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Abstract

Kinetic Resolution of Ras and Arf Signaling Activation by GEFs
on Lipid Membranes and in Live Cells

by
Meredith Gahn Triplet
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jay T. Groves, Chair

Supported Lipid Bilayers (SLBs) were used in conjunction with live cell measurements to better
understand the activation of the small GTPases Ras and Arf by their respective GEFs SOS and
ARNO. As membranes are crucial for proper activity of these proteins, membrane-mimic assays
were developed to quantitatively measure Kinetic activation and diffusion.

Ras is a common oncogene that causes over 30% of all human cancers. SOS is one of Ras’s
activators that is known to play a role in the determination of cell fate. The kinetics of SOS
activation of Ras was explored in four of the following chapters. Firstly, a nanofabricated
platform that incorporated liposome reaction chambers was developed to assess the kinetic
activity of single SOS molecules with single nucleotide turnover resolution. Secondly, the
measurement of SOS motility and localization in live cells contributed to an understanding of
SOS regulation through a stable membrane-associated active state, resulting in SOS endocytosis.
Thirdly, a small molecule inhibitor was shown to impact SOS binding to Ras in vitro and in vivo.
Fourthly, the impact of oncogenic Ras mutations on SOS binding and catalytic rate was
measured. These results provide insight in the tight regulation of SOS-mediated Ras activation,
and also suggest future directions for rational drug design targeting oncogenic Ras.

Arf is a small GTPase in the Ras family that regulates membrane traffic and morphology. In the
final chapter, a SLB-based assay for GEF-mediated Arf recruitment studies was developed and
diffusion rates for both Arf-GTP and Arf-GDP were measured, demonstrating a well-defined,
transient membrane interaction for Arf in the GDP state. Additionally, autoinhibition of the GEF
ARNO was confirmed. This yields new insight into the mechanism of Arf signaling initiation.

Overall, it is demonstrated that in vitro membrane mimics, in combination with live cell
measurements, provide a powerful tool to gain a deeper understanding about the activity and
regulation of GTPases.
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CHAPTER 1.
INTRODUCTION

Membranes are a crucial component for cell function, as they provide a barrier between the cell
and its outside environment; are the entry point for food, information, and pathogens; and are the
focal point for many essential protein systems, including actin and signaling synapses (Fig 1.1).
Despite their importance, technological developments that allow for quantitative imaging of
membrane and membrane-mimic environments are relatively recent, and are still under
development.

Lipid membranes

Protein interactions with membranes

Lipids themselves are a key component of signaling reactions. The composition of lipids at
different cell membranes (such as the endoplasmic reticulum, the Golgi apparatus, and
endosomes) are unique and well-maintained®. In particular, PIP lipids (phosphoinositides) are
often produced or destroyed during signaling in a highly regulated fashion. At least 10 distinct
binding domains, including the PH domain, bind to PIP lipids which can recruit proteins to the
membrane for further signaling in an environmentally sensitive way® . In addition to somewhat
transient associative reactions, proteins often undergo a post-translational modification step that
covalently tethers a lipid group to a specific residue in a way that controls their localization®.
Additionally, lipids can play a role in bringing proteins in a pathway into the same vicinity to
increase the chance of a protein-protein interaction. Although this is often simplified as being a
benefit of moving to 2D space instead of 3D space, in fact the reduction of diffusion rate at the
membrane is likely to ameliorate any gains in reduced exploration space®. In order for
confinement to the membrane to provide a benefit a kinetic advantage, the reactions would likely
need to be confined to a defined reaction area.

Theoretical and experimental exploration of 2D diffusion

One key feature of lipid membranes is their fluidity. In cells, lipids are constantly exchanging;
this feature is important for the interaction of proteins as described above. One simple way to
explore the diffusion of proteins associating with or embedded in a lipid bilayer is the simple 2D
random walk. This method assumes that a protein takes a step of a given size within a given unit
of time, either up, down, left, or right. It assumes that the protein has no bias in its movement,
but that the direction is strictly random, and that proteins do not interact with other elements in
the environment. These restrictions are not well matched in a live cell environment, but
nevertheless, the 2D random walk is a helpful starting point to consider the diffusion of a protein
in a membrane given their simpicity’. This treatment yields the famous diffusion equation:

(r?) = 4Dt



Fick’s equations, show below, define the flux of particles diffusing from a high density area to a
low density area after the release of a boundary. They highlight the relationship between time
and curvature of the concentration gradient, or how quickly the high density region drops off to a
low density region’. Although still simplistic and analytical, this model can provide some
intuition of signaling propagation from one high-density region of the cell to another, low-
density region.

