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Cell polarization and migration are critical processes performed by immune cells to execute their
specialized functions. At the forefront of understanding these processes is the study of enzyme
that catalyze biochemical reaction that drive immune cell activation. In particular, the rapid
synthesis of the phosphatidylinositol (3,4,5)-trisphosphate (P1(3,4,5)P3) is an early step in many
immune cell signaling pathways. This reaction is catalyzed by phosphatidylinositol-3-kinase
(PI3K) and a collection of membrane associated factors that controlling the localization and
activity of PI3K. The proposed models in the field suggest that the activity of PI3K paralogs o
and [ are controlled through synergistic binding of a variety of membrane proteins including
GBGy, pY peptides, and the Rho-family small GTPases Racl or HRas. However, these previous
studies have not addressed which of these factors control PI3K localization to membranes and
which play a role in directly activating the enzyme. For my thesis, I used supported lipid bilayer
technology and Total Internal Reflection Fluorescence (TIRF) microscopy to study how different
PI3K regulatory factors drive the localization or activation of PI3Ka and PI3K. Using these
techniques, [ was able to determine that both PI3Ka and B are primarily localized to membranes
by RTK derived phosphorylated tyrosines (pY) peptides. Once bound to pY peptide, PI3Ka and

B can form secondary interactions with either HRas for PI3Ka or Rac1/GBGy for PI3K[. These
2



secondary interactions can enhance membrane binding dynamics of PI3K, but they are unable to
drive localization on their own, and instead must work in tandem with pY peptides. Finally, I
found that activation of PI3Ka and 3 by the combination of inputs is not proportional to the
change in localization, suggesting that synergistic activation of PI3K is driven by an allosteric

mechanism.
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Introduction

Immune cells respond to chemical cues in their environment, which are essential for
targeting and destroying invading pathogens. Cell signaling in immune cells requires
communication between cell receptors and peripheral membrane proteins on the intracellular
plasma membrane. The inner leaflet of the membrane in eukaryotic membrane-enclosed
organelles is composed of different kinds of phosphatidylinositol phosphate (PIP) lipids that
exist in different concentrations in various regions of the cell. At the plasma membrane,
phosphatidylinositol 3,4,5-trisphosphate (P1(3,4,5)P3) plays a critical role in driving cell
signaling, polarization, and migration (DiPaolo, 2006). P1(3,4,5)P; was first discovered in 1988
in neutrophilic white blood cells (neutrophils) (Whitman, 1988). Given its high negative charge,
PI1(3,4,5)Ps is thought to be involved in anchoring membrane proteins and controlling membrane
cytoskeleton interactions (Hammond, 2012). The lipid was also hypothesized to be
physiologically relevant due to its transient nature at the plasma membrane (Traynor-Kaplan,
1988), and researchers found that P1(3,4,5)Ps levels increased 40-fold directly following its
activation (Stephens, 1991). This synthesis of PI(3,4,5)P3 is now known to be a highly regulated
process performed by the phosphoinositide 3-kinase (PI3K) family of enzymes. PI3Ks are a
widely important intracellular lipid generator in cell biology. In neutrophils, PI3K activation and,
in turn, PI(3,4,5)P; synthesis is responsible for controlling the activity of many downstream
proteins that regulate important aspects of cell function, including cell proliferation and immune
cell migration (Stephens, 1993). PI3K is the second most mutated protein in cancer and as such
PI3K inhibitors have become a popular drug target in recent years (Nussinov, 2021;

Vanhaesebroeck, 2012).



The PI3K Class I family consists of three paralogs, a, B, 6, and vy, and each serves
different roles in the regulation of cell functions (Vanhaesebroeck, 1997). Given the non-
redundant roles of the four paralogs (Vanhaesebroeck, 2010), understanding the differences in
the kinetics of activity in each paralog is important to being able to design drug therapies that
target specific cell signaling functions. We chose to focus on PI3K paralogs a and 3 because they
both associate with phosphorylated tyrosine (pY) peptides but are synergistically activated by
different regulatory factors. By contrast, PI3Ky does not interact with pY peptide and is directly

activated by membrane anchors heterotrimeric G-protein, GBGy.

PI3Ka and P are engaged downstream of receptor tyrosine kinases (RTKs) via binding of
the p85 regulatory subunit by their SH2 domains with pY peptides. These tyrosine residues are
auto phosphorylated upon dimerization of receptor tyrosine kinases (RTKSs), leading to an
increase in PI3K activity above basal level (Rameh, 1995; Houslay, 2016; Lee, 2011). Both
paralogs also contain a conserved Ras/Rho binding domain (RBD) capable of binding to specific
small GTPases and stimulating activity (Rodriguez-Viciana, 1996). Small GTPases are signaling
proteins that are spatiotemporally activated and serve as molecular scaffolds to recruit other
proteins to them during cell response to a stimulus, quickly triggering the desired response
(Olayioye, 2019). Without small GTPase activity, a slow response or non-responsive state is
observed. Small GTPases turn PI3K “ON” by binding to guanosine triphosphate (GTP),
transitioning PI3K to its active conformation. When the small GTPase binds guanosine
diphosphate (GDP), it dissociates from PI3K, transitioning the kinase to its “OFF” or inactivate
state (Worthylake, 2000). PI3Kf preferentially binds to Rac family small GTPase 1 (Racl),

while PI3Ka binds preferentially to the GTPase HRas, from "Harvey Rat sarcoma virus"



(Fritsch, 2013; Rodriguez-Viciana, 1994; Buckles, 2017). Additionally, the PI3KJ} paralog has
another small molecule hypothesized to be involved in its kinetic activity, the heterotrimeric G-
proteins, GBGy (Thomason, 1994). GBGy is activated downstream of G-protein coupled
receptors (GPCRs) (Hamm, 1998). GPCRs provoke cellular responses, regulating many cellular
functions by coupling to G-proteins, which transduce the incoming signal into the cell. GBGy
subunits are membrane anchored proteins that have been shown to directly interact with the

catalytic subunits of PI3K (Maier, 2000). (Figure 1)
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Figure 1. PI3K signaling inputs and function.

Graphical depiction of the PI3K signaling inputs Heterodimeric G-Proteins GGy, active (GTP

bound) Small GTPases, and Receptor Tyrosine Kinase (RTK) associated Phosphorylated Tyrosine

(pY) Peptides. All these signaling inputs lead to activity of PI3K, which catalyzes the conversion

of PI(4,5)P- to PI(3,4,5)P; using a phosphorous group from ATP.

