptor Gads. Through self-dimerization and 
multivalent interactions with the Ras-activator Sos1, Grb2 can crosslink LAT monomers, 
which leads to extended assemblies characterized as phase-transitioned protein 
condensates [27-29, 57]. This condensation has demonstrated the ability to concentrate 
proteins at the membrane, and our lab recently showed how it enhances the activation of 
Sos1 [29]. 

Meanwhile, PLCγ1 is a large multi-domain enzyme that hydrolyzes phosphatidylinositol-4,5-
bisphosphate (PIP2) at the cell membrane to the second messengers diacylglycerol (DAG) 
and inisotol-triphosphate (IP3) [59]. IP3 signals for the release of calcium stores and 
ultimately T Cell activation, while DAG feeds into the MAPK pathway and cell proliferation 
[9]. Due to its outsized role,  PLCγ1 is kept under strict regulation by an autoinhibitory loop 
that obstructs its active site and membrane binding domains [59]. This loop contains an 
nSH2 domain, a cSH2 domain, and an SH3 domain (in sequence, as listed). The nSH2 binds 
to pY132 on LAT with high affinity and specificity, while the cSH2 binds intramolecularly 
upon phosphorylation of PLCγ1 at Y783 resulting in release of autoinhibition [59]. The SH3 
domain additionally links PLCγ1 to LAT through the binding of the cytosolic scaffold SLP76. 
SLP76 binds to the SH3 domain of the Grb2-like adaptor Gads, which in turn binds back to 
LAT via pY171 and pY191 (competing with Grb2). Ultimately, this results in a multi-protein 
complex (PLCγ1:SLP76:Gads:LAT) facilitating the interaction of PLCγ1 with LAT and the 
membrane, where it can be phosphorylated and activated by the kinase ITK (also recruited 
to SLP76) [9, 59, 72, 74, 111]. 

The fates of PLCγ1 and LAT are clearly and inextricably linked, and thus it would be obvious 
to assume the condensation of pLAT through Grb2 is linked to PLCγ1 in some way as well. 
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The study of PLCγ1 activation in the condensation is, consequently, of great interest. 
However, PLCγ1, being large and difficult to purify, can be unwieldy to work with. And while 
its activation has been studied using purified constructs and solution assays [59, 74], there 
has never been the ability to get real-time information on its recruitment to pLAT and 
downstream activity simultaneously. We have previously developed a methodology for the 
study of active full-length Sos1 from mammalian cell lysate on Ras-functionalized supported 
lipid bilayers (SLBs) [39]. Herein, we apply a similar strategy to PLCγ1 using PLCγ1-mNG 
fusion constructs from lysate flowed over pLAT bilayers, tracking activity through the use of 
a labeled DAG binding domain. Using TIRF imaging for this assay, we are able to determine 
the spatial organization of our analytes at the membrane, concurrently observing PLCγ1 
activity and pLAT condensation state. Through this analysis, we show that PLCγ1 activity is 
unexpectedly weakened by pLAT:Grb2 condensation. 

3.3 Results 

A quantitative activity assay for PLCγ1 direct from cell 
lysates 

To facilitate the study of PLCγ1 activation, PLCγ1-mNG was first transfected into HEK293T 
cells. Lysate from the cells (generated by minimal sonication) was clarified by benchtop 
centrifugation, diluted in an imaging buffer (with phosphatase inhibitors), and flowed over 
pLAT-functionalized supported lipids bilayers (SLBs) with 2 mol% PIP2 content (Fig 3.1A). 
PLCγ1-mNG recruitment to LAT was successfully measured via TIRF imaging of surface mNG 
signal (Fig 3.1C). To determine whether PLCγ1-mNG actively hydrolyzed PIP2 to DAG, a DAG 
sensor was developed based on the C1b (DAG binding) domain of PKCθ fused with an N-
terminal SNAP-tag (647 labeled) (Fig 3.1A). A similar construct has been utilized in live cells, 
and labeled binding domains have been well-characterized for use in reactions on SLBs [7, 
29]. Surface fluorescence of the DAG sensor was tracked in sequence with PLCγ1-mNG (Fig 
3.1C), with a low background signal giving way to a marked increase in intensity in line with 
PLCγ1-mNG fluorescence. 
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Figure 3.1:  PLCγ1 activity and recruitment can be measured directly from lysate by TIRF 
imaging of supported lipid bilayers.  
A. A schematic summarizing the lysate assay protocol. PLCγ1-mNG was generated in HEK293T cells, 
then flowed directly as dilute lysate over pLAT bilayers containing PIP2. Active PLCγ1-mNG 
hydrolyzed PIP2 to DAG, which was detected using a labeled DAG sensor (PKCθ-C1b-SNAP647). Parts 
of the figure were drawn using images from Servier Medical Art Commons Attribution 3.0 Unported 
License (http://smart.servier.com (accessed on 21 March 2022)). B. An example TIRF image of the 
DAG sensor demonstrating the segmentation of 50 x 50 µm images for analysis. TIRF images in a time 
series were sectioned into 5 x 5 µm patches and analyzed as separate instances. C. Images of a single 
5 x 5 µm patch in the DAG sensor channel (Top) and PLCγ1-mNG channel (Bottom) through time, 
corresponding to the time axis for the curves below. D. Curves obtained from processing the raw 
median fluorescence from membrane patches, representing the amount of DAG in the bilayer (red, 
left axis, foreground curves) and density of PLCγ1-mNG recruited (green, right axis, background 
curves) over 20 minutes. PLCγ1-mNG lysate (~1:1000 dilution) with DAG sensor was injected at t = 
0 min. To attain quantitative curves, raw fluorescence was first normalized to the time of injection. 
DAG was calibrated using the assumption that the average normalized maximum for multiple 
experiments must be 2% (given 2% PIP2 bilayers). PLCγ1-mNG was calibrated by matching single-
molecule counts (at high laser power) to bulk fluorescence (at low laser power). The two solid, darkly 
colored curves represent the median of all patches analyzed. Lightly colored curves in the 
background represent the results from each single patch (n = 100). Lipid composition (mol%): 94:4:2 
DOPC:Ni-DGS:PIP2. LAT density: ~1500 µm-2. 

The use of membrane corrals for the analysis of signaling reactions has been well-established 
[29]. Herein, we utilized a similar but distinct strategy by software segmentation of bilayers 
that are physically unpartitioned. TIRF images with a full Field of View (FOV) of 2500 µm2 
were separated into 25 µm2 patches and analyzed as separate experiments (Fig 3.1B). This 
serves both to correct for differences across the image due to uneven illumination and 
aberrations and to reduce the effects of spurious outliers (such as rare aggregates or proteins 
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crashing onto membrane defects) which are often uncharacteristically intense. Median 
fluorescence across each patch was computed at each timepoint to yield raw fluorescence 
curves (of arbitrary units). To obtain quantitative results, a few reasonable assumptions 
were applied. Curves were first normalized to the point of injection. With the maximum 
mol% of DAG in the SLB fixed at 2% (capped by the amount of PIP2 in the bilayer), it can be 
assumed the eventual plateau of normalized DAG fluorescence signal corresponds to 2 mol% 
of DAG. The relative increase and plateau of normalized DAG signal were verified to be 
consistent over several experiments and over multiple days, allowing for the calculation of 
an average “intensity to DAG” coefficient to be applied across varied conditions (described 
in detail in the Experimental Methods). PLCγ1-mNG signal was similarly normalized and 
converted to PLCγ1-mNG densities at the bilayer by correlating bulk images (at low laser 
power) to images of countable PLCγ1-mNG (at high laser power) for varying PLCγ1-mNG 
concentrations. The resulting quantitative curves for a typical PLCγ1-mNG lysate assay on a 
pLAT bilayer show an increase in DAG following shortly after PLCγ1-mNG recruitment and 
an eventual total conversion of PIP2 after roughly 20 minutes (Fig 3.1D). There is good 
agreement across all patches analyzed (shown as lightly colored curves in the background). 
PLCγ1-mNG signal starts to decrease after roughly 90% of PIP2 has been hydrolyzed, 
potentially due to decreased membrane binding in the absence of substrate (in experiments 
with labeled LAT, there was no appreciable desorption of LAT detected over the experiment 
timeframe). The DAG production curves appear potentially sigmoidal, with a differential rate 
noticeable in the initial few minutes. However, in the assay’s current form, this is hard to 
separate from solution perturbation introduced by the injection of the lysate/sensor mixture 
into the channel. If the curve were truly sigmoidal, it would indicate more is occurring than 
simple recruitment of active PLCγ1 [112]; perhaps an activation step at the bilayer? In fact, 
it was not immediately clear in our assays how PLCγ1-mNG was being activated, as the 
requirement for phosphorylation of PLCγ1-Y783 and subsequent intramolecular 
reorganization for activation has long been substantiated [59]. In that regard, additional 
characterizations of the lysate and the assay were conducted. 

PLCγ1 activity requires both a kinase and pLAT 

A western blot of control cell lysates and lysates containing PLCγ1-mNG probed for total 
PLCγ1 content indicated the presence of endogenous PLCγ1 (a near-ubiquitous protein) (Fig 
3.2A). However, exogenously expressed PLCγ1-mNG was roughly six times more abundant 
relative to the endogenous species (Fig 3.2B), in line with the ratio found for past results for 
Sos1-EGFP from lysate [39]. In addition, PLCγ1-mNG showed good stability over 60 minutes 
at room temperature, with limited changes in lower molecular weight bands indicative of 
proteolysis (Fig 3.2A). 
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Figure 3.2:  PLCγ1-mNG transfected in HEK293T is several times more abundant than 
endogenous species and can be activated by in vitro phosphorylation. 
A. Western blot probed for total PLCγ1 content. Cells for control lysate were transfected with 
transfection reagents alone (left lane). Cells for PLCγ1-mNG lysate received exogenous expression 
vectors (middle and rightmost lanes). PLCγ1-mNG lysates were loaded after either 0 min (middle) or 
60 min (right) at RT to determine the stability of PLCγ1-mNG against degradation. Each lane was 
loaded with 1 µL of lysate. B. Relative blot intensities (background corrected) for endogenous PLCγ1 
(left, grey) versus transfected PLCγ1-mNG (right, green) normalized to endogenous levels (n=2). C. 
Western blot probed for pY783 with a series of time points and different kinase conditions. 
Phosphorylation reactions were conducted in 10 µL volumes containing 1 µL of PLCγ1-mNG lysate 
each, ATP, phosphatase inhibitor, and kinase in buffer. Reactions were kept at RT for the designated 
time, then quenched with SDS-PAGE loading buffer. Either no kinase, His6-Hck, or BTK-KD (Kinase 
Domain) was used. D. Blot intensities (background corrected) of pPLCγ1-mNG normalized to non-
specific pY bands. 