Net Fl = DaC
et Flux J, = o
ac_DaZC
ot ox2

A more general analytical treatment to explore membranes utilizes concepts from
hydrodynamics. This treats the membrane as a fluid, and ignores lipid structure. The main
benefit is that is allows for the application of continuum physics. This approximation is sufficient
for proteins that are large as compared to the membrane scale (at least three times bigger), and
the dynamic timescale is limited to a minimum of 20 collisions per step. There is also a loss of z-
directional variations, and other structural components. One interesting conclusion comes up in
the application of fluid dynamics to 2D. In 3D, the Einstein-Stokes relation is as follows:

kT

f

f = 6nn,r

But, in 2D, it is impossible to define f in an infinitely extending fluid due to differing constraints

of symmetry. A secondary length dimension is required. However, it does highlight the fact that
a cylindrical body moving through a 2D fluid accumulates neighboring particles in its motion®°.

Free volume theory, as described by Cohen and Turnbull, operates under the assumption that a
particle must move out of the way before another can take its place. This theory is best suited for
molecules no larger than lipids, and can well explain the correlation between a fluid’s viscosity
and density. In this case, fluctuations are considered to be through either activation or
redistribution of energy. It separates transport into the two steps of formation of a free volume,
and then translational movement to fill the gap. Diffusion is summed for each free volume as
shown in the equation below:

D= [ DGl

Several additional excellent sources that fully treat the topic of membrane diffusion exist'® 2.

Diffusion can also be measured experimentally using Fluorescent Recovery After
Photobleaching (FRAP), which is a bulk method to look at the rate of diffusion of fluorescent



particles into a bleached region (Fig 1.6, bottom). Single Particle Tracking (SPT) is a technique
that finds and tracks individual fluorescently labelled particles on a membrane surface. SPT
requires a large number of traces in order to make statistical conclusions, but it permits the
imaging of slow diffusion, as well as different diffusive species in the same sample. Finally,
Fluorescent Correlation Spectroscopy (FCS) measures diffusion by imaging the fluctuations of
intensity as fluorophores move into and out of a confocal focus point. The intensity readout is
then autocorrelated and fit in order to obtain diffusion information. FCS boasts less phototoxicity
than either SPT or FRAP, but it is somewhat computationally intensive. FCS has better time
resolution than SPT, but worse spatial resolution; it also can be harder to identify multiple
species using FCS. In conclusion, all of these theoretical and experimental techniques are
complimentary.

Lipid rafts: a theory reconsidered

Although it is well accepted that lipids play an important role of signaling, the exact mechanism
of lipid function has been an ongoing conversation. One topic of debate is the role of lipid
microdomains in the generation of signaling platforms. Early results used detergents and
solubility features to identify distinct membrane components, and suggested that these “lipid
rafts” of cholesterol-associating, liquid-ordered phase membrane could serve as protein-binding
domains™. The imaging of large-scale membrane domains with distinct compositions are known
to exist in GUVs and other model membrane environments suggested a large scale for these lipid
rafts'. As the ability to image membranes at high resolution increased, highly dynamic, ver
small microdomains were proposed to replace the initial concept of larger, static lipid rafts*® .
However, new results exploring lipid diffusion'® and lipid distribution in live cells*® %
challenged even this role of lipid rafts, leading to a new conversation about the true role of lipids
in signaling processes. A new consensus is emerging around the important role of the actin
cytoskeleton in the localization of proteins to membranes, the formation of small microdomains,
and the constrained motion of lipids. The actin network and its tethered protein partners can be
understood to associate with other proteins that form signaling reaction chambers which confine
signaling partners, restrict diffusion, and incorporate an enrichment of key signaling lipids®* ",
These small-scale, protein-enriched environments likely play a key role in signaling
outcome®*,