We hypothesize that the activity of PI3K at the plasma membrane is regulated by two

mechanisms. The enzyme must be targeted to the plasma membrane in a process called
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localization, and then the enzyme must be turned on in a process called activation. Historically,
the field of biochemistry and molecular biology has studied PI3K using low resolution kinetic
assays performed in solution that lack the complexity of the plasma membrane environment.
Although these studies have shown what molecules are necessary for catalytic activity of PI3K,
they have not been able to decipher how various factors control localization verses activation.
Previously, it was shown that the activity of the p110a and B catalytic subunits decreases when
the p85 regulatory subunit is coexpressed in cells, suggesting that PI3Ka and B may be
autoinhibited (Yu, 1998). When RTKs’ pY peptides compete with the p110 catalytic subunit to
bind the nSH2/cSH2 domains of the p85 regulatory subunit, the autoinhibitory contacts are
released, and PI3K activity increases dramatically (Nolte, 1996; Hon, 2011). We hypothesize
that pY-membrane binding is the critical first step of PI3K activation in the a and B paralogs,
relieving PI3K autoinhibition and allowing for further binding to other membrane anchored
proteins. Previous studies have utilized pY peptides in solution, however, this is not the
physiologically relevant configuration. To address this limitation of previous work, we
covalently attached our pY peptides directly to supported lipid bilayers (SLBs). These are
synthetic membranes designed to mimic the plasma membrane and can be created using different
lipid compositions to test for specific interactions that are hypothesized to regulate PI3K
localization and activity. In order to visualize the activity of PI3K on our SLBs, we used Total
Internal Reflection Fluorescence (TIRF) microscopy, a form of microscopy used to reduce
background noise and focus specifically on proteins on or near a membrane surface. We use two
different visualization methods, one for measuring PI3K localization and one for measuring
PI3K activation. To visualize localization of PI3K, we chemically labeled the kinase in a site-

specific manner using a fluorescent dye (Figure 2). To visualize PI3K activation, we measured
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PI1(3,4,5)P3 production using a fluorescent biosensor that binds specifically to PI(3,4,5)P3’s

phospholipid head.

Dysa7 4

—

TIRF microscopy

Figure 2. In vitro methods for visualizing PI3K localization

PI3K recruitment to supported lipid bilayers is visualized using total internal reflection
fluorescence (TIRF) microscopy. Supported lipids bilayers are composed of DOPC, MCC, and
PIP; lipids.

For a biosensor to be effective, it must bind specifically to the target protein and not
interfere with other protein interactions in the experimental system. In addition, the biosensor
should display rapid association and dissociation kinetics when interacting with the target
protein. There are a number of PI(3,4,5)P3 specific PH domains that are currently available for
use as biosensors (Pilling, 2011). Among them are, general receptor for phosphoinositides 1
(Grpl) and Bruton’s Tyrosine Kinase (Btk). While Grpl is more commonly used as a PI3K
fluorescent biosensor, both biosensors can be used to visualize the abundance and spatial

distribution of PI(3,4,5)P; lipids created downstream of PI3K. While Grpl is a specific biosensor
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for PI(3,4,5)P3 lipids, our lab has found that it is not an ideal sensor due to the fact that we
suspect it is able to bind two PI(3,4,5)P3 phospholipid heads. This results in more complex
reaction kinetics that are not necessarily reflective of the kinetics of the lipid kinase. Ideally, our
PI1(3,4,5)P3 biosensor would only be able to bind one phospholipid head per one biosensor

molecule.

Bruton’s tyrosine kinase (Btk) is a cytoplasmic tyrosine kinase involved in B cell signal
transmission that has been shown to be activated only after being localized to the plasma
membrane by PI(3,4,5)P3 (Hendricks, 2014). Btk has been used in multiple published papers as a
measure of PI(3,4,5)P3 production, including the work done by the Jean Chung lab (Chung,
2019) who provided us with our Btk construct plasmid. Similarly to Grpl, Btk binds
phospholipid heads of P1(3,4,5)P; via its PH domain, but we have mutated our Btk construct to
only bind one phospholipid head. As a result, we expect to see more easily interpretable kinetics

data using the Btk biosensor.

Purification and characterization of the Btk sensor was the first step toward reaching my
goal of measuring the kinetics of PI3Ko/p localization and activity. In order to understand the
activation and localization of PI3K, we must be able to distinguish between the kinetics of PI3K
under different conditions, requiring biosensors that produce accurate and reproducible data.
Using a combination of biosensors and fluorescently labeled proteins, we will look at the kinetics
of each small molecule involved in localization and activation of each of these two paralogs. Our
new keat values can be used to measure changes in PI3K catalytic activity with the addition or

removal of supporting molecules. This kinetic data will allow us to determine which membrane
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tethered regulatory proteins are involved in activation, which are involved in localization, and
which might be involved in both (Figure 3). Using a combination of SLBs with TIRF
microscopy experiments, we will visualize the effects of GBGy subunits, Racl, and pY in the 8

paralog, and HRas and pY in the a paralog.

pY

Figure 3. Hypothesized model for binding dynamics of PI3K Paralogs o and .

First, PI3K autoinhibition is relieved by binding of a pY peptide, then secondary interactions with
small GTPases and GBGy can enhance the membrane binding dynamics of PI3K.

Through an assortment of bulk activity assays and single molecule data we conclude that
pY is necessary for the localization of both PI3Ka and 3, and small GTPases, and in PI3Kj

GBGy, work synergistically with pY to synergistically activate these PI3K paralogs.
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Results

Validation of the PI(3,4,5)P3 sensor, Btk.

Our previous experiments measuring production of PI(3,4,5)P3 on supported lipid
bilayers using Grpl have shown an accumulation of molecules on the sensor, potentially due to
this biosensor being able to bind two phospholipid heads. This accumulation causes the
fluorescence intensity measured to continue to increase even after the reaction has gone to
completion, leading us to search for a new biosensor. Before beginning our larger goal of
characterizing PI3K kinetics, we tested the potential of Btk as an alternative biosensor. For a
biosensor to be effective, it must have a fluorescent tag for visualization. Fluorescent tags come
in many different forms, but the most common variation is a fluorescent protein built into the
plasmid construct. Fluorescent proteins exhibit fluorescence when exposed to light in a certain
range of wavelengths when aromatic side chains phenylalanine, tyrosine, or tryptophan are
excited (Springer, 2000). While fluorescent proteins are convenient and easy to use, they also
have some downsides including being relatively large, which can sterically hinder the function of
small proteins. They are also less versatile because they are single color because on the
genetically encoded sequence. For my research, I used the SNAP tag fusion protein which can be
chemically labeled with fluorophores derivatized with a benzyl guanine chemical (Erdmann,
2019). Compared to fluorescent proteins, the SNAP tag dyes have a higher fluorescence quantum
yield , slower photobleaching kinetics, and can be versatilely labeled with different colored dyes,
thus increasing the flexibility of our experiments (Cole, 2014). Since the construct acquired from
the Chung Lab at Colorado State was tagged with a green fluorescent protein (eGFP), I first used

molecular cloning techniques to design a plasmid construct with a SNAP-tag construct in place

15



of the fluorescent protein. Then, I recombinantly expressed the SNAP-tagged Btk and measured

its specificity for PI(3,4,5)P; lipids.