While there is a visible band (below endogenous PLCγ1) that may correspond to the absence 
of mNG (due to cleavage or misfolding), the majority of PLCγ1-mNG remained intact. The 
small difference in the lower band may be due to species differences. PLCγ1-mNG was 
constructed using the murine sequence due to availability, while the endogenous species in 
HEK293T cells would have the human sequence. Importantly, the two sequences have 97% 
residue similarity and a difference of only 12 residues in length (~1 kDa), and the differences 
are not expected to affect results strongly as evidenced by the frequent use of rat PLCγ1 in 
other studies [59, 74]. 

With regards to the activation of PLCγ1 by phosphorylation, a pY783 specific antibody 
reveals PLCγ1 can be strongly phosphorylated in vitro (Fig 3.2C). There is essentially zero 
phosphorylation of PLCγ1 at an initial time point (aliquots were thawed after being flash-
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frozen immediately following lysis). After two hours, there remained minimal detectable 
pPLCγ1, indicating a negligible contribution from endogenous kinases. Meanwhile, Hck, a 
commonly employed and abundant promiscuous kinase, phosphorylated PLCγ1 fully within 
a few minutes (Fig 3.2C) [28-29]. A dark band corresponding to PLCγ1-mNG appeared 
quickly with Hck incubation and did not get more intense in subsequent time points, 
indicating maximal phosphorylation. The His6-Hck construct in this assay is also utilized on 
our SLBs to phosphorylate LAT (Fig 3.3A) and is thus a prime suspect in the mystery of PLCγ1 
activation in our assays. In addition, the kinase domain of BTK (BTK-KD) was able to 
phosphorylate PLCγ1 to a similar level in solution (Fig 3.2C). BTK activates PLCγ2 in B-Cells 
and is a close family member of ITK, the PLCγ1 activator in T-Cells. BTK exhibited 
remarkable selectivity for the phosphorylation of PLCγ1 compared to Hck (Fig 3.2D, 
Supplementary Fig 1). In future iterations of this assay, BTK (or ITK) might serve as better 
activators at the membrane. 

To further characterize the current assay and the requirements for PLCγ1 activation, a 
careful series of control conditions and PLCγ1 mutations were examined (Fig 3.3B). To 
facilitate comparisons between conditions, an observed enzymatic velocity (vobs) was 
extracted from the linear portion of each DAG production curve. For example, the slope of 
the previously discussed DAG curves was calculated between 2.5 and 5 minutes (Fig 3.1D). 
To simplify comparisons of PLCγ1-mNG density, the maximum value for each patch was 
considered. vobs and PLCγ1-mNG density values were tabulated for each membrane patch 
and each condition, then normalized relative to the median of the PLCγ1-mNG-WT condition 
and visualized using dual-axes half-violin plots (Fig 3.3B). In the absence of pLAT (no Hck on 
the membrane), PLCγ1 recruitment and activity were both abolished. Control lysate showed 
a similar lack of activity, with a median vobs (mv) corresponding to only 4% of the mv for 
PLCγ1-mNG-WT lysate (and no PLCγ1-mNG, as would be expected). 

To assess the importance of Y783 to activation, phenylalanine mutants were generated to 
abrogate PLCγ1 phosphorylation. We introduced the Y783F mutation as well as a triple 
mutation referred to as “3F” that included Y771F and Y775F (adjacent PLCγ1 tyrosines also 
implicated in in vivo activation) in addition to Y783F [113]. Lysate from cells transfected with 
these constructs showed robust recruitment of PLCγ1-mNG to pLAT but had corresponding 
vobs equivalent to control lysate (Fig 3.3B). Our results show the Y783F mutation was 
sufficient to fully inhibit PLCγ1. Differences in observed PLCγ1-mNG density between the 
WT and mutants were most likely due to expression levels of the constructs in the HEK293T 
cells rather than anything mechanistic. While transfection efficiencies were roughly 80% for 
all constructs and the numbers of cells lysed were similar, cell-to-cell or cell cycle variation 
in expression was not accounted for. PLCγ1-mNG-WT also showed similar batch-to-batch 
differences (a single batch of cell lysate was used for all experiments in this study). Closer 
examination would be required to fully decipher any differences in recruitment between the 
constructs. 
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Figure 3.3:  PLCγ1 requires pLAT and phosphorylation at Y783 to activate on the membrane. 
A. A schematic showing greater detail of the lysate experiment at the membrane. Hck and LAT are 
functionalized to the SLB via Ni-histidine chelation. Hck phosphorylates LAT allowing for the 
recruitment of PLCγ1-mNG. PLCγ1-mNG is then subsequently phosphorylated by Hck at Y783 and is 
active at the membrane after structural rearrangement. B. Relative observed enzymatic velocities 
(vobs) (black, left axis, defined as the enzymatic rate for the linear portion of the reaction trace) and 
PLCγ1-mNG densities (green, right axis, defined as maximum density over 20 min time trace) for 
various assay conditions, normalized to the median value for PLCγ1-WT-mNG lysate on a pLAT 
bilayer. Distributions of 100 membrane patches are shown as half-violin plots, with single 
observations shown as points and distributions represented by a shaded area. Compact box plots are 
overlayed over the distributions to represent the median (white circles), quartile regions (box), and 
extremes with outliers excluded (whiskers). Median values for vobs (mv) and PLCγ1-mNG density 
(mPLCγ1) are expressly denoted for clarity. Lipid composition (mol%): 94:4:2 DOPC:Ni-DGS:PIP2. LAT 
densities: ~1500 µm-2. 

These results are in agreement with previous studies claiming PLCγ1 requires both a 
phosphorylated receptor and phosphorylation of pY783 for full activation at the membrane 
[59, 74]. Notably, even pPLCγ1-mNG (pre-phosphorylated in solution by BTK-KD) does not 
recruit to or hydrolyze PIP2 in membranes devoid of LAT (Supplementary Fig 2B). The full 
mechanism of our in vitro lysate assay is then most likely to be as depicted in Fig 3.3A. Hck 
first phosphorylates LAT on the bilayer, PLCγ1 from lysate is introduced and recruits to 
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pLAT, PLCγ1-Y783 is also phosphorylated by Hck, and ultimately PLCγ1 actively hydrolyzes 
PIP2 to DAG. With the basics of the assay established, additional components from the in vivo 
signaling system were added to illuminate further PLCγ1 interactions. 

PLCγ1 localizes strongly to pLAT:Grb2 condensates but 
displays diminished activity 

Recent studies of PLCγ1 in a condensate-forming growth-receptor pathway suggest 
condensation plays a role in increasing the observed activity of PLCγ1 [79]. pLAT has been 
shown to form condensates primarily via crosslinking by Grb2 and Sos1 in cells and in vitro, 
and PLCγ1 was recently seen to participate in these condensates [58]. Therefore, it seemed 
likely pLAT:Grb2 condensation would have an effect on PLCγ1 activity. To elucidate any 
possible effect, we utilized purified forms of Grb2 and Sos1-PR to condense LAT while 
performing our PLCγ1 lysate assay. With the addition of these adaptors, labeled LAT 
partitioned into strongly condensed phases as expected, with no visible effect from the 
presence of lysate (Fig 3.4A). PLCγ1-mNG also localized into these condensed phases, as seen 
in TIRF images where shapes formed by PLCγ1-mNG are similar to those of LAT-Ax555 (Fig 
3.4A-B). The DAG sensor meanwhile seemed unaffected at the imaging time utilized, 
remaining visibly homogeneous (Fig 3.4C). 

 
 
 
 



CHAPTER 3: ACTIVITY OF PLCγ1 FROM LYSATE IS DIMINISHED IN LAT:GRB2 CONDENSATES 34 

 
Figure 3.4:  PLCγ1 localizes to the LAT:Grb2:Sos1 condensate, but DAG sensor is not affected 
at relevant timescales. 
A-C. Field-corrected images of LAT-Ax555 (gold, top), PLCγ1-mNG (green, middle), and DAG sensor 
(red, bottom) with 5 µM Grb2 and 2 µM Sos1-PR in solution. The entire FOV is 50 x 50 µm (scale bar 
= 10 µm) with an inset showing a 4X expansion of the center 5 x 5 µm patch (scale bar = 2.5 µm). D. 
A binary image mask for LAT segmented into condensed (gold) and disperse (grey) areas obtained 
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from Gaussian filtration (σ=1) and thresholding of the LAT-Ax555 image in (A). Inset and scale bars 
are equivalent to those in (A). E-F. Images showing the effect of applying the binary LAT mask to 
PLCγ1-mNG (green) and DAG sensor (red) channels. Only the outline of the applied mask is shown 
for visibility. Insets and scale bars are equivalent to those in (B-C). G-I. Histograms of relative pixel 
intensities for LAT-Ax555 (gold, top), PLCγ1-mNG (green, middle), and DAG sensor (red, bottom). 
Pixel intensities were normalized to the median value for all pixels. Values greater than 1 indicate an 
increase in brightness from the overall median, while values less than 1 indicate a decrease. 
Histograms for all pixels are displayed in full color in the background. Histograms for pixels that are 
in areas of condensed LAT are shown in translucent white in the foreground. Pixel histograms for 
disperse LAT areas are shown in translucent grey. Dotted lines denoting the median of each 
histogram are decorated with an icon corresponding to the LAT mask for all pixels (gold and grey), 
LAT condensed (gold only), or LAT disperse (grey only). Median fold change values for each 
histogram are displayed in the top right for clarity. Lipid compositions for all experiments (mol%): 
94:4:2 DOPC:Ni-DGS:PIP2. LAT density: ~1500 µm-2 (10% labeled). 