Membrane-bound signaling proteins

The Ras superfamily

Ras is arguably the best-understood membrane-bound signaling protein. The Ras superfamily of
small GTPases is composed of five subfamilies: Ras, Rho, Rab, Ran, and Arf**. Initial research
into the Ras family yielded the insight that these highly regulated proteins are active when bound
to GTP, and inactive when bound to GDP®. These G-proteins can cycle between active and
inactive states, providing a molecular switch (Fig 1.2). GTPase activation is catalyzed by
Guanine nucleotide Exchange Factors (GEFs) (originally called Guanine Nucleotide Release
Proteins (GNRPs), and the deactivation is catalyzed by GTPase Activating Proteins (GAPS)



(given that these proteins activate the GTPase activity of GTPases)®®. As their name suggests,
these GTPases do in fact hydrolyze GTP — but at a rate that is quite slow without the support of
an effector to complete the stabilization of a negative charge via an “arginine finger” provided by
the GAP that inserts into the active site®’. GTPases are also mostly membrane-associating, and
depend upon the membrane for proper function®. Ras, Rho, and Rab proteins are prenylated,
which localizes these proteins onto membranes. The highly hydrophobic lipid addition can be
shielded by a Guanine Dissociation Inhibitor (GDI) to solubilize the protein®. (The name came
from the initial discovery of the role of GDIs, rather than their solubilizing properties.)

The functional roles of the subfamilies within the Ras superfamily are quite diverse, but all play
an important role in cell viability. The Rho family functions in actin polymerization and
morphology, as well in cell-cycle progression*. Rab protiens highly depend on GDlIs for their
function, so are only membrane associated in their GTP form. Rab regulates membrane
maturation*'. Ran, the most abundant of the small GTPase family, is unique in that it is solution
soluble. Ran regulates nucleocytoplasmic transport and mitosis*.

Arf biology

Arf has a unique “interswitch toggle” that leaves a binding pocket for the lipid-associating N-
terminus in the GDP-bound state, but that forces this hydrophobic end to locate at the membrane
when in the GTP-bound configuration®®. Therefore, the G-protein cycle shuttles Arf off of and on
to the membrane even without the assistance of a GDI (Fig 1.2,c). Note that Arf GAPs utilize a
“zinc finger” motif, instead of the RasGAP “arginine finger”**. Arf protiens function in
vescicular trafficking, exocytosis, endocytosis, lipid modification and localization, and actin
regulation***.

Arf proteins play different roles on different membrane compartments. Arfs are deeply involved
in the regulation of the secretory pathway and transport from the ER, to the ER-Golgi
Intermediate Compartment (ERGIC), to the Golgi complex, with specific interactions happening
from the cis-Golgi to the trans-Golgi network (TGN). Arfs 1 and 4 interact at the cis-Golgi,
where they recruit CERT, FAPP2 and OSBP, facilitating the transport of ceramide and
glucosylceramide lipids, as well as sterols, to later stages of the Golgi. Arf recruits all three of
these proteins to their proper location, in conjunction with their PH domains**. Arf3 localizes to
the TGN, where it regulates exocytosis. Additionally, Arfs recruit coat proteins — such as
coatamer complex | (COPI) — to mediate the formation of lipid droplets. At the ERGIC, Arfl
acts with COPII to regulate the formation of lipid droplets. The exact role of Arf in this highly
involved pathway is not yet clear*®. Arfl and Arf4 work with PLA2G6-A to regulate ERGIC
morphology; Arfl and Arf4 bind to PLA2G6-A and deactivate it, preventing the generation of
ERGIC tubules®’.

Arfs also play an important role on plasma membranes. Arfs can recruit phosphatidylinositol-4-
phosphate 5-kinase (PtdIns4P5K) to generate PtdIns-4,5-bisphosphate (PtdIns(4,5)P,) lipids, and
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Arf6 is believed to be the major such driver*’. Arfl also exhibits such functionality*®. Once
activated, Arf6 works with ARL4 to recruit cytohesin (a GEF also known as ARNO) to the
plasma membrane, where a positive feedback loop further activates Arfl. Cytohesins interact
with an IPCEF-DOCK180 complex to recruit and activate Rac (a Rho GTPase). As PIP lipids
and Rho are both actin regulators, Arf’s tight interfaces with these proteins lead to regulation of
the cortical actin network*“.

Ras: a highly studied oncogene

Because they play a major role in oncogenesis, the Ras subfamily is the most studied branch of
the eponymous superfamily; in fact, Ras mutations cause over 30% of all human cancers. The
cancer-causing potential of these proteins is apparent given their function in cell proliferation,
differentiation, and survival, among other things*“°. Despite its clinical relevance, no Ras-
specific drug targets have yet made it to market™. This makes Ras a prime target for additional
research.