We first confirmed the specificity of Btk-SNAP-Ax488 (Btk-Ax488) for PI(3,4,5)P3 over
PI(4,5)P> on supported lipid bilayers (SLBs) using Total Internal Reflection Fluorescence (TIRF)
Microscopy (Figure 4A). Still images show minimal binding of Grp1-Ax555 or Btk-Ax488 to a
98% DOPC, 2% PI(4,5)P> membrane, but strong binding of both Grp1-Ax555 and Btk-Ax488 to
a 98% DOPC, 2% PI(3,4,5)P3 membrane. We can thus confirm the specificity of both of these

biosensors for P1(3,4,5)P3 lipids.

To confirm the binding of PI(3,4,5)P; to Btk and visualize this binding, previous x-ray
crystallography research has produced a structure of the Btk PH domain in complex with inositol
(1,3,4,5)-tetrakisphosphate (Ins(1,3,4,5)P4) (Baraldi, 1999). Ins(1,3,4,5)P4 and PI(3,4,5)P3 bind
to Btk in the same interactions, but Ins(1,3,4,5)P4 is easier to crystalize than the more complex
PI1(3,4,5)Ps. The crystal structure solved by Baraldi et al. shows the PH domain of the Btk protein
in blue and the phospholipid head of Ins(1,3,4,5)P4 in its spherical form bound to the construct

(Figure 4B).

We measured the bulk recruitment of each biosensor to a 98% DOPC, 2% PI(3,4,5)P3
SLB membrane by using TIRF-M to visualize the intensity of the Grp1-Ax555 and Btk-Ax488
fluorescence over time. As opposed to our previously collected data, where Grpl1-Ax555
fluorescence intensity never reaches a plateau, when using the Btk-Ax488 biosensor we see a

clear plateau in the fluorescence intensity when the reaction is complete (Figure 4C).
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In order to see if the two biosensors show differences in membrane binding behavior, we
visualized single molecule binding events to measure three properties: diffusion, dwell time, and
on rate of each biosensor. We study diffusion to make suggestions about how molecules are
bound to the membrane. To do so, we find the probability of each experimental group traveling a
certain distance across the membrane over each camera frame. This distance travelled is
described as the step size. If a molecule is held in place on the membrane by one tether point, it
will have more flexibility to move than a molecule that is held at two tether points. This can
allow us to better understand the binding kinetics of proteins on the membrane. If PI3K[3 can
bind two pY peptides, we would expect to see this phenomena (of more PI3K molecules bound
to two pY peptides) occur more frequently as the concentration increases, since the pY peptides
will become more closely packed on the membrane. This would lead to a characteristically
slower moving group of doubly tethered molecules. If we do not see this slower moving group of
molecules, we suggest that each PI3Kbeta only binds one pY peptide. Since we see no
significant difference between the diffusions of the two biosensors, we suggest that both
biosensors bind the same number of phospholipid head groups, assumed by our construct
mutation to be one (Figure 4D). Dwell time measures the time a fluorescent molecule remains
on the membrane between binding and leaving. In our experiments, we see that the dwell time of
the Grp1-Ax555 biosensor (11=0.383 s, 12=0.945 s) is significantly longer than the dwell time of
Btk-Ax488 (11=0.197 s, 1=0.2004 s) (Figure 4E). Additionally, we see a greater number of
cumulative binding events per second for the Btk-Ax488 biosensor than Grp1-Ax555, leading to
a greater on rate for the Btk-Ax488 biosensor (kon=2.51 molecules/nmepm?ssec) than Grpl-

Ax555 (kon=0.69 molecules/nmeum?esec) (Figure 4F). Put together, this single molecule data
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tells us that the Btk-Ax488 biosensor binds PI(3,4,5)P3 more efficiently but doesn’t dwell as long

as Grpl1-Ax555, leading Btk to be an effective alternative PI(3,4,5)P3 sensor to Grpl.
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Figure 4. Btk acts as an alternative PI(3,4,5)P3 sensor to Grpl1.

(A) Representative TIRF-M images showing the localization of 50 nM Grp1-Ax555 and 50 nM
Btk-SNAP-Ax488 on supported lipid bilayers containing 2% PI(4,5)P, or 2% PI1(3,4,5)P3, plus
98% DOPC. (B) Crystal structure of Btk PH domain binding to Ins(1,3,4,5)P4. X-ray crystal
structure determined by Baraldi et al. (Baraldi, 1999) (BTK, E41, PDB 1B55). (C) Bulk
membrane absorption kinetics for 10 nM Btk-Ax488 and Grp1-Ax555 measured on membrane
containing PI(3,4,5)P;. Membrane composition: 98% DOPC, 2% PI(3,4,5)Ps. (D) Representative
step-size distributions measured in the presence of either 50 pM Grp1-Ax555 or 50 pM Btk-
Ax488. (E) Single molecule dwell time distributions measured in the presence of 50 pM Btk-
Ax488 or 50 pM Grpl-Ax555. (F) Binding frequency calculated from cumulative number of
binding events seen at 25pM, 50pM, and 100pM Btk-Ax488 or Grpl-Ax555. The slopes from the
cumulative membrane binding events were plotted against the concentration of Grp1-Ax555 and
Btk-Ax488 to calculate the following association rate constants: kon(Grpl-Ax555) = 0.69 Grpl
nM! um? sec™!; kon(Btk-Ax488): 2.51 molecules nM™!' pm sec’!. Membrane composition for

single molecule measurements: 98% DOPC, 2% PI(3,4,5)Ps.
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PI3K] localization is mediated by pY peptides, Racl, and GBGy.

Studies done previously in the literature have shown pY peptides, Racl GTPase, and
GPBGy to be involved in the activity of PI3Kp (Houslay, 2016, Worthylake, 2000, Maier, 2000).
To determine how these membrane tethered proteins regulate localization of PI3KJ, we used
fluorescent sensors to detect PI3K[3 at the membrane in the presence of our membrane anchored

proteins of interest.