To quantitatively characterize the localization of PLCγ1-mNG and determine any possible 
effects of the condensate on our assay, we employed an image analysis technique comprised 
of image segmentation and pixel mapping. We created a binary “LAT condensation mask” (0 
for pixels outside condensed areas, 1 for pixels in condensed areas) by putting an image of 
LAT-Ax555 through a gaussian filter, then applying an appropriate threshold (Fig 3.4D). We 
then applied this mask to pixels from the original LAT image as well as images from the 
PLCγ1-mNG and DAG sensor channels (Fig 3.4E-F). The outline of the applied mask in Fig 
3.4E contains most of the visible PLCγ1-mNG, while in Fig 3.4F there appears to be no 
difference in DAG sensor intensity inside and outside the masked area. Pixel intensities were 
normalized to the median of the entire image and then visualized in histograms (Fig 3.4G-I). 
Histograms for pixels across the entire image (unsegmented) for LAT and PLCγ1 show 
characteristics of multiple underlying (but unresolved) gaussian distributions (Fig 3.4G-H). 
However, by mapping pixels by the condensed/disperse state of LAT, the underlying 
distributions were successfully resolved. Pixels in LAT-condensed areas for both LAT-Ax555 
and PLCγ1-mNG images had a median intensity 1.2-1.3 times brighter than the whole image 
(and ~1.6 times brighter than disperse areas) (Fig 3.4G-H). Pixels in the corresponding DAG 
image were homogenously distributed, regardless of the mapped state of LAT, with 
differences in relative median intensity of less than 0.002 (Fig 3.4I). This substantiates the 
claim that PLCγ1 is detectably recruited to pLAT:Grb2 condensates, and that our DAG sensor 
is not affected by the dense matrix (at relevant timescales). The DAG sensor also eventually 
reaches the same saturation (of 2 mol%) as uncondensed conditions (Supplementary Fig 
3A). With this established, we could move on to analyzing the activity of PLCγ1 within 
condensates. 
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Figure 3.5:  PLCγ1 activity is markedly reduced in LAT:Grb2 condensates, regardless of 
phosphorylation state. 
A. TIRF images (5 x 5 µm, scale bars = 2 µm) of PLCγ1-mNG in different conditions corresponding to 
the distributions below. From left to right: PLCγ1-mNG only (with 2 µL control lysate), PLCγ1-mNG 
+ Gads/SLP76 (from lysate, 1 µL each), PLCγ1-mNG + Grb2/Sos1-PR (purified, 6 µM:2 µM 
respectively), and PLCγ1-mNG + all previously described adapters. LAT-Ax555 (10% labeled) was 
used in this experiment but was determined to have negligible contribution in the PLCγ1-mNG 
channel. B. Half-violin plots showing distributions of relative vobs (grey, left axis) and relative PLCγ1-
mNG density (green, right axis), normalized to PLCγ1 only conditions. Compact box plots overlay the 
distributions to convey statistics. Median values for vobs (mv) and PLCγ1-mNG density (mPLCγ1) are 
expressly denoted for clarity. C. TIRF images (5 x 5 µm, scale bars = 2 µm) of PLCγ1-mNG in different 
conditions corresponding to the distributions below. From left to right: PLCγ1-mNG only (no control 
lysate), PLCγ1-mNG pre-phosphorylated by 1 µM BTK-KD in solution for 1 hr, and similarly pre-
phosphorylated PLCγ1-mNG + Grb2/Sos1-PR (purified, 6 µM:2 µM respectively). Hck was on the 
membrane for all experiments. Unlabeled LAT was used in this experiment. D. Half-violin plots 
showing distributions of relative vobs (grey, left axis) and relative PLCγ1-mNG density (green, right 
axis), normalized to PLCγ1 only conditions (no pre-phosphorylation). Compact box plots overlay the 
distributions to convey statistics. Median values for vobs (mv) and PLCγ1-mNG density (mPLCγ1) are 
expressly denoted for clarity. Lipid compositions for all experiments (mol%): 94:4:2 DOPC:Ni-
DGS:PIP2. LAT densities: ~1500 µm-2. 

Interestingly, it is immediately apparent from measurements of vobs in condensing 
conditions (with Grb2 and Sos1-PR) that the activity of PLCγ1 is decreased in LAT:Grb2 
condensates, even with an increase in overall PLCγ1-mNG density (Fig 3.5B). The median 
value for vobs (mv) for the Grb2/Sos1-PR condition is only 40% of the uncondensed condition, 
despite a nearly threefold increase in PLCγ1-mNG (maximum over 20 minutes). But while 
Grb2 and Sos1 are thought to be the main mediators of pLAT condensation and are capable 
of interacting with PLCγ1, Gads and SLP76 are the canonical partners of PLCγ1 in this system 
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[72, 74, 111]. To determine potential differences in these adapters, Gads and SLP76 were 
expressed in HEK293T cells to generate lysate with full-length versions of these proteins 
(which have been shown to be troublesome in purified form) (Supplementary Fig 3B) [72]. 
To make fair comparisons, control lysate was added to the other conditions to provide 
roughly equivalent amounts of endogenous protein among all trials. Activity due to 
endogenous PLCγ1 was higher than previous experiments but still reasonably low compared 
to PLCγ1-mNG conditions (Supplementary Fig 3C). When Gads/SLP76 were added to PLCγ1 
alone, they had little effect on recruitment or activity (within error) and did not lead to 
condensate formation (Fig 3.5A-B). However, when added in addition to Grb2/Sos1-PR in 
condensing conditions, mv nearly doubled and peak PLCγ1-mNG density returned closer to 
uncondensed levels. The structure of the condensation also appeared changed (Fig 3.5A). 

LAT condensates have the potential to exclude membrane proteins [27]. With membrane-
tethered Hck as the primary source of PLCγ1 phosphorylation, there was a possibility pLAT 
condensation was excluding Hck, leading to slower PLCγ1 phosphorylation and decreases in 
vobs in condensates. To see if that was the case, we pre-phosphorylated PLCγ1 using BTK-KD 
in solution before addition to pLAT bilayers. Observed rates for pPLCγ1 were significantly 
higher than PLCγ1 phosphorylated by Hck alone, but the rate still dropped after introducing 
Grb2/Sos1-PR (Fig 3.5C-D). If the mv for condensed pPLCγ1 were computed relative to 
uncondensed pPLCγ1 (rather than PLCγ1), it would be 0.39, equivalent to the relative rate 
for the experiment with no pre-phosphorylation (Fig 3.5B). Of note, the experiments in Fig 
3.5A-B had labeled LAT-Ax555 (not shown) and had control lysate or Gads/SLP-76 lysate in 
addition to PLCγ1-mNG. The experiments in Fig 3.5C-D were done with unlabeled LAT and 
with only PLCγ1-mNG lysate, indicating little effect from these variables on the result. 

3.4 Discussion 
Studies on PLCγ1 activation have been done for many years and in many formats [59, 74, 
115] but this constitutes the first assay that quantitatively measured PLCγ1 recruitment and 
activity together in real-time. In addition, proteins in our assay interacted in a physiologically 
relevant geometry, and their spatial organization on the membrane was tracked. The use of 
unprocessed cell lysates also allowed for incorporation of proteins that are difficult to purify 
and for the introduction of mutants with relatively low effort and short turnaround times. As 
demonstrated previously, this remains a powerful strategy for the study of signaling 
reactions at the membrane [39]. 
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Our data agree well with studies on the mechanisms of PLCγ1 activation in T Cells, showing 
pLAT and pY783 are required for full activation (Fig 3.3B, Fig 3.6A) [9]. What was previously 
unknown: how is PLCγ1 activity affected by the condensation of pLAT by Grb2? In vivo 
research on membrane proximal DAG signaling in T Cells has suggested essential elements 
of antigen discrimination occur between the recruitment of Zap70 and the recruitment of 
DAG effectors [7]. This painted a clear target on pLAT and PLCγ1 as major players in kinetic 
proofreading. Recent results from our lab further revealed LAT condensation is an essential 
piece of the puzzle, seemingly integrating signals from binding events across the cell [31]. 
PLCγ1 has already demonstrated the ability to partition into LAT:Grb2 condensates (and 
enhance their formation) [58]. Additionally, PLCγ1 in a parallel growth-receptor pathway 
condensation displayed a relative increase in activity [79]. Taken together, it would appear 
as if the incorporation of PLCγ1 into the LAT:Grb2 condensation would increase its activity, 
which would be a clear indicator of how LAT condensation could gatekeep T Cell activation. 

 
Figure 3.6: States of PLCγ1 activity in and out of the LAT:Grb2 condensate. 
A. Graphic of PLCγ1 binding to pLAT and fully engaging the membrane, where full PLCγ1 activity is 
observed in experimental results. B. A graphic of PLCγ1 in the LAT:Grb2 condensate, where PLCγ1 
activity is reduced in experiments. Both Grb2 dimers and Grb2:Sos1-PR interactions can crosslink 
LAT. C. Graphic showing PLCγ1 interactions with Gads/SLP76 in the absence of a larger condensate. 
PLCγ1 is fully active in experiments with this configuration. D. Graphic of PLCγ1/Gads/SLP76 
interactions in the LAT:Grb2 condensate, where PLCγ1 activity is partially recovered compared to 
Grb2-only conditions. 

Remarkably, our study shows pLAT:Grb2 condensation has a negative effect on PLCγ1 
activity (Fig 3.5B). While this may not be the full picture given the number of components 
involved in in vivo LAT condensates not included here, this is strong evidence not all 
condensates are the same and simply enhancing enzyme concentrations or dwell time is not 
always the effect of condensation. But why is PLCγ1 activity affected negatively? And if 
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uncondensed pLAT is clearly capable of providing a scaffold for fully engaged PLCγ1 (Fig 
3.3B, Fig 3.6A), then what is the purpose of having pLAT condense at all in cells? 

The mechanism of PLCγ1 inhibition in pLAT:Grb2 condensates cannot be fully deduced from 
this study, but it is worth noting a few possibilities. pLAT can be crosslinked via Grb2/Sos1 
both through Grb2 alone (through dimerization) and through Grb2 SH3 to Sos1 PR 
interactions [27-30, 57]. While it has not been studied extensively, the condensation of pLAT 
through Grb2 dimers would likely be very densely packed. A dense condensation has the 
potential to obstruct or otherwise affect the structure of PLCγ1 and thus affect its activity 
(Fig 3.6B). Grb2 alone does indeed have a negative effect on PLCγ1 activity (Supplementary 
Fig 3D). Sos1, which has demonstrated enhanced activation by pLAT condensation [29], may 
be less obstructed due to its extended PR domain and differential binding via Grb2 (Fig 3.6B). 
The addition of Gads/SLP76, meanwhile, may affect the packing around PLCγ1, since they 
preferentially bind each other (and Gads competes with Grb2 for pLAT binding) (Fig 3.6C-
D). Truncated forms of Gads/SLP76 also had difficulty in condensing pLAT on their own and 
so might have the effect of somewhat dispersing pLAT, as seems to be the case in our 
experimental images (Fig 3.5A) [58]. 

It is also worth considering Grb2 itself could bind PLCγ1 in an inhibitory way, as Grb2 has 
been shown to have rather unexpected effects on seemingly unrelated enzymes [114]. 
Mutants of Grb2 that do not dimerize could be studied with PLCγ1 to separate this effect (if 
any) from condensation [57]. There is evidence as well that Gads and SLP76 have an 
activating effect on PLCγ1 additive to its activation by Y783 phosphorylation [74]. While 
PLCγ1 activity does not seem increased by the simple addition of Gads and SLP76 in our 
study (Fig 3.5B), the previous study used truncated adaptors and concentrations several 
times that of PLCγ1. The full-length adaptors in our study were used in roughly equimolar 
amounts with PLCγ1. Addition of increasing adaptor concentrations could show interesting 
results in our system as well. 

Then, why have pLAT condensates? Notably, our system is missing the canonical activator of 
PLCγ1 in T Cells, ITK [9]. ITK is purportedly recruited to phosphorylated residues on SLP76, 
and thus pLAT condensation may bring the kinase in close proximity to its substrate, PLCγ1. 
Then, PLCγ1 might require the pLAT condensation to be phosphorylated but might leave the 
condensate to become fully active. There is evidence for PLCγ1 activity at the membrane 
away from LAT and for SLP76-containing assemblies breaking off of pLAT condensates due 
to cytoskeletal interactions [73, 107]. Alternatively, LAT condensation might play a role in 
protecting phosphorylated populations of LAT from phosphatases, having shown the 
potential to exclude CD45 [27]. LAT condensation could be required for there to be any pLAT 
at all for PLCγ1 to recruit to in the first place. 