Most oncogenic mutations are at the 12, 13, or 61 codons. These mutations are understood to
lead to hyper-proliferation, either through increased spontaneous nucleotide exchange, or
decreased GTP hydrolysis activity (Fig 1.4)>*. The G12 and G13 residues both have van der
Waals interactions with a GAP arginine finger™"*%. Larger resides at these locations prevent GAP
binding (note star in Fig 1.4a, showing the insertion site of the arginine finger). More
importantly for the G13 residue, however, is its close proximity to the nucleotide; a larger, and
particularly charged, residue at this location greatly stabilizes the nucleotide-free state of Ras,
increasing the rate of intrinsic exchange by over an order of magnitude (Fig 1.4b)>. The Q61
residue is important for both intrinsic and GAP-mediated hydrolysis; the amide charge-stabilizes
the y-phosphate of GTP as it is hydrolyzed, and also hydrogen bonds with the GAP during the
transition state®’. Note that Q61 is also near the active nucleotide binding site on Ras, and further
is well positioned on Switch 2 to have interactions with effector proteins (Fig 1.4a).

The Ras protein itself has three different isoforms: N-Ras, H-Ras and K-Ras (with the two splice
variants K-Ras4A and K-Ras4b). Although all three isoforms interact with the same GAPs and
GEFs, their activation leads to different signaling outcomes — likely due to changes in their
membrane localization. While H-Ras and N-Ras are present throughout the cell, K-Ras is less
prevalent at the Golgi. Although the catalytic core is highly conserved, the hyper-variable region
(HVR) varies substantially between these isoforms and is suspected to play a role in their
different localization. Additionally, the lipid modifications are distinct for these different
isoforms. All three have a membrane-associating C-terminal CAAX motif and are farnesylated
in a post-translational modification step. All three are methylated at the C-terminus, although K-
Ras is methylated the most efficiently. However, whereas N-Ras and H-Ras are palmitoylated,
K-Ras is not; K-Ras has a polylysine sequence that interacts with negatively charged bilayers®*.
The GDI-like protein PDES also plays a role in proper Ras localization®. These isoforms also
differ in prevalence in different cancers. K-Ras is the most common oncogene among the three,



and is especially associated with pancreatic and colorectal cancers; N-Ras is associated with
melanoma and acute myelogeneous leukaemia; and H-Ras is associated with follicular and
papillary thyroid, bladder, and renal cell cancer™.

Ras: a molecular switch in signal transduction

Ras interacts with three GEFs: SOS, RasGRP, and RasGRF. These GEFs — SOS in particular —
have been highly studied®’. The Ras GAPs have not demonstrated the same level of regulatory
complexity. Ras GAPs include: SynGAP, p120, NF1, RASAL, CAPRI, GAP1™ and GAP1"™*F,
Ras GEFs and GAPs regulate Ras as it moves through the G-protein cycle (Fig 1.2b)*. Besides
its role in cancer, Ras is an interesting signaling target due to its role in translating an analog
molecular input to a digital, activated/non-activated output. This role has been particularly
explored via SOS activity>®, and continued research is still exploring Ras activation as a
deterministic step.

SOS is a highly autoinhibited protein. The full protein includes a C-terminal PR domain, as well
as N-terminal Histone-fold, Dbl-homology domain, and PH domain PIP-binding site, in addition
to the catalytic core of REM domain and a CDC25 domain. Even with only the catalytic core,
SOS is fully active; SOS can stay associated to the membrane through a stable interaction at the
allosteric site (Fig 1.3). Upon SOS allosteric binding to GTP-bound Ras, the catalytic core
slightly opens to further activate the CDC25 domain. SOS can then processively activate a pool
of Ras at the catalytic site, while maintaining membrane association through the allosteric site®.
Both the PH and the Histone fold occlude the Ras binding sites; however, upon association with
membranes, these domains serve to increase SOS catalysis. Similarly, the PR domain occludes
the SOS catalytic binding site, but is relieved by Grb2 binding®".