Given that pY peptides are membrane bound in the cell, we hypothesized that at a single
molecule concentration regime of Dy647-PI3Kf3 (~10pM) we would see variation in the levels of
recruitment of the fluorescently labeled Dy647-PI3Kf3 between a sample with no pY peptides
present, pY peptides in solution, and pY peptides membrane tethered. For the membrane tethered
pY peptides, we covalently attached pY peptides to supported membranes using cysteine reactive
maleimide lipids. A still image was captured of each sample (no input, pY in solution, and
membrane tethered pY) for comparison. Consistent with our hypothesis, we see little to no
binding in both the no input and pY in solution images, while in the pY tethered we see a
significant increase in binding of Dy647-PI3KJ (Figure SA). This suggests that membrane
bound pY is able to localize Dy647-PI3Kf3 and is more effective at recruiting it than pY in

solution.

We follow this up by exploring if this localization of Dy647-PI3Kf by pY is
concentration dependent by increasing the density of pY peptides tethered to the membrane. As
the concentration of pY peptide tethered to the membrane increases, we observed an increase in

the density of membrane bound Dy647-PI3Kp (Figure 5B). This tells us that recruitment of

19



Dy647-PI3Kp has a positive correlation to pY peptide concentration. If this positive correlation
was due to Dy647-PI3Kp3 being able to bind more pY peptides at higher concentrations of pY,
we would expect to see a significant difference in the step-size diffusion of the three samples at
varying concentration. Instead, we see similar diffusions between the three sample groups
(Figure 5C), suggesting that this concentration dependent increase in localization is not due to
one Dy647-PI3Kf being bound multiple times, but due to more pY peptides being bound to

Dy647-PI3Kp at the membrane.

To determine the impacts of the addition of small GTPase Racl on the activity of Dy647-
PI3K[, we membrane tethered recombinantly purified Racl to the membrane by the same
process as the pY peptides. Just as we had seen previously, pY peptides show localization of
Dy647-PI3K 3 without any additional small molecules. However, upon the addition of small
GTPase Racl, the membrane intensity of Dy647-PI3KJ} increases, showing synergistic
localization by the two small molecules (Figure 5D). We see a distinct difference in the step size
diffusion populations between the experiment with just pY and the pY+Rac1(GTP) experiment
(Figure SE), telling us that this increase in localization is due to one Dy647-PI3K3 molecule

binding both a pY peptide and a Racl, decreasing its ability to diffuse across the membrane.

The last regulatory factor shown to be involved in the activity of PI3Kp is the
heterodimeric G-protein GBGy (Thomason, 1994). To determine how GBGy impacts PI3K[3
localization, we performed two different experiments with GBGy and compared them against a
control membrane with only tethered pY. As previously described, pY peptides tethered to the

membrane are sufficient for PI3K[ recruitment. When farnesyl GBGy is passively absorbed into
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the supported membrane in addition to the tethered pY, we see a two-fold increase in localization
of Dy647-PI3Kp. This tells us that GBGy and pY act synergistically to localize Dy647-PI3KJ to
the membrane. In our third experiment, we see that when pY peptides are in solution and GBGy
is passively absorbed into the membrane, there is no localization of Dy647-PI3Kf (Figure SF).
This tells us that without tethered pY peptides, GBGy alone is unable to localize Dy647-PI3Kf3,
but when tethered pY peptides are present at the membrane, it is able to support localization. To
determine whether this synergy is due to GBGy and pY jointly binding Dy647-PI3Kf3, we
measured the step size diffusion of the pY tethered Dy647-PI3K[ and the pY tethered with
GBGy-Dy647-PI3K. Just as we saw with Racl, there are two distinct populations in the step
size diffusions (Figure 5G), suggesting to us that the increase we see in localization is due to a
GPBGy and a tethered pY both binding one PI3KJ}, once again decreasing its ability to diffuse

across the membrane.
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(A) Representative TIRF-M images showing the membrane localization of 5-10 pM Dy647-PI3Kf

on membranes containing either no inputs, pY(solution), or pY (tethered). Supported membrane

for pY tethered was conjugated with 10 uM pY peptide before adding Dy647-PI3Kp. pY(solution)

=10 uM. (B) Relationship between the total pY solution concentration (x-axis) used for covalent

conjugation and the fold increase in density of membrane bound Dy647-PI3KB (y-axis). Fold

increase calculated from increase in bulk membrane localization kinetics of Dy647-PI3Kf3

showing single molecule displacements from > 500 Dy647-PI3Kf particles (>10,000 steps)

measured on SLBs at pY surface densities of OuM, 10uM, 20puM, and 30uM. (C) Single molecule

dwell time distributions measured in the presence of 10uM pY, 20uM pY, and 30uM pY. (D)

Bulk membrane recruitment dynamics of 10 nM Dy647-PI3K 3 measured in the presence of pY

alone or pY-Rac1(GTP). (E) Step size distributions showing single molecule displacements from

> 500 Dy647-PI3Kp particles (>10,000 steps) in the presence of either pY alone or pY-
Racl(GTP). (F) Bulk membrane recruitment dynamics of 10 nM Dy647-PI3Kf3 measured in the
presence of either pY alone, pY-GBGy, or pY(solution)-GBGy. pY(solution) = 10 uM. (G) Step

size distributions showing single molecule displacements from > 500 Dy647-PI3Kf particles

(>10,000 steps) in the presence of either pY alone or pY-GBGy. Membrane composition: 96%
DOPC, 2% PI(4,5)P2, 2% MCC-PE.
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Active Racl and GBGy work synergistically with pY to activate PI3K.

To show the distinct difference between Racl working to localize and activate PI3Kf3, we
designed an experiment to separate these two activities. This dual measurement experiment
measures both the localization of Dy647-PI3Kf and the activation of PI3Kf by measuring
production of PI(3,4,5)P; using the Btk sensor we have purified and tested. In order for PI3Kf to
perform its catalytic activity of converting PI(4,5)P to PI(3,4,5)P3, ATP must be present to
donate a phosphate for phosphorylation of the 3’ position of the inositol ring of PI(4,5)P>. For the
first 5 minutes after Dy647-PI3Kp is added to the tethered Racl containing bilayer, there will be
no ATP present, so we expect to see little to no production of PI(3,4,5)P3, but we do expect to
see localization of Dy647-PI3Kf3 at the membrane. After 5 minutes the ATP is added, and if the
Racl is activating the Dy647-PI3K, we expect to see a jump in production of PI(3,4,5)P3, but
little to no additional localization. In the first experiment, we are using the inactive, GDP bound,
form of Racl. This inactive form shows some localization and activation during the first five
minutes, but when ATP is added and catalysis begins, we see a small increase in localization and
a gradual increase in PI(3,4,5)P3 production over the following 20 minutes (Figure 6A). In the
second experiment, we see a similarly low level of activation during the first 5 minutes, but
greater localization by the active, GTP bound, Rac1. This confirms that active Racl and tethered
pY peptides are synergistically localizing Dy647-PI3Kp, but as we expected, without ATP they
are unable to activate Dy647-PI3K. After ATP is added, we see a small jump in localization of
Dy647-PI3Kf and a fast increase in production of PI(3,4,5)P3 (Figure 6A). Collectively these
data tell us that tethered pY peptides and Racl in its GTP bound form synergistically activate