The validation of our assay here makes possible a vast number of PLCγ1 studies. PLCγ1 is 
ubiquitously expressed and an important part in growth receptor signaling. How does PLCγ1 
get activated in the EGFR pathway in non-lymphocytes, for example, where condensation is 
also possible but Gads/SLP-76 are not expressed [57]? The degree of processivity of PLCγ1 
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is not well understood, and single molecule evaluations using our assay could elucidate this. 
PLCγ1 is, of course, also a well-known oncogene with several mutations that have gone 
unstudied or have had difficult-to-understand mechanisms [59]. The use of PLCγ1 from 
lysate makes mutational studies much more accessible. 

3.5 Experimental Methods 
Mammalian expression plasmids and constructs 

Full-length PLCγ1 with a C-terminal mNG fusion protein (mus musculus), Gads (human), and 
SLP-76 (human) were cloned into a pCI backbone under the CMV promoter for expression 
in HEK293T cells (U47119.2). The PLCγ1 sequence was a gift from M. O’Dair (UC Berkeley). 
Gads and SLP-76 were cloned from MGC cDNA purchased from Dharmacon Inc. (now 
Horizon Discovery) (Gads: BC025692.1, SLP-76: BC016618.1). 

Cell transfection and lysate preparation 

HEK293T cells were transfected similarly to previously published methods [39]. HEK293T 
cells (UCB Cell Culture Facility) were seeded in clear bottom 6-well plates (Eppendorf) at a 
target confluency of 90% after allowing for adhesion overnight. Cells were cultured in DMEM 
medium, high glucose media (DMEM, Gibco) supplemented with 10% fetal bovine serum 
(heat shocked), minimal essential medium (MEM) non-essential amino acid and 100 μg ml−1 
penicillin and streptomycin, and media was not changed before or after transfection. Cells 
were transiently transfected with exogenous vectors using Lipofectamine 3000 (Invitrogen) 
according to the manufacturer protocol for 6-well plates and with 3.75 µL volumes of the 
reagent. After allowing for >48 hrs of expression (no media change), transfection efficiency 
was evaluated using epifluorescence (for PLCγ1-mNG) and bright field microscopy. Typical 
efficiency (based on mNG fluorescence) was >80%. After verifying high transfection 
efficiency, media was aspirated, and cells were collected in sterile 1X TBS. Cells were pelleted 
(1 well resulted in a ~50 µL pellet) by gentle centrifugation and resuspended in 450 µL lysis 
buffer containing 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail 
(P8340, Sigma Aldrich), and 0.5% each of phosphatase inhibitor cocktails 2 (P0044, Sigma) 
and 3 (P5726, Sigma Aldrich).  

Cells were lysed by 3 mm tapered tip sonication (Sonics VCX750 – 20% amplitude, 2 s 
sonication, 6 s rest, 20 cycles) in a 5 mL polypropylene tube immersed in an ice bath. Lysate 
was centrifuged at 20,000 g for 30 min at 4 °C. The supernatant was collected (leaving ~50 
µL in the tube), aliquoted, flash-frozen in liquid N2, and stored at -80 °C (used in experiments 
for up to ~1 yr). Proteins seemed to maintain good stability (as demonstrated by PLCγ1 
activity) without the use of glycerol, but 5-10% glycerol might be considered to increase 
stability. 
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Western blots 

For western blotting, 1 µL of lysate per lane was thawed, treated as stated, and run on 
SurePAGE 4-12% Bis-Tris SDS–PAGE gels (GenScript) in 1X MES SDS-PAGE buffer and 
transferred to nitrocellulose membranes (Invitrogen) in 1X NuPAGE Transfer Buffer 
(Invitrogen). Approximate molecular weights were visualized using Precision Plus Protein 
Dual Xtra standards (Bio-Rad), which effectively transfer to membranes as well. Membranes 
were washed with 1X TBST and blocked with 5% BSA in TBST. The membranes were 
incubated with either PLCγ1 (D9H10) XP rabbit mAb (Cell Signaling Technology, 1:1000 
dilution), phospho-PLCγ1 (Tyr783) (D6M9S) rabbit mAb (Cell Signaling Technology, 1:1000 
dilution), SLP-76 (D1R1A) rabbit mAb (Cell Signaling Technology, 1:1000 dilution), or Gads 
(UW40) mouse mAb conjugated with Alexa 647 (Santa Cruz Biotechnology, 1:200 dilution) 
overnight at 4 °C with agitation. Membranes were then incubated with Goat anti-Rabbit IgG 
(H+L) conjugated to Alexa 647 (A-21244, Invitrogen, 1:20,000 dilution) at room 
temperature for 1 hr with agitation. Bands were visualized by fluorescence at 640 nm using 
a Typhoon FLA 9500 laser scanner (Cytiva). Band intensities and backgrounds were 
quantified using the Fiji software package. 

Solution kinase reactions 

1 µL of lysate per reaction was thawed then diluted in reaction buffer containing 20 mM Tris-
HCl pH 7.4, 150 mM NaCl, 20 mM MgCl2, 1 mM ATP (Sigma Aldrich), 1 mM activated sodium 
orthovanadate (508605, Calbiochem). Either Milli-Q water, 10 µM His6-Hck, or 10 µM BTK-
KD was added for a final volume of 12 µL. After the stated time, reactions were quenched 
with 3 µL of 5X SDS-PAGE loading buffer. The entire 15 µL volume was loaded for SDS-PAGE, 
and results were visualized by western blot as above. 

Protein purifications 

All purified constructs (save for BTK-KD, see below) utilized pET28a (Novagen-Cat. # 69864-
3) or pETM (similar to Addgene #108943) backbones under the T7 promoter for expression 
in E. Coli. Expression vectors were transformed into BL21-CodonPlus competent E. Coli 
(Agilent) and cultured in TB. T7 expression was induced using 2 mM IPTG (final 
concentration) (Gold Biotechnology) overnight (18-20 hrs) at 18 °C with shaking. Pelleted 
cells were resuspended in bacterial lysis buffer typically containing 75 mM NaH2PO4 pH 8.0, 
300-700 mM NaCl, 2 mM beta-mercaptoethanol (Sigma Aldrich), DNAse (Sigma Aldrich), 5-
10 mM imidazole (Fisher Scientific), and 1-2 tablets of EDTA-free Pierce Protease Inhibitor 
Cocktail (A32965, ThermoFisher Scientific). All subsequent steps were done at 4 °C. Bacteria 
were lysed using an EmulsiFlex-C3 high-pressure homogenizer (Avestin). Subsequent steps 
are described for each protein below, with proteins generally stored at -80 °C in 20 mM Tris-
HCl (pH 8 at 4 °C), 200 mM NaCl, 1 mM TCEP (Sigma Aldrich), and 10% glycerol (MCB grade, 
Fisher Scientific) after a final SEC polishing step (Superdex 75 or 200 column, 120 mL bed 
volume, Cytiva) and flash-freezing in liquid N2. 
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Full-length Grb2 (human) was expressed with a cleavable (TEV) N-terminal His6-tag and 
purified as described previously [57]. Grb2 was cleaved with TEV to remove the His6-tag. Of 
special note, Grb2 was incubated at 37 °C for 15 min in a thermocycler to allow dimerization 
before using it in experiments [57]. 

PKCθ-C1b domain (232-282 aa, mus musculus) (“DAG Sensor”) was expressed with a C-
terminal SNAPtag fusion protein (SAGGSASAGGSA linker) and purified equivalently to Grb2 
using an N-terminal His6-tag. Of special note, growth media for C1b expression was 
supplemented with 0.01 mM ZnSO4 (final concentration) [115]. PKCθ-C1b-SNAP was 
cleaved with TEV to remove the His6-tag. The C1b sequence was a gift from D. Tischer 
(UCSF). 

LAT (30-233 aa, human) was expressed with an uncleavable His10-tag with a 
SAGGSASAGGSA linker and with the mutations: Y36F, Y45F, Y64F, Y70F, and Y110F. LAT was 
otherwise purified as described previously [116]. 

Hck (83-526 aa, human) was expressed with a cleavable (TEV) His6-tag and purified as 
described previously for Src-family kinases [95]. The His6-tag was left intact for membrane 
tethering. Of special note, the purification strategy utilized calls for co-expression of YopH 
phosphatase in the E. Coli host, which is essential to separate out for pLAT experiments. 
YopH seems to bind stubbornly to Hck (while running at a similar molecular weight in SDS-
PAGE) and should be removed by high salt washes and careful ion exchange 
chromatography. 

Sos1-PR domain (1,051–1,333 aa, human) was expressed with a cleavable (TEV) N-terminal 
His6-MBP-fusion tag and purified as described previously [28]. Of special note, it is essential 
that this construct be purified by an ion exchange step (MonoS column, 1 mL bed volume, 
Cytiva) with high amounts of reducing agent (>10 mM BME for example). Sos1-PR seems to 
form strong adducts with MBP and bacterial contaminants which can strongly affect results 
downstream, but these adducts can be disrupted by ionic differences and reducing agents. 
Sos1-PR was cleaved with TEV to remove the His6-MBP-tag before use. 

BTK kinase domain (402-659 aa, human) was purified and gifted by L. Nocka (UC Berkeley). 
The purification was done in insect cells as described previously for other kinase domains 
[116]. 

PLCδ pleckstrin homology domain (11-140 aa, human) (“PIP2 Sensor”) was purified and 
gifted by A.Y. Lee (UC Berkeley). Purification and labeling were as previously described 
[110]. 
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Fluorescent labeling of proteins 

PKCθ-C1b-SNAP (DAG sensor) was labeled with SNAP-Surface Alexa 647 (S9136S, New 
England Biolabs) according to the manufacturer protocol. LAT was labeled at residue C117 
using Alexa 555 C2 maleimide (Invitrogen) according to the manufacturer protocol. Briefly, 
LAT was diluted to 100 µM with 5 mM TCEP, then allowed to react with the maleimide dye 
for 2 hrs at room temperature before quenching with 10 mM BME. Excess SNAP647 or Ax555 
dye was initially removed by gravity desalting columns (PD10, Cytiva) and further by SEC 
via FPLC (Superdex 75 increase, 24 mL bed volume, Cytiva). Of special note, we have 
observed LAT to appear as multiple SEC peaks (up to 3 or more), but these do not seem to 
be distinct populations for our purposes (if isolated, they all behave nominally the same on 
SLBs). We suggest simply pooling all SEC peaks of LAT (given they are sufficiently pure). 
Labeled fraction was determined by comparison of absorption at the dye’s λmax to the 
protein’s UV absorption at 280 nm (after correction for the dye’s contribution at 280 nm 
[108]). 