Dy647-PI3Kp, leading to production of P1(3,4,5)Ps.
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The Btk biosensor was also used to measure the activation of PI3K[3 by GBGy using a
single biosensor experiment to measure the production of PI(3,4,5)P3 lipids. At a 2nM
concentration, tethered pY peptides are able to activate production of PI(3,4,5)P3 lipids, without
any additional small molecules. When GBGy is passively absorbed into the supported membrane
along with the tethered pY peptides, only a 20pM concentration of PI3KJ is needed to see the
same levels of production of PI(3,4,5)P3 lipids, 100 times lower of a concentration. Using the
same low concentration of PI3Kf} and pY peptides, almost no PI(3,4,5)P; production can be seen
(Figure 6B). This data confirms our hypothesis that GBGy and pY peptides synergistically

activate PI3Kp, highlighting the important role GBGy plays in activation.
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Figure 6. Active Racl and GBGy work synergistically with pY to activate PI3K}.

(A) Dual color TIRF-M imaging showing 2 nM Dy647-PI3Kf} localization and catalysis measured
in the presence of 20nM Btk-SNAP-Ax488, and cartoon schematic illustrating method for
measuring Dy647-PI3Kf} activity in the presence of either pY-Racl(GDP) or pY-Racl(GTP).
Phase 1 of the reconstitution involves membrane equilibration of Dy647-PI3Kf in the absence of
ATP. During phase 2, 1 mM ATP is added to stimulate lipid kinase activity of Dy647-PI3Kp. (B)
Kinetics of PI(3,4,5)P3 production monitored in the presence of 20nM Btk-Ax488 and either 20
pM or 2nM Dy647-PI3K, and cartoon schematic illustrating method for measuring Dy647-PI3Kf3
activity in the presence of either pY- GPGy. Membrane contained either pY or pY-GBGy.
Membrane composition: 96% DOPC, 2% P1(4,5)P», 2% MCC-PE.

PI3Ka localization is mediated by pY peptides and HRas.
For our remaining paralog, PI3Ka, the literature has shown pY peptides and HRas

GTPase to be involved in activity (Lee, 2011, Buckles, 2017). Just as in the PI3Ka experiments,
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we used a combination of bulk and single molecule TIRF-M visualization studies to test their

roles individually as well as synergistically in the activity of PI3Ka.

Similarly to PI3Kf, we see no binding events in both the no input and pY in solution still
images of Dy647-PI3Ka at a single molecule concentration regime, while when the pY is
tethered with maleimide reactive lipids, we see some binding events of Dy647-PI3Ka (Figure
7A). We conclude from this data that membrane bound pY is also able to localize Dy647-PI3Ka

and recruits more Dy647-PI3Ka than pY in solution does.

We hypothesized that this recruitment by pY of PI3Ka to the membrane would be
similarly concentration dependent to PI3Ka. Following this hypothesis, we saw as the
concentration of pY peptide tethered to the membrane was increased, a resulting linear increase
in the density of membrane bound Dy647-PI3Ka could be seen (Figure 7B), telling us that this
recruitment also has a positive correlation to pY peptide concentration. We also see similar step
size diffusion population distributions for Dy647-PI3Ka measured across multiple pY membrane
surface densities (Figure 7C), allowing us to conclude that this concentration dependent increase

in localization is due to more PI3Ka molecules singly binding pY peptides at the membrane.

To measure the localization of PI3Ka by the small molecule GTPase HRas, we
membrane tethered recombinantly purified HRas to the membrane using the same process as the
pY peptides and Racl. The pY peptides alone show localization of Dy647-PI3Ka without the
addition of more small molecules, but after the addition of small GTPase HRas, we see a three-

fold increase in the membrane intensity of Dy647-PI3Ka (Figure 7D), showing synergistic
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localization by these two small molecules. The difference in the we see in the dwell times of
Dy647-PI3Ka between these two experiments (Figure 7E) tells us that the increase in
localization is due to Dy647-PI3Ka binding both pY peptides and HRas, keeping the molecules

tethered to the membrane for longer periods of time.
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Figure 7. PI3Ka localization is mediated by pY peptides and HRas.

(A) Representative TIRF-M images showing the membrane localization of 5-10 pM Dy647-
PI3Ko on membranes containing either no inputs, pY(solution), or pY(tethered). Supported
membrane for pY tethered was conjugated with 10 uM pY peptide before adding Dy647-PI3Ka..
pY(solution) = 10 uM. (B) Relationship between the total pY solution concentration (x-axis) used
for covalent conjugation and the fold increase in density of membrane bound Dy647-PI3Ka (y-
axis). Fold increase calculated from increase in bulk membrane localization kinetics of Dy647-
PI3Ka showing single molecule displacements from > 500 Dy647-PI3Ka particles (>10,000
steps) measured on SLBs at pY surface densities of OuM, 10uM, 20uM, and 30uM. (C) Single
molecule dwell time distributions measured in the presence of 10uM pY, 20uM pY, and 30uM
pY. (D) Bulk membrane recruitment dynamics of 10 nM Dy647-PI3Ka measured in the presence
of pY alone or pY-HRas(GTP). (E) Step size distributions showing single molecule displacements
from > 500 Dy647-PI3Ka particles (>10,000 steps) in the presence of either pY alone or pY-
HRas(GTP). Membrane composition: 96% DOPC, 2% PI1(4,5)P,, 2% MCC-PE.

Active HRas works synergistically with pY to activate PI3Ka.

To measure the activation of PI3Ka by HRas, we used the Btk biosensor to measure the
production of PI(3,4,5)P3 lipids. Using the same maleimide reactive cysteine lipid tethers used to
tether pY, HRas was tethered to the membrane. When pY alone is tethered to the membrane we

see production of P1(3,4,5)P; lipids without the addition of any other small molecules (Figure 8),
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suggesting that pY on its own is able to activate PI3Ka. The addition of inactive, GDP bound,

HRas lead to a small increase in P1(3,4,5)P3 production of about 2000 lipids per micron squared,

but the rate of production remains slow. However, when we tether active, GTP bound, HRas, we

see much faster production and an almost two-fold increase in P1(3,4,5)P3 production for the just

pY experiment (Figure 8). This suggests that active HRas and pY peptides synergistically

activate PI3Ka. The increase that we see when HRas(GDP) is added to the membrane suggests

to us that HRas is able to activate PI3Ka at some level in its GDP bound form, but this binding is

not nearly as efficient as in the HRas GTP bound form.
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Figure 8. Active HRas works synergistically with pY to activate PI3Ka.