SUV and SLB preparation 

Small unilamellar vesicles (SUVs) were made using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-carboxypentyl)iminidiacetic 
acid)succinyl] (nickel salt) (Ni2+-NTA-DGS), and L-α-phosphatidylinositol-4,5-bisphosphate 
(Brain, Porcine) (ammonium salt) (Brain PIP2) (Avanti Polar Lipids). Lipids were purchased, 
stored (-20 °C), and mixed solubilized in chloroform. Lipids were mixed in an etched round 
bottom flask to yield 2 mg total lipid mass at a ratio of 94:4:2 (mol%) DOPC:Ni-DGS:PIP2. 
After mixing well, lipids were dried by rotovap in a 37 °C water bath, kept under vacuum to 
dry an additional 10 min at room temperature, then dried under continuous N2 gas flow for 
>30 min. Lipid films were solubilized with 2 mL milli-Q water (to yield 1 mg/mL lipid 
concentration) and vigorously vortexed to ensure film liftoff. The cloudy aqueous lipid 
mixture was added to a 5 mL polypropylene tube and treated by 3 mm stepped tip sonication 
(Sonics VCX750 – 33% amplitude, 20 s sonication, 50 s rest, 5 cycles) while submerged in 
ice. The clarified SUV solution was then centrifuged at 20,000 g for 20 min to remove tip 
debris and any remaining large vesicles. The supernatant was stored at 4 °C in a sealed tube 
for use in experiments up to ~1 week. 

Precision Schott D 263 M glass coverslips (#1.5H, 75 x 25 mm, custom ordered from 
ThorLabs, similar to Part# CG15CH) were first cleaned with warm 2% Hellmanex III (Fisher 
Scientific) solution with bath sonication at 45 °C for 30 min, then 50% IPA:mill-Q with 
sonication for >15 min, then milli-Q with sonication for >15 min. Substrates were then 
etched using a 1:3 ratio of concentrated H2SO4 to 30% H2O2 (piranha etch) for 3 min (while 
still warm). Substrates were rinsed excessively with milli-Q water between each cleaning 
step and after etching. Substrates were stored in milli-Q at room temperature for use in 
experiments up to ~1 week. To build chambers for experiments, etched substrates were 
blow-dried under N2 and attached to simple 6-channel flow cells (sticky-Slide VI 0.4, ibidi). 
Chambers were cured at 37 °C for >10 min while pressed under a heavy weight. After curing, 
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chambers were allowed to cool to room temperature for >10 min. 

Supported lipid bilayers were formed via vesicle rupture. The 1 mg/mL SUV solution was 
diluted to 0.25 mg/mL in degassed 1X TBS. 100 µL of 0.25 mg/mL SUV (0.75X TBS) was 
added per chamber channel and incubated for >30 min at room temperature. Channels were 
washed via 1 mL degassed 1X TBS. SLBs were then blocked with 1 mg/mL casein solution 
(Blocker Casein, Thermo Scientific) diluted in 1X TBS for 10 min. Channels were exchanged 
to an incubation buffer (1X TBS, 2 mM MgCl2, 1 mM TCEP). His10-LAT and His6-Hck were 
thawed, diluted in incubation buffer, then centrifuged at 20,000 g at 4 °C to remove 
aggregates before use. 100 nM His10-LAT and 10 nM His6-Hck in incubation buffer (with 0.1 
mg/mL casein) were added to bilayers (100 µL per channel) and incubated for 20 min (yields 
~1500 µm-2 LAT density). After an initial wash, channels were incubated in 1 mM ATP, 1 mM 
sodium orthovanadate, and 0.1 mg/mL casein in incubation buffer for 20 min to both 
phosphorylate LAT via Hck and to allow weakly chelated proteins to dissociate. After a 
secondary wash, channels were ready for experiments (used within ~1-4 hrs). 

Imaging Hardware and Acquisition 

TIRF imaging experiments were performed on an inverted Nikon Eclipse Ti microscope 
using a 100X Nikon oil-immersion TIRF objective (1.49 NA). We used a 1.5X lens tube 
(Nikon) before the camera for a total 150X magnification. Micro-positioning was done using 
a motor-controlled stage (MS-2000, ASI). Images were acquired with an iXon Ultra 897 
EMCCD camera (Andor Technology). Fluorescently labeled proteins were excited with either 
a 488-, 561-, or 637-nm diode laser (OBIS laser diode; Coherent) controlled with a custom 
laser driver (Solamere Technology) using TTL signals from the camera. Lasers were 
collimated with the objective position at the approximate sample z-focus before every 
experiment. A single quad-band dichroic cube was used for all acquisitions 
(ZT405/488/561/640rpcv2, Chroma). Fluorescence emission was additionally filtered by: 
ET525/50M (488 excitation), ET600/50M (561 excitation), or ET700/75M (637 excitation) 
(Semrock). Microscope and accessory hardware were controlled using Micro-Manager, 
version 4.0 [109]. Experiments were conducted at 21-23 °C. Excitation conditions for each 
channel during background collection and kinetic measurements were as follows: PLCγ1-
mNG was excited at 488 nm (~0.45 mW at the objective), LAT-Ax555 was excited at 561 nm 
(~0.25 mW at the objective), and DAG sensor was excited at 637 nm (~0.2 mW at the 
objective). All channels were acquired with a 20 ms camera exposure and 500 EM gain, with 
5-10 s delays between time points for time-lapse measurements. Images for kinetic traces 
were taken with the objective focused on the center of the channel of interest. Background 
images (20-30) were collected before and after kinetic measurement to be used for field 
illumination (“shade”) correction (to remove aberrations and uneven TIRF illumination). 
Corrections and quantitative image analyses were done in MATLAB. 
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Lysate assay kinetic acquisitions 

All kinetic measurements were performed using imaging buffer containing 1X TBS, 2 mM 
MgCl2, 1 mM TCEP, 1 mM ATP, 1 mM sodium orthovanadate, 2 mM Trolox (UV treated), 10 
mM BME, 0.1 mg/mL casein (final concentrations after addition of analytes/sensors). Trolox 
(Sigma Aldrich) was prepared as previously described [110]. 1 µL of lysate and 200 nM DAG 
sensor were used unless otherwise stated. When adaptors were included 
(Grb2/Sos1/Gads/SLP-76), components were combined at stated concentrations and added 
as a single injection. DAG sensor was first incubated in channels for >10 min in imaging 
buffer to collect background images, allow nonspecific equilibration of the sensor at the 
membrane, and aid in finding the objective z-focus. Background measurements were taken 
for 30 s before carefully injecting lysate/DAG sensor solutions mid-acquisition (such that the 
objective focus was unaffected). Images were collected at 5-10 s intervals for as long as 1.5 
hrs. 

Image Analysis and Segmentation 

Quick visualizations and quality checks of TIRF images were done using FIJI [117]. For 
quantitation, images were imported into MATLAB using custom scripts. MATLAB was then 
used for cropping, field correction, patch segmentation, and subsequent trace analyses. For 
kinetic traces, the raw value for each timepoint is the median pixel intensity of the 
corresponding patch. Traces were then normalized to the time of injection (for each patch, 
separately). Calibrations were then applied as described below. For the creation of the LAT 
condensation mask (Fig 3.4D), the built-in MATLAB function imgaussfilt was used (σ = 1) 
and an empirically-determined threshold equivalent to the median (filtered) intensity was 
applied. All plotting was also done using MATLAB. 

Quantitative calibrations 

LAT-Ax555 density was calibrated as previously described [28]. Briefly, a series of SLBs with 
increasing LAT density were prepared. TIRF images were taken of each channel, followed 
immediately by Fluorescence Correlation Spectroscopy (FCS) measurements. Densities 
calculated from FCS fits were correlated with median TIRF intensities to create a calibration 
curve. 

For the conversion of raw fluorescence to DAG (in mol%), normalized DAG sensor traces 
were first cataloged for several experiments (with 1 µL PLCγ1-mNG lysate) of over multiple 
days (n = 10). Given that all experiments had approximately 2 mol% PIP2 in the bilayer (with 
some random error due to imperfect mixing, etc.), it was assumed the DAG sensor trace 
should plateau at 2 mol% DAG after full conversion of PIP2 (which was typically close to 20 
min of reaction time for this condition). The median for all cataloged traces (𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛.  𝑚𝑚𝑚𝑚𝑚𝑚.) was 
computed, and an “intensity to DAG” coefficient, 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷 , was defined and computed such that 
% 𝐷𝐷𝐷𝐷𝐷𝐷 =  𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛.  𝑚𝑚𝑚𝑚𝑚𝑚. × 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷 . The empirical value for 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷  was calculated to be 0.880±0.08 
(mol% DAG) / (norm. intensity) (1σ, n = 10), indicating an acceptable consistency in the 
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measurement. 

For PLCγ1-mNG density (in µm-2), TIRF images of PLCγ1-mNG were taken at varying 
concentrations that allowed for single molecule counting (at high laser powers). Images at 
the low laser power used for kinetic measurements (~0.45 mW at the objective) and images 
at high laser power (~10 mW at the objective) were taken in quick succession. The high-
power images were analyzed using the TrackMate plugin of FIJI in order to count the number 
of PLCγ1-mNG present [118]. The single molecule counts were then correlated with the low-
power images to calculate the approximate density of PLCγ1-mNG from their TIRF 
fluorescence intensity (background corrected). 

vobs measurements 

Given that PLCγ1 activation is likely a multistep process, the true enzymatic rate cannot be 
measured by bulk measurements (the measured PLCγ1-mNG density is not necessarily the 
active density). Instead, we defined an observed velocity, vobs, to be the linear steady-state 
rate of DAG production apparent in our data and utilized this for comparison of varied 
experimental configurations. To calculate vobs, the linear portion for every DAG curve (patch 
by patch) was determined by finding the best linear fit (highest r2) for a moving time-axis 
window. In detail: for every curve, in MATLAB, we performed a scan from t0.1 (time to reach 
10% of the maximum) to t0.9 (time to reach 90% of the maximum). Through linear regression, 
we calculated the slope and r2 correlation coefficient using a moving fixed-size time window 
across this section. The slope corresponding to the highest r2 was stored as the vobs for the 
curve in question. 
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3.6 Supplementary Figures 