Kinetics of PI(3,4,5)P; production monitored in the presence of 20nM Btk-Ax488 and 2nM

Dy647-PI3Ka, and cartoon schematic illustrating method for measuring Dy647-PI3Kf activity in

the presence of pY-HRas(GTP). Membrane contained either pY, pY-HRas(GDP), or pY-
HRas(GTP). Membrane composition: 96% DOPC, 2% PI(4,5)P,, 2% MCC-PE.
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Discussion

Previous research into the effects of inputs on PI3K activity haven been done using
solution-based assays, preventing researchers from directly visualizing signaling inputs. While
these experiments were vital for identifying which inputs activate PI3K, they were unable to
discern how these inputs localize the primarily cytoplasmic PI3K to the plasma membrane
following receptor activation. Our TIRF-M experiments, coupled with anchoring the inputs in
physiologically relevant conformations, allowed us to visualize the effect that molecular inputs

had on PI3Ka and f localization and activation.

In order to accurately and reproducibly analyze production of PI(3,4,5)P; production, we
first designed and tested the Btk biosensor as an alternative to the previously used Grpl lipid
sensor. We determined that Btk did not share the sensor accumulation issue that we had
experienced with Grpl when the Btk sensor plateaued at its maximum fluorescence intensity and
did not continue to increase after reaction completion. Btk was shown to bind PI(3,4,5)P3 by the
same single binding pocket mechanism to Grpl due to their similar population distributions of
their step size diffusions. When designing efficient biosensors, we are searching for sensors that
bind our molecules of interest specifically as well as bind quickly and leave quickly, so as to not
interfere with any other binding events that may be occurring on the membrane. Following this
criteria, Btk has a shorter dwell time and faster on rate (kon) than Grp1, allowing us to conclude

that Btk is a more efficient biosensor for measuring P1(3,4,5)P3 lipid production.

The importance of pY peptides in the activation of PI3K has long been hypothesized, but

in this study, we aimed to show the impacts of tethering phosphorylated tyrosines to the plasma
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membrane. This membrane tethering has allowed us to reproduce a real cell environment in vitro
more accurately, as pY peptides are derived from membrane tethered proteins such as RTKs.
While it has been hypothesized that pY peptides in solution are able to bind to PI3K and disrupt
its autoinhibition, these peptides floating in solution lack the ability to localize PI3K to the
membrane. As we hypothesized, membrane tethered pY showed an increase in localization
events at a single molecule regime of both PI3Ka and B over pY in solution. Based on our bulk
recruitment data, membrane recruitment by pY peptides of PI3Ka and B is concentration
dependent. The membrane diffusivity of PI3K at varying concentrations of pY peptides was
indistinguishable, suggesting that each of these PI3K paralogs can bind only one pY peptide,
given the strong correlation between diffusivity of tethered membrane proteins and valency of

membrane interactions (Ziemba and Falke, 2013; Hansen, 2022).

Small GTPases Racl and HRas are unable to recruit their PI3K paralog without the
presence of pY. Once bound to pY, however, we have shown that Racl and HRas can both
enhance activation of PI3K, supporting the hypothesis of an autoinhibited PI3K (Rodriguez-
Viciana, 1996; Yu, 1998). Based on our bulk activity measurements of PI3K, HRas and Racl
GTPases in their active form increase localization of PI3Ka and B, respectively, in the presence
of membrane tethered pY. The increase in PI3Ka localization by HRas is greater, about a 3-fold
increase, than the 0.3-fold increase in PI3KJ’s localization by Racl. We attribute the decrease in
membrane diffusivity that we see when Racl is added to a membrane containing tethered pY
peptides to PI3K 3 being doubly bound, once by pY and once by Racl, at the membrane. A
similar result can be seen in the increase in PI3Ka dwell time on a tethered pY membrane, where

the addition of HRas leads PI3Ka to remain at the membrane for a longer period of time. A
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doubly bound PI3K protein would have less freedom of movement across the membrane, leading

it to show lower diffusivity and dwell time.

The activity of PI3K[3 has been shown to be increased by another small molecule, GBGy,
but only in the presence of pY peptides (Maier, 2000). In line with these results, our bulk
localization study shows that tethered pY and GBGy synergistically localize PI3Kp at a two-fold
higher level than tethered pY alone. However, when GBGy is present on the membrane and pY
peptides are only present in solution, GBGy is unable to recruit PI3Kf to the membrane.
Additionally, the decrease in membrane diffusivity of PI3K[ when both tethered pY and GBGy
are present suggests a similar doubly bound mechanism of PI3KJ} localization, where it binds to

one GPGy and one pY peptide.

Building on our localization findings, we also show that GTPases Racl and HRas are
involved in the activation of their PI3K paralogs, catalyzing the conversion of PI(4,5)P> lipids to
PI1(3,4,5)Ps lipids. Based on the results of our dual measurement experiment for PI3Kf3,
Rac1(GDP) displays slow kinetics, while when it switches conformations to Rac1(GTP), it
displays fast kinetics. Since Rac1(GTP) is its active conformation, we would expect it to show
this more effective activation of PI3KJ} than in its inactive conformation. However, our data does
suggest that even Rac1(GDP) is still able to bind and activate PI3K, just at a slower rate.
Similarly, HRas(GDP) displays slow reaction kinetics, reaching only about half the total lipids
produced by HRas(GTP) over the given time period. The production of P1(3,4,5)P3 by
HRas(GTP) is much more rapid, displaying fast kinetics, and reaches its maximum lipid

production in about half the time needed by its inactive form. Addition of GBGy shows
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additional synergistic activation of PI3K3 when combined with tethered pY. Together these two
molecules activate 20pM PI3Kp at the same activity level as a much more highly concentrated
2nM PI3K sample that only has tethered pY peptides present. When GTPases in their active
forms or GBGy are added to a pY tethered membrane, the resulting change in PI3K activation
seen is significantly greater than the change in PI3K localization that these molecules show. This
result suggests to us that the activation of both PI3Ka and [ are allosterically modulated,

improving PI3K’s catalytic efficiency.