 
Figure 3.7: Supplementary Figure 1. Full Western Blot of in vitro PLCγ1 phosphorylation. 
The full Western Blot from Figure 3.2C. Western blot probed for pY783 with a series of time points 
and different kinase conditions. Phosphorylation reactions were conducted in 10 µL volumes 
containing 1 µL of PLCγ1-mNG lysate each, kept at RT for the designated time, then quenched with 
SDS-PAGE loading buffer. Either no kinase, His6-Hck (FL), or BTK-KD (Kinase Domain) was used. 
While α-PLCγ1-pY783 antibody was used, other phosphoproteins were also detected in the 
background. pHck appears prevalently as a large band in lanes where it was included. Hck lanes also 
demonstrate a much higher general background, with many proteins in the lysate presumably being 
phosphorylated. In contrast, BTK-KD shows relatively specific activity for PLCγ1-Y783. 
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Figure 3.8: Supplementary Figure 2. Lysate assay with PIP2 sensor and pPLCγ1-mNG on a LAT-
free bilayer. 
A-B. Curves obtained from processing the raw median fluorescence from membrane patches, 
representing the amount of PIP2 in the bilayer (gold, left axes, top curves) and density of PLCγ1-mNG 
recruited (green, right axes, bottom curves) over 30 minutes for either a pLAT functionalized bilayer 
(A) or a LAT-free bilayer with pre-phosphorylated pPLCγ1-mNG (B). pPLCγ1-mNG was generated by 
incubating PLCγ1-mNG with 1 µM BTK-KD for 1 hr prior to injection. PLCγ1-mNG lysate (~1:1000 
dilution) with PIP2 sensor (Cy3-PLCδ-PH) was injected at t = 0 min. A decay in PIP2 sensor intensity 
correlates to hydrolysis by PLCγ1-mNG. PLCγ1-mNG density curves were attained using calibrations 
after normalization to the time of injection. Solid, darkly colored curves represent the median of all 
membrane patches analyzed. Lightly colored curves in the background represent the results from 
each single patch (n = 100). 
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Figure 3.9: Supplementary Figure 3. Validation of the lysate assay with the addition of the 
LAT:Grb2 condensate. 
A. Curves obtained from processing the raw median fluorescence from membrane patches, 
representing the amount of DAG in the bilayer (red, left axis, top curves) and density of PLCγ1-mNG 
recruited (green, right axis, bottom curves) over 60 minutes. The production of DAG slows 
considerably but eventually reaches the maximum possible 2% of the SLB. B. Western blot 
demonstrating the expression of Gads-FL and SLP76-FL in HEK293T cells. Gads and SLP76 containing 
lysates were used for (C) and Figure 3.5A-B. C. Relative vobs for PLCγ1-WT (with 2 µL of control 
lysate), for PLCγ1-Y783F mutant (with 2 µL of control lysate), and PLCγ1-Y783F mutant + 
Gads/SLP76 (1 µL lysate each). Data were normalized to the median value of PLCγ1-WT. There is not 
a demonstrative difference between the lysate batches, nor does the addition of Gads/SLP76 result 
in a strong activation of Y783F mutant. D. Relative vobs and relative PLCγ1-mNG densities for various 
conditions, with an increasing amount of purified Grb2. Data were normalized to the median value of 
the PLCγ1-only condition. Grb2 has been shown to have the ability to crosslink LAT on its own due 
to dimerization. 
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Chapter 4 

Differential KRas4B diffusion and binding 
of RBD as a function of PIP2 
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4.1 Abstract 
The activation of Ras, a small membrane-associated GTPase, is an essential step in cellular 
proliferation pathways, including in T Cells. Ras binds to guanine nucleotides and is activated 
by enzymes that encourage the exchange of GDP for GTP in the Ras active site. RasGTP then 
binds to downstream effectors such as Raf1, via its Ras Binding Domain (RBD). This pathway 
eventually leads to growth signals sent to the cell nucleus. Importantly, Ras exists as several 
isoforms that are simultaneously expressed but are trafficked and activated in different 
configurations. A key divergence is in the Hyper-Variable Region (HVR) of Ras linking the 
lipidated C-terminus to the globular active domain. In particular, the HRas isoform has a 
neutral HVR, and KRas has a polybasic HVR. The functional consequences of the identity of 
the HVR are not entirely understood, but there is a high likelihood it affects interactions with 
the membrane. With Ras signaling being a central paradigm, it is critical to understand novel 
mechanisms in its configurations and binding to effectors such as Raf1. Therefore, we 
performed in vitro Single Particle Tracking (SPT) experiments to study the diffusion of HRas 
and KRas on supported bilayers of varying anionic lipid content. Expanding on recent results 
from the field, we saw that KRas diffusion, but not HRas diffusion, decreased as a function of 
increasing PIP2 in the bilayer. Furthermore, by tracking the binding dynamics of RBD, we 
revealed a modest difference in Ras effector binding according to the diffusive state of Ras. 
This could present an innovative strategy for therapies targeting constitutively active 
mutants of KRas. 
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4.2 Introduction 
Early MAPK proliferation signals originate at the cell membrane, with a key mediator being 
the small GTPase Ras [80]. Ras is an incredibly influential small molecule, with mutations 
resulting in cancer at high occurrences. The intracellular globular G-domain of Ras is loaded 
with a guanine nucleotide that acts as a molecular switch, with GDP enforcing an inactive 
state and GTP facilitating a reconfiguration to an active state. RasGTP binds to downstream 
effectors such as Raf1 kinase, via its Ras Binding Domain (RBD), leading to a cascade of 
signals ultimately reaching the cell nucleus and resulting in cell growth. This makes 
constitutively active mutations of Ras particularly dangerous, as they will lead to continuous 
and malignant growth. The study of Ras configurations and their consequences for effector 
binding is thus of critical therapeutic interest. 

Ras is expressed as an array of isoforms with similar sequences but different functional roles 
[80-81]. Not all the mechanistic details are known in how these isoforms diverge, but an 
obvious suspect for the functional discrepancies is the Hyper-Variable Region (HVR) of Ras 
that connects the lipidated C-terminus of Ras to the G-domain. Two isoforms of interest, 
HRas and KRas-4B (henceforth, referred to as KRas), are both localized to the plasma 
membrane. However, the HVR of HRas is largely neutrally charged while that of KRas 
contains a polylysine region (six directly adjacent lysine residues). This clear variation in 
these two isoforms leads us to consider the effects of anionic lipids on the interaction of KRas 
with the membrane, which may contrast with what occurs for HRas. In addition, the KRas G-
domain has been suggested to interact directly with PIP2, a lipid with a strong negative 
charge due to its multi-phosphate headgroup [84]. Perhaps, KRas is either enriched in, 
excluded from, or exhibits functional differences in certain lipid domains of varying lipid 
content, in comparison to HRas which may be agnostic to anionic lipids [82-84].  

Indeed, a volley of recent research has revealed the dramatic impact of lipid composition on 
KRas diffusion, through in vivo investigation [119], in vitro reconstitution of KRas on 
supported lipid bilayers (SLBs) with complex compositions [86], and through in silico 
modeling [85]. These studies suggested an interaction of KRas with different lipid domains, 
and we expound on these findings through the use of Single Particle Tracking (SPT) of KRas 
on SLBs, with a focus on the PIP2 content in the bilayer. We detail the imaging requirements 
for tracking a quickly diffusing species such as Ras and warn of the dangers of artifacts. After 
removing imaging anomalies, we found KRas diffusion, but not HRas diffusion, decreased as 
a function of increasing PIP2 in the bilayer, indicating PIP2 content may play a role in KRas 
diffusion in various lipid domains. Furthermore, by tracking the binding dynamics of RBD, 
we revealed a modest difference in Ras effector binding according to the diffusive state of 
Ras. This could present an innovative strategy for therapies targeting constitutively active 
mutants of KRas. 
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4.3 Results and Discussion 

After correcting for imaging anomalies, SPT reveals KRas 
diffusion slows down as a function of PIP2 

While not an exact equivalent to the physiological system, functionalizing SLBs with Ras via 
maleimide coupling is an effective way to study the intracellular domain and its interaction 
with a fluid bilayer of definite composition. We generated minimally truncated HRas (Fig 
4.1A) and KRas (Fig 4.1B) isoforms,  maintaining the HVR, and linked them to SLBs with 
variable anionic content (ie. PIP2). Ras could diffuse laterally in this format, and we loaded 
it with dilute amounts of the nonhydrolyzable GTP-analog GppNP with a fluorescent label 
(GppNP-Ax647) allowing us to track Ras via TIRF imaging of the bilayer (Fig 4.1C). We could 
image a single Ras for seconds at a time, and by programmatically imaging thousands of 
molecules at different membrane positions, build distributions in order to extract diffusive 
states. Then, by varying the PIP2 content in the lipid bilayer, we could determine the effect 
of anionic lipids on HRas and KRas, expecting the polylysine region of KRas to change the 
resulting observations. However, first, we had to verify the experimental parameters used 
for tracking and correct for any artifacts. 

 
Figure 4.1:  HRas and KRas diffusion dynamics can be measured using Single Particle Tracking 
on Supported Lipid Bilayers of varying composition. 
A-B. Schematics summarizing the experimental measurement of Ras diffusion on supported lipid 
bilayers. HRas (1-C181) (A) and KRas-4B (1-C185) (B) were coupled to bilayers of varied 
composition using maleimide coupling to MCC-PE. Laterally diffusive Ras was tracked via TIRF 
imaging of dilute Ras loaded with GppNP-Alexa647. C. A demonstration of a single particle trajectory 
for KRas (GppNP-Ax647). A single TIRF image (16.5 µm x 16.5 µm) is shown with an overlay denoting 
the particle starting position (pink circle), direction of motion (pink arrow), and trajectory over 1.8 
s (multicolor line). The time of the trajectory is mapped to the colorbar below. All particles in this 
image were tracked, but only a single trajectory is shown for clarity. Lipid composition (in mol%): 
95:4:1 DOPC:PIP2:MCC-DOPE. Total KRas surface density: ~200 µm-2. Exposure time: 7 ms. 
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We previously validated SPT analysis of Ras on SLBs and determined Ras remained 
monomeric across numerous bilayer conditions [49]. We were surprised to find that, at the 
conditions initially used for this study, HRas and KRas both appeared to have two species 
diffusion after fitting their step-size distributions (Fig 4.2A-B). At first look, we attributed 
this to different modes of Ras interaction with the bilayer resulting in anomalous diffusion. 
The calculated population of the fast and slow state (α) also changed when varying the PIP2 
content of the bilayer, and there appeared to be differences in how this affected HRas and 
KRas. We spent a good deal of time trying to characterize these species and their change with 
lipid composition. But after much deliberation and many careful controls, we eventually 
concluded this observed two-species diffusion was, in fact, artifactual. 

 
Figure 4.2: Ras diffusion remains single species after correcting for observed erron-eous two-
species dynamics from motion blur artifacts.  
A-B. Step-size distributions for HRas (A) and KRas (B) from SPT of GppNP-Ax647 on a 0.5% PIP2 
bilayer with a 20 ms exposure time for measurement by an EMCCD camera. The true distribution is 
shown as a grey line in the background. Fits to single-species and two-species models of diffusion are 
shown overlayed (light blue and gold lines respectively). Coefficients resulting from the two species 
fitting are shown (D1, D2 – diffusion coefficients of the fast and slow species, respectively, α - fraction 
of the fast species). The step size (tstep) was 21.7 ms, 1.7 ms longer than the exposure time due to the 
read time of the camera. Lipid composition (in mol%): 98.5:0.5:1 DOPC:PIP2:MCC-DOPE. Total Ras 
surface density: ~200 µm-2. Total tracks acquired: >10,000 for each condition. C-D. Step-size 
distributions for HRas (C) and KRas (D) from SPT of GppNP-Ax647 with a 7 ms exposure time. The 
display of distributions/fits, lipid composition, and Ras density are the same as those in (A,B). 
Coefficients resulting from the single species fitting are shown (D – diffusion coefficient). The step 
size (tstep) was 7.9 ms, 0.9 ms longer than the exposure time due to the read time of the camera. E-F. 
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TIRF images (2.5 µm x 2.5 µm) of single particles (KRas GppNP-Ax647) are showing at subsequent 
time points for 20 ms (E) or 7 ms (F) exposures. The left side of the time axis (below the images) 
denotes the true start of the acquisition. The ticks of the time axis denote the true time the 
corresponding image (to the right) was fully acquired and stored. The time axes in (E) and (F) are 
equivalent. The third frame of (E) is denoted as being indicative of motion blur. 

Our initial methodology utilized the full field of view (FOV) of our EMCCD of 512 x 512 pixels, 
which due to the nature of CCD technology, limited our effective exposure time to a minimum 
of ~20 ms. This may sound like an appropriately short timestep and does indeed suffice for 
many more slowly-diffusing molecules [120]. Ras in our experiments, however, could 
(conditionally) diffuse as fast as MCC-DOPE (ie. a single lipid species) at speeds up to ~4 
µm2/s (Fig 4.2C) [121]. At these speeds, Ras can stochastically diffuse large enough distances 
in 20 ms (>1 µm) that it introduces motion blur into the image, smearing the particle across 
multiple pixels (Fig 4.2E). We found this was sufficient to cause systematic errors in our 
tracking algorithms. Motion blurring artifacts have been well-described in the last few years 
using computationally-generated SPT experiments [122]. A blurring coefficient (δblur) was 
mathematically defined as a function of the particle’s diffusion (D), exposure time (tE), 
emission wavelength (λ), and the objective’s numerical aperture (NA) such that  

𝛿𝛿blur ≈  �𝐷𝐷𝑡𝑡E
3
� NA
0.21λ

�
2

  (1). 

In our system, δblur at 20 ms exposure is ~1.66 (0.5 was described as “weak blur” and was a 
desirable target [121]). To achieve shorter exposure times and thus smaller δblur, we 
employed a “cropping mode” feature on our EMCCD to reduce our effective FOV to 150 x 150 
pixels. The smaller FOV lead to shorter read times for the camera and shortened the lowest 
possible exposure time to ~7 ms. Imaging at this shorter exposure time, while not achieving 
“weak blur”, would reduce δblur by close to 60% to ~0.98. We found this reduction in 
exposure time resulted in our observed Ras step-size distributions collapsing to  single 
species fits (Fig 4.2C-D) and to the abrogation of visible blurring in images (Fig 4.2F). While 
it reduced the trackable number of particles per image, experiments were simply lengthened 
appropriately to achieve similar numbers of tracked particles. Future studies could perhaps 
utilize the recent advances in “stroboscopic” illumination, where the on-time of the 
excitation laser is shortened instead of modulating the exposure time of the camera [123-
125]. However, for the purposes of this analysis, shortened exposure times were sufficient, 
and with this realization behind us, we moved onward to the measurement of Ras diffusion 
as a function of bilayer composition. 

On a 0.5% PIP2 bilayer, we already see differences in KRas and HRas diffusion, with KRas 
being 20% (~0.7 µm2/s) slower (Fig 4.3A-C). At increasing PIP2, this difference becomes 
more pronounced, with KRas diffusion slowing down to 2.55 µm2/s while HRas remains 
(within error) at its initial diffusion of ~4  µm2/s (Fig 4.3 C). This suggests the polylysine 
region of KRas near the membrane (Fig 4.1B)—the existence of which is the major difference 
between HRas and KRas—plays a role in modulating KRas diffusion. But is where the story 
ends? This difference in diffusion suggests varying engagement of KRas with the bilayer 
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which would likely affect downstream effectors, and with that in mind, we developed a 
platform for SPT of a repurposed Ras-activity sensor. 

 

 
 
 
 
 

Figure 4.3:  KRas, but not HRas, diffusion 
becomes slower as a function of PIP2 in the 
bilayer. 
A-B. Step-size distributions for HRas (A) and KRas 
(B) from SPT of GppNP-Ax647 on bilayers with 
varying PIP2 content. Distributions at 0.5 mol%, 1.0 
mol%, 2.0 mol%, and 4.0 mol% of PIP2 are shown 
(grey, blue, green, and gold respectively). Step size: 
7.9 ms. Lipid composition (in mol%): 95-98.5:0.5-
4:1 DOPC:PIP2:MCC-DOPE. Total Ras surface 
density: ~200    µm-2. Exposure time: 7 ms.  Total 
tracks acquired: >10,000 for each condition. B. A 
scatter plot summarizing diffusion coefficients 
extracted from fittings of a single species model to 
distributions in (A,B). Coefficients are shown as 
function of mol% of PIP2 in the bilayer with HRas 
denoted as grey circles and KRas as light blue 
squares. 
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Tracking of bound RBD reveals differences in binding 
kinetics depending on diffusive state of Ras 

To study the effect of Ras diffusion on its downstream binding partners, we utilized a well-
characterized construct in our lab, the Ras Binding Domain (RBD) of Raf1 [29, 57]. RBD 
preferentially binds the active (GTP-bound) state of Ras, and we have used it successfully as 
a readout for Ras nucleotide exchange activity by Sos1. Herein, we instead track the binding 
and diffusion kinetics of RBD itself (via a SNAPtag proxy labeled with Alexa 647) to 
determine whether the differential diffusion of KRas versus HRas has measurable functional 
consequences (Fig 4.4A). RBD binds transiently to active Ras, and we were successful in 
measuring both rare, longer events (Fig 4.4B, pink circle) and short events (Fig 4.4B, pink 
square), allowing us to measure the full range of RBD kinetics. 

 
Figure 4.4:  RBD can be tracked after binding to GppNP-loaded Ras via SNAP647 imaging. 
A. Schematic summarizing the experimental measurement of RBD diffusion after binding to Ras-
GppNP on supported lipid bilayers. Dilute concentrations of SNAP647-RBD(K65E) were flowed over 
Ras functionalized bilayers loaded with GppNP (dark). RBD binds reversibly to Ras but in a time 
frame long enough to capture using TIRF imaging. RBD diffuses along with Ras at approximately the 
same rate. B. A demonstration of a single particle trajectory for RBD (SNAP647) bound to KRas-
GppNP. A single TIRF image (13.5 µm x 13.5 µm) is shown with two overlays denoting particle 
starting positions for a short binding event (pink square) and a long binding event (circle). The 
direction of motion (pink arrows), and trajectories over 1.6 s (multicolor lines) are also shown. The 
time of the trajectories is mapped to the colorbar below. All particles in this image were tracked, but 
only a single short trajectory and a single long trajectory are shown for clarity. Lipid composition (in 
mol%): 95:4:1 DOPC:PIP2:MCC-DOPE. Total KRas surface density: ~200 µm-2. Exposure time: ~10 
ms. SNAP647-RBD concentration: ~200 pM (11.5% labeled). 
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Since our SPT of Ras and partner RBD both shared the same imaging channel, we did not 
measure their diffusion simultaneously. Through sequential back-to-back measurements of 
neighboring fluidic channels, we were able to show RBD diffusion tracked closely with that 
of both isoforms of Ras and across PIP2 concentrations (Fig 4.5A-B). The biggest difference 
is between RBD and KRas on a 0.5% PIP2 bilayer (Fig 4.5B), with RBD appearing to be close 
to 10% slower (in this experiment: DRBD, 0.5%PIP2 =  2.82 µm2/s, DKRas, 0.5%PIP2 = 3.02 µm2/s). 
This is likely due to minute differences in initial bilayer mobility between the channels of our 
chamber, rather than anything mechanistic. Regardless, RBD and KRas diffusion both slow 
down to ~1.7 µm2/s (Fig 4.5B). We were, therefore, confident we were measuring RBD 
bound to Ras (rather than non-specific events). 

 
Figure 4.5:  RBD diffusion follows Ras diffusion, while RBD dwell time and recruitment are 
affected by the diffusive state of Ras. 
A-B. Step-size distributions for HRas (A) and KRas (B) functionalized bilayers with varying PIP2 
content from SPT of SNAP647-RBD and GppNP-Ax647 (in separate, side-by-side channels). 
Distributions at 0.5 mol% and 4.0 mol% of PIP2 are shown via grey and gold lines respectively. 
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Distributions for RBD and Ras are shown as solid and dashed lines respectively. Step size: ~7.9 ms 
(FOV: 150x150 pixels). Lipid composition (in mol%): 95-98.5:0.5-4:1 DOPC:PIP2:MCC-DOPE. Total 
Ras surface density: ~200 µm-2. Exposure time: 10 ms. SNAP647-RBD concentration: ~200 pM 
(11.5% labeled). Total tracks acquired: >10,000 for each condition. C. Dwell time histogram for 
SNAP647-RBD. Distributions at 0.5 mol% and 4.0 mol% of PIP2 are shown via solid and dashed lines 
respectively. Distributions for HRas and KRas are shown as light grey and blue lines respectively. 
Average dwell times for each distribution (in s) are shown in the inset. Lipid composition and 
densities/concentrations are the same as those in (A,B). FOV: 256 x 256 pixels. D. Cumulative binding 
plot for SNAP647-RBD. Recruitment for 0.5 mol% and 4.0 mol% of PIP2 is shown via solid and dashed 
lines respectively. Recruitment for HRas and KRas is shown as light grey and blue lines respectively. 
Slopes of each recruitment profile, corresponding to binding frequency, are shown to the right of the 
plot (units: molecules·nM-1·um-2·s-1). Lipid composition and densities/concentrations are the same 
as those in (A,B). FOV: 256 x 256 pixels. 

Any effect on RBD binding to Ras is most prominently going to appear in its recruitment 
and/or binding lifetime to Ras. Thus, we measured the dwell time and cumulative binding of 
RBD to Ras for the various conditions (Fig 4.5 C-D). Since the positional accuracy of particles 
for these measurements is less critical, we increased our camera’s FOV to 256 x 256 pixels, 
allowing for the acquisition of many more binding events in the same time frame. We found 
that RBD dwell time and cumulative binding for HRas bilayers changed very little as a 
function of PIP2, while KRas bilayers showed a modest decrease in both when PIP2 was 
increased (Fig 4.5 C-D). This indicates a negative effect, however small, of PIP2 on the ability 
of KRas to bind to RBD. 

 
Figure 4.6: Ras effectors may be affected by changes in Ras-bilayer interactions related to 
bilayer composition. 
A-B. Schematics summarizing the experimental results of measuring Ras diffusion and RBD binding 
dynamics on supported lipid bilayers. KRas-4B is faster on low PIP2 bilayers (A) and slower on 
bilayers with higher PIP2 content (B). Changes in diffusion map to changes in RBD recruitment and 
dwell time. 
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4.4 Conclusion 
Ras, being a critical mediator of cellular proliferation across a multitude of cell lines, is of the 
utmost importance for study. We demonstrated above a simple yet effective methodology 
for the measurement of Ras and Ras-effector kinetics, with the ability to determine the 
effects of bilayer composition on these parameters. We used our supported bilayer platform 
and SPT via TIRF microscopy to expound on recent findings [85-86, 119] on the differential 
diffusion of KRas with respect to bilayer composition, determining PIP2 content in the 
bilayer to be a critical factor. Furthermore, we moved downstream and revealed a potential 
functional change in KRas according to its diffusive state. We found modest changes in the 
binding of RBD, a stand-in for Ras effectors (Fig 4.6). This could potentiate future therapeutic 
discoveries for constitutively active Ras mutations. 