The activities of PI3K paralogs a and B are controlled by a highly regulated pathways
involving a combination of synergistic localization and activation by a number of small
molecules. Our results visualize the novel finding that in both PI3Ka and f, initial binding by
RTK derived phosphorylated tyrosine residues is the primary driving step in localization. After
relieving the autoinhibition through this binding of pY peptides, PI3K undergoes an allosteric
change in conformation, allowing PI3Ka to bind the small GTPase HRas, and PI3KJ to bind the
small GTPase Racl or the heterotrimeric G-proteins, GBGy. Binding by these two proteins
shows synergistic membrane localization, but most importantly dramatic synergistic activation of

PI3K.
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Methods

Cloning and purification of Btk construct.

The Btk PH domain protein construct used in our research was supplied by the Jean
Chung lab at Colorado State University. This construct contained a C-terminal EGFP tag, which
was removed and replaced with a SNAP tag using standard molecular cloning procedures. The
coding sequence of the new his6-SUMO-Btk(PH-TH)-RKSS-SNAP was expressed in BL21 Star
E. coli bacteria were grown at 37°C in Terrific Broth to an OD600 of 0.8. These cultures were
then shifted to 18°C for 1 hr, induced with 0.1 mM IPTG, and allowed to express protein for 20
hr at 18°C before being harvested. Cells were lysed into 50 mM NazPOs (pH 8.0), 400 mM
NaCl, 0.5 mM BME, 10 mM Imidazole, and 5% glycerol. Lysate was then centrifuged at 16,000
rpm (35,172 x g) for 60 min in a Beckman JA-17 rotor chilled to 4°C. Lysate was circulated over
5 mL HiTrap Chelating column (GE Healthcare, Cat# 17-0409-01) charged with 100 mM CoCI2
for 1 hr. Bound protein was then eluted with a linear gradient of imidazole (0—500 mM, 8 CV, 40
mL total, 2 mL/min flow rate). Peak fractions were pooled, combined with SUMO protease Ulpl
(50 pg/mL final concentration), and dialyzed against 4 L of buffer containing 20 mM Tris (pH
7.0), 200 mM NaCl, and 0.5 mM BME for 16—18 hr at 4°C. Dialysate-containing SUMO cleaved
protein was recirculated for 1 hr over a 5 mL HiTrap Chelating column. Flow-through containing
Btk-SNAP was then concentrated in a 5 kDa MWCO Vivaspin 20 before being loaded on a
Superdex 75 size-exclusion column equilibrated in 20 mM Tris (pH 7.0), 200 mM NaCl, 10%
glycerol, 1 mM TCEP. Peak fractions containing Btk-SNAP were pooled and concentrated to a
concentration of 30 uM before snap-freezing with liquid nitrogen and storage at —80°C. For
labeling, Btk-SNAP was combined with a 1.5x molar excess of SNAP-Surface Alexa488 dye

(NEB, Cat# S9129S) and incubated overnight at 4°C. The next day, Btk-SNAP-AF488 was
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desalted into buffer containing 20 mM Tris [pH 8.0], 200 mM NacCl, 10% glycerol, 1 mM TCEP
using a PD10 column. The protein was then spin concentrated using a Amicon filter and loaded
onto a Superdex 75 column to isolate dye free monodispersed Btk-SNAP-AF488. The peak

elution was pooled, concentrated, aliquoted, and flash frozen with liquid nitrogen.

Preparation of supported lipid bilayers.

We generated small unilamellar vesicles (SUVs) for this study using the following lipids:
1,2-dioleoyl-sn-glycero-3-phosphocholine (18:1 DOPC, Avanti # 850375C) and 1,2-dioleoyl-sn-
glycero-3-phospho-L-serine (18:1 DOPS, Avanti # 840035C), L-a-phosphatidylinositol-4,5-
bisphosphate (Brain P1(4,5)P>, Avanti # 840046X), and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-carboxamide] (18:1 MCC-PE,
Avanti # 780201C). We report lipid mixtures as percentages equivalent to molar fractions.

We dried a total of 2 pumoles lipids and combined with 2 mL of chloroform in a 35 mL
glass round bottom flask. This mixture was dried to a thin film via rotary evaporation where the
glass round-bottom flask was kept in a 42°C water bath. Following evaporation, we placed the
lipid-containing flask in a vacuum desiccator for a minimum of 30 minutes. We obtained a
concentration of 1 mM of lipids by resuspending the dried film in 2 mL of 1x PBS [pH 7.2] We
generated 30-50 nm SUVs from this 1 mM total lipid mixture via extrusion of the resuspended
lipid mixture through 0.03 um pore size 19 mm polycarbonate membrane (Avanti #610002) with
filter supports (Avanti #610014) on both sides of the PC membrane.

We prepared coverglass (25x75 mm, IBIDI, cat #10812) for depositing of SUV’s by first
cleaning with heated (60-700C) 2% Hellmanex III (Fisher, Cat#14-385-864) in a glass coplin jar.

We incubated hot Hellmanex III and coverglass for at least 30 minutes before rinsing with

35



MilliQ water. The cleaned glass was then etched with Piranha solution (1:3, hydrogen
peroxide:sulfuric acid) for 10-15 minutes. We rinsed and stored the etched coverglass in MilliQ,
then rapidly dried our MilliQ-rinsed etched coverglass slides with nitrogen gas before adhering
to a 6-well sticky-side chamber (IBIDI, Cat# 80608). SLBs were created by flowing 100-150 uL
of SUVs with a total lipid concentration of 0.25 mM in 1x PBS [pH 7.2] into the IBIDI chamber.
Following 30 minutes of incubation, supported membranes were washed with 4 mL of 1x PBS
[pH 7.2] to remove non-absorbed SUVs. To block membrane defects, we prepared 1 mg/mL beta
casein (Thermo FisherSci, Cat# 37528) by clarifying with a centrifugation step at 4°C for 30
minutes at 21370 x g before passing through 0.22 pm syringe filtration unit (0.22 um PES
syringe filter (Foxx Life Sciences, Cat#381-2116-OEM)). We then blocked membrane defects

with 1 mg/mL beta casein (Thermo FisherSci, Cat# 37528) for 5-10 minutes.

Protein conjugation of maleimide lipid.

After blocking SLBs with beta casein, membranes were washed with 2 mL of 1x PBS
and stored at room temperature for up to 2 hours before mounting on the TIRF microscope. Prior
to single molecule imaging experiments, supported membranes were washed into TIRF imaging
buffer. Supported membrane containing with MCC-PE lipids were used to covalently couple
either HRas(GDP) or phosphotyrosine peptide (pY). For these SLBs, 100 uL of 30 uM HRas
diluted in a 1x PBS [pH 7.2] and 0.1 mM TCEP buffer was added to the IBIDI chamber and
incubated for 2 hours at 23°C. The addition of TCEP significantly increases the coupling
efficiency. SLBs with MCC-PE lipids were then washed with 2 mL of 1x PBS [pH 7.2]

containing 5 mM betamercaptoethanol (BME) and incubated for 15 minutes to neutralize the
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unreacted maleimide headgroups. SLBs were washed with 1 mL of 1x PBS, followed by 1 mL of

kinase buffer before starting TIRF-M experiments.

Activation of Racl/HRas on supported lipid bilayer.

Membrane conjugated Rac1(GDP) was converted to Racl1(GTP) using either chemical
activation (i.e. EDTA/GTP/MgCl,) or with a guanine nucleotide exchange factor (GEF).
Chemical activation was achieved by first washing supported membranes containing maleimide
conjugated Rac1(GDP) with buffer containing 1x PBS, 1 mM EDTA, 1 mM GTP. This was
followed by a 15-minute incubation to exchange GDP for GTP. To stably associate the newly
loaded GTP with Racl, chambers containing the SLBs were subsequently washed with 1x PBS,
I mM MgClo, 50 uM GTP. A complementary approach that utilizes GEF-mediated activation of
Racl was achieved by flowing 50 nM P-Rex1 DH-PH domain over Racl1(GDP) conjugated
membranes. The mechanism of activation was carried out in buffer containing 1x PBS, 1 mM
MgClo, 50 uM GTP. Both methods of activation yielded the same density of Rac(GTP) and
have been validated in previous studies. The same methods can be used in the activation of

HRas, replacing the GEF P-Rex1 with Soscat.

Single molecule TIRF microscopy.

We performed all supported membrane TIRF-M experiments in buffer containing 20 mM
HEPES [pH 7.0], 150 mM NaCl, 1 mM ATP, 5 mM MgCl, 0.5 mM EGTA, 20 mM glucose,
200 pg/mL beta casein (ThermoScientific, Cat# 37528), 20 mM BME, 320 pg/mL glucose

oxidase (Biophoretics, Cat #B01357.02 Aspergillus niger), 50 ng/mL catalase (Sigma, #C40-
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100MG Bovine Liver), and 2 mM Trolox (Cayman Chemicals, Cat#). Perishable reagents (i.e.

glucose oxidase, catalase, and Trolox) were added 5-10 minutes before image acquisition.

Microscope hardware and imaging acquisition.

Single molecule imaging experiments were performed at room temperature (23°C) using
an inverted Nikon Ti2 microscope using a 100x oil immersion Nikon TIRF objective (1.49 NA).
We controlled the x-axis and y-axis position using a Nikon motorized stage, joystick, and
Nikon’s NIS element software. We also controlled microscope hardware using Nikon NIS
elements. Fluorescently labelled proteins were excited with one of three diode lasers: a 488 nm,
561nm, or 637 nm (OBIS laser diode, Coherent Inc. Santa Clara, CA). The lasers were controlled
with a Vortran laser launch and acousto-optic tuneable filters (AOTF) control. Excitation and
emission light was transmitted through a multi-bandpass quad filter cube (C-TIRF ULTRA HI
S/N QUAD 405/488/561/638; Semrock) containing a dichroic mirror. The laser power measured
through the objective for single particle visualized was 1-3 mW. Fluorescence emission was
captured on an iXion Life 897 EMCCD camera (Andor Technology Ltd., UK) after passing
through one of the following 25 mm Nikon Ti2 emission filters mounted in a Nikon emission

filter wheel: ET525/50M, ET600/50M, and ET700/75M (Semrock).

Kinetics measurements of PI(3,4,5)P;3 lipid production.

The phosphorylation of P1(3,4,5)P3 was measured on SLB’s formed in IBIDI chambers
visualized via TIRF microscopy. We monitored the production of PI(3,4,5)P3 produced by
solution-based PI3K at the membrane surface using solution concentrations of 50 nM Alex555-

Grpl or 50 nM Alexa488-Btk. Reaction buffer for experiments contained 20mM HEPES (pH
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7.0), 150 mM NaCl, 5 mM MgCl,, 1 mM ATP, 0.1mM GTP, 0.5 mM EGTA, 20 mM glucose,
200 pg/mL beta casein (Thermo Scientific, Cat# 37528), 20 mM BME, 320 ug/mL glucose
oxidase (Serva, #22780.01 Aspergillus niger), 50 pg/mL catalase (Sigma, #C40-100MG Bovine
Liver), and 2 mM Trolox (UV treated, 15-90 minutes; REF). In experiments where inactive
GTPases were coupled to membranes, no ATP was present in the reaction buffer and the 0.1 mM
of GTP was replaced with 0.1 mM of GDP. Perishable reagents were added 5-10 minutes before

image acquisition.

Image processing, statistics, and data analysis.
Image analysis was performed on Imagel/Fiji and MatLab. Curve fitting was performed

using Prism 9 (GraphPad).

Single particle tracking.

Single fluorescent Dy647-PI3Kp/a0 complexes bound to supported lipid bilayers were
detected using the ImageJ/Fiji TrackMate plugin (Jagaman et al. 2008). Data in the form of a
.nd2 file was loaded in ImageJ/Fiji and the LoG detector was used to identify particles based on
brightness and their signal-to-noise ratio. After locating every fluorescent particle, we used the
LAP tracker to generate particle trajectories that followed molecular displacement over time.
Particle trajectories were then filtered based on track start (remove particles at start of movie),
track end (remove particles at end of movie), duration (particles track > 2 frames), track
displacement, and X - Y location (removed particles near the edge of the movie). The output files
from TrackMate were then analyzed using custom MATLAB scripts to calculate the single

molecule dwell time of membrane bound Dy647-PI3K/a.. To calculate the dwell times of
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membrane bound proteins, we generated cumulative distribution frequency (CDF) plots with the
bin size set to image acquisition frame interval (e.g. 52 ms). The logio(1-CDF) was plotted as a
function dwell time and fit to a single or double exponential curve. For the double exponential
curve fits, the alpha value is the percentage of the fast-dissociating molecules characterized by
the time constant, ti. A typical data set contained dwell times measured for n = 1000 trajectories
repeated as n = 3 technical replicates.

Single exponential model: f(t) = e(~*/®

Two exponential model: f(t) = a * eC¥/™ (1 — ) * e(*/72)

To calculate the diffusion coefficient (um?*/sec), we plotted probability density (i.e.
frequency divided by bin size of 0.01 um) versus step size (um). The step size distribution was

fit to the following models.

r2
Single species model: f(r) = er e~ Gp?)

TZ T2
D10 4 (1— a)ﬁe_(m)
2

Two species model: f(r) = a—— e
2D1T
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