4.5 Experimental Methods 
Protein purifications 

All purified constructs utilized pET28a (Novagen-Cat. # 69864-3) or pETM (similar to 
Addgene #108943) backbones under the T7 promoter for expression in E. Coli. Expression 
vectors were transformed into BL21-CodonPlus competent E. Coli (Agilent) and cultured in 
TB. T7 expression was induced using 2 mM IPTG (final concentration) (Gold Biotechnology) 
overnight (18-20 hrs) at 18 °C with shaking. Pelleted cells were resuspended in bacterial 
lysis buffer typically containing 75 mM NaH2PO4 pH 8.0, 300-700 mM NaCl, 2 mM beta-
mercaptoethanol (BME) (Sigma Aldrich), DNAse (Sigma Aldrich), 5-10 mM imidazole (Fisher 
Scientific), and 1-2 tablets of EDTA-free Pierce Protease Inhibitor Cocktail (A32965, 
ThermoFisher Scientific). All subsequent steps were done at 4 °C. Bacteria were lysed using 
an EmulsiFlex-C3 high-pressure homogenizer (Avestin). Subsequent steps are described for 
each protein below, with proteins generally stored at -80 °C in 20 mM Tris-HCl pH 7.4, 200 
mM NaCl, 1 mM TCEP (Sigma Aldrich), and 10% glycerol (MCB grade, Fisher Scientific) after 
a final SEC polishing step (Superdex 75 or 200 column, 120 mL bed volume, Cytiva) and flash-
freezing in liquid N2. 

HRas (1-181 aa, human), with the mutation C118S (leaving only C181 as a solvent-exposed 
cysteine), was expressed with a cleavable (TEV) N-terminal His6-tag and purified as 
described previously [120]. The N-terminal His6-tag was removed by TEV before use. 

KRas-4B (1-185 aa, human), also with the mutation C118S (leaving only C185 as a solvent-
exposed cysteine), was expressed and purified identically to HRas. 

SNAPtag-Raf1 RBD(K65E) (56-131 aa, human) was expressed with a cleavable (PreScission) 
N-terminal His6-GST fusion protein and purified as described previously [29]. The N-
terminal His6-GST was removed by PreScission before use. The protein was labeled with 
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SNAP-Surface Alexa 647 (S9136S, New England Biolabs) according to the manufacturer 
protocol, with the removal of excess dye by gravity desalting columns (PD10, Cytiva) and 
further by SEC via FPLC (Superdex 75 increase, 24 mL bed volume, Cytiva). 

SUV and SLB preparation 

Small unilamellar vesicles (SUVs) were made using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidomethyl)cyclohexane-carboxamide] (sodium salt) (MCC-PE), and L-α-
phosphatidylinositol-4,5-bisphosphate (Brain, Porcine) (ammonium salt) (Brain PIP2) 
(Avanti Polar Lipids). Lipids were purchased, stored (-20 °C), and mixed solubilized in 
chloroform. Lipids were mixed in an etched round bottom flask to yield 2 mg total lipid mass 
at a ratio of 95-98.5:1:0.5-4 (mol%) DOPC:MCC-PE:PIP2. After mixing well, lipids were dried 
by rotovap in a 37 °C water bath, kept under vacuum to dry an additional 10 min at room 
temperature, then dried under continuous N2 gas flow for >30 min. Lipid films were 
solubilized with 2 mL milli-Q water (to yield 1 mg/mL lipid concentration) and vigorously 
vortexed to ensure film liftoff. The cloudy aqueous lipid mixture was added to a 5 mL 
polypropylene tube and treated by 3 mm stepped tip sonication (Sonics VCX750 – 33% 
amplitude, 20 s sonication, 50 s rest, 5 cycles) while submerged in ice. The clarified SUV 
solution was then centrifuged at 20,000 g for 20 min to remove tip debris and any remaining 
large vesicles. The supernatant was stored at 4 °C in a sealed tube for use in experiments up 
to ~1 week. 

Precision Schott D 263 M glass coverslips (#1.5H, 75 x 25 mm, custom ordered from 
ThorLabs, similar to Part# CG15CH) were first cleaned with warm 2% Hellmanex III (Fisher 
Scientific) solution with bath sonication at 45 °C for 30 min, then 50% IPA:mill-Q with 
sonication for >15 min, then milli-Q with sonication for >15 min. Substrates were then 
etched using a 1:3 ratio of concentrated H2SO4 to 30% H2O2 (piranha etch) for 3 min (while 
still warm). Substrates were rinsed excessively with milli-Q water between each cleaning 
step and after etching. Substrates were stored in milli-Q at room temperature for use in 
experiments up to ~1 week. To build chambers for experiments, etched substrates were 
blow-dried under N2 and attached to simple 6-channel flow cells (sticky-Slide VI 0.4, ibidi). 
Chambers were cured at 37 °C for >10 min while pressed under a heavy weight. After curing, 
chambers were allowed to cool to room temperature for >10 min. 

Supported lipid bilayers were formed via vesicle rupture the day before imaging. The 1 
mg/mL SUV solution was diluted to 0.25 mg/mL in degassed 1X PBS. 100 µL of 0.25 mg/mL 
SUV (0.75X PBS) was added per chamber channel and incubated for >30 min at room 
temperature. Channels were washed via 1 mL degassed 1X PBS. SLBs were then blocked with 
1 mg/mL casein solution (Blocker Casein, Thermo Scientific) diluted in 1X PBS for 10 min. 
HRasC181 and KRasC185 were thawed, diluted in 1X PBS to 0.5 mg/mL, and incubated for 
1.5 hrs (yields ~200 µm-2 Ras density). Channels were washed with 1 mL 1X PBS, then MCC-
PE was quenched with 10 mM BME in 1X PBS for 10 min. Channels were exchanged to 1X 
HBS (30 mM HEPES, 250 mM NaCl), then incubated with 50 mM EDTA in 1X HBS for 5 min 
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(2 times) to strip any nucleotides bound to Ras. Channels were exchanged to reaction buffer 
(30 mM HEPES, 250 mM NaCl, 1 mM MgCl2), then incubated overnight at 4 °C with 1 µM of 
Atto488-GppNp in reaction buffer. 

Imaging Hardware and Acquisition 

TIRF imaging experiments were performed on an inverted Nikon Eclipse Ti microscope 
using a 100X Nikon oil-immersion TIRF objective (1.49 NA). We used a 1.5X lens tube 
(Nikon) before the camera for a total 150X magnification. Stage movement and automatic 
repositioning were done using a motor-controlled stage (MS-2000, ASI). Images were 
acquired with an iXon Ultra 897 EMCCD camera (Andor Technology). Fluorescently labeled 
proteins were excited with either a 488- or 637-nm diode laser (OBIS laser diode; Coherent) 
controlled with a custom laser driver (Solamere Technology) using TTL signals from the 
camera. Lasers were collimated with the objective position at the approximate sample z-
focus before every experiment. A single quad-band dichroic cube was used for all 
acquisitions (ZT405/488/561/640rpcv2, Chroma). Fluorescence emission was additionally 
filtered by: ET525/50M (488 excitation) or ET700/75M (637 excitation) (Semrock). 
Microscope and accessory hardware was controlled using Micro-Manager, version 4.0 [109]. 
Experiments were conducted at 21-23 °C. Excitation conditions for each channel during 
background collection and kinetic measurements were as follows: Atto488-GppNp-loaded 
Ras was excited at 488 nm (~0.45 mW at the objective); Ax647-GppNp-loaded Ras and 
SNAP647-RBD were excited at 637 nm (~20 mW at the objective). Atto488-GppNp-loaded 
Ras images were acquired with a 20 ms camera exposure and 500 EM gain, and 20-30 images 
at varying positions were collected for background measurement. Image sequences for SPT 
(637 channel) were acquired at the fastest camera exposure possible (150x150 px: 7 ms, 
256x256 px: 10 ms, 512x512 px: 20 ms) with frame transfer enabled (camera feature to 
increase framerate) and 1000 EM gain. Cropped imaging areas were achieved using the “ROI 
Cropping Mode” of the Andor EMCCD. The hexagonal field stop of the microscope was 
centered and closed around the cropped area in order to reduce unnecessary illumination of 
the bilayer outside the FOV. Image visualization and corrections were done in FIJI [117]. 

SPT experiments and Ras density measurements 

All single particle tracking (SPT) measurements were performed using imaging buffer 
containing 1X HBS, 1 mM MgCl2, 10 mM BME, 5 µM GppNP, 2 mM Trolox (UV treated), 0.32 
mg/mL glucose oxidase (22778.01, Biophoretics), 0.05 mg/mL catalase (C40-100MG, Sigma 
Aldrich), 20 mM D-glucose (Fisher Scientific), and 0.1 mg/mL casein (final concentrations 
after addition of analytes). Trolox (Sigma Aldrich) was prepared as previously described 
[110]. Excess Atto488-GppNp from overnight incubation was first washed out with 1 mL of 
reaction buffer (see bilayer preparation). 100 µL of 5 µM GppNP (unlabeled) in reaction 
buffer was immediately added, and Atto488-GppNp images (20-30 at various non-
overlapping positions) were acquired in quick succession for total Ras density 
measurements. Densities of Ras were estimated by establishing a calibration curve between 
TIRF average intensity and densities measured by fluorescence correlation spectroscopy 
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(FCS) (described previously [120]). The FOV was adjusted using cropping mode to 150 x 150 
pixels (diffusion measurements) or 256 x 256 pixels (dwell time/recruitment 
measurements). A 10 x 10 grid of bilayer positions (FOVs) was mapped out using Micro-
Manager with offsets of at least 80 µm, such that each bilayer section imaged would not be 
likely to exchange molecules [109]. 3 nM of Ax647-GppNp in imaging buffer (100 µL total) 
was added, and a streaming acquisition (shortest possible exposure time) was started 
immediately such that 1000 frames were programmatically acquired at each grid position. 
The first 200 frames at each position were removed using a custom FIJI script [117] to 
remove fast-bleaching fluorescent contamination. The script then stitched together the 
remaining 800 frames for each position with 5 blank images in between each subset (such 
that molecules from different positions could not mistakenly be joined as a single tracked 
particle). The TrackMate plugin of FIJI [118] was then used to build single particle tracks 
from the complete dataset, with a max gap of 1 frame between particle tracks. Tracks were 
filtered by a minimal mean velocity such that any remaining immobile particles were 
removed from the analysis. Track analysis and fitting were done in Igor Pro (WaveMetrics) 
as previously described [49]. 
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