Activation of Ras by SOS occurs in T-cell triggering. As T-cells are known to signal in response
to single-molecule levels of activating antigen, this system is particularly interesting to explore
with high resolution. In this pathway, a T-Cell Receptor (TCR) binds to an antigen on the
exterior membrane leaflet, and a conformational shift causes phosphorylation to occur on the
cytosolic leaflet. Lck, Zap-70, and LAT are recruited; LAT then recruits Grb2**%. Grb2 binds
the PR domain of SOS, bring SOS into close proximity with the membrane for activation of Ras
(Fig 1.1). However, this is simply one paradigm; additional activating signals other than TCRs
include B-Cell Receptors (BCRs), Receptor Tyrosine Kinases (RTKSs), Integrins, Cytokine
recpetors, and GPCRs. The agonist-mediated activation of these transmembrane receptors
triggers activator proteins to recruit Grb2 and SOS®>’. RTKSs are distinct from TCRs in that they
themselves include a kinase phosphorylation domain®. Other GEFs besides SOS play a role in
Ras activation; GPCRSs can activate Ras through Ca** signaling and RasGRF, and PLC activation
transpires through Ca?* signaling and RasGRP. Although there are distinctions between the
proteins involved in each signaling pathway, all utilize specific interactions in a signaling
cascade to achieve both specificity and robust outcome.



After Ras activation, the signal is relayed to achieve protein production through a downstream
kinase cascade. Downstream effectors including the Rafl — MEK — ERK — MAPK pathway, but
also PI3K, RASSF, TIAM, RALGDS, PLCg, and RIN1%. Although crosstalk between all of
these distinct Ras-mediated signaling pathways has been speculated, such coordination is as of
yet poorly understood. In the most studied kinase cascade pathway, Ras activates Rafl by
recruiting it to the membrane. Rafl serves as a kinase, and is activated upon its interaction with
Ras. Rafl phosphorylates MAPK/Erk Kinase (MEK), which then in turn phosphorylates Erk1
and Erk2, activating them. Erk1 and Erk2 have a wide range of targets, including cytosolic
proteins. Once phosphorylated, Erk forms dimers that are transported into the nucleus and
activate the Ets family of transcription factors via phosphorylation, including EIk1. EIK1 is a
highly studied transcription factor®®. See Fig 1.1 for a schematic of Ras signaling embedded in
the T-Cell from antigen binding to transcription in the nucleus.

Technical advances in membrane studies

SLBs

In order to study membrane-associating proteins in vitro, a membrane mimic is required.
Supported lipid bilayers (SLBs) serve as an excellent such mimic, and can be made on glass
slides by piranha etching glass slides to create a negatively charged surface. An etching time of
5-10 minutes is recommended. A shorter etch might not sufficiently charge the slide, and a
longer etch can make the thin glass too brittle to effectively work with. Note that different
surface treatments impact the resultant mobility of the SLB®. Phospholipids, which in
physiological contexts typically have a negative charge, assemble on this negative surface
through a thin (~1nm) intermediary layer of water molecules arranged to balance the charge. The
layer of phospholipids on top of the glass is then mobile.

The lipids are prepared first in chloroform to achieve the desired mixture. The chloroform can be
removed using a rotovap, and the lipids can be resuspended in an aqueous solution. Upon
resuspension, lipids form a wide variety of conformations, including multilamellar vesicles;
these can be sheared down to single lamellar vesicles (SUVSs) using either extrusion or sonication
(Fig 1.5). Several freeze-thaw cycles can also increase the amount of SUVs in the sample, but
this technique is not preferred. Extrusion creates a shear force as the lipids are pushed through a
small pore (typically 30nm); note that the resultant vesicles are typically larger than the pore
size, as vesicles can withstand some deformation pressure without rupturing®’. (Vesicles pushed
through a 30nm pore are typically 50-70nm in diameter.) Acceptable vesicles can be formed
upon 7-13 passes through an extruder, although even greater consistency can be obtained by
extruding up to 21 times. Sonication functions by rupturing the multilamellar vesicles, allowing
for the creation of smaller, more uniform SUVs. As the sonicator can heat the sample, it is
important to keep the vesicles in an ice bath during sonication to prevent unnecessary oxidation
of the lipids. As extrusion is highly dependent on the pressure and speed applied to the lipid
sample as it is pushed through the pores, results can vary substantially from day to day; in
contrast, sonication results can be more consistent.



It is important to note that liposomes made in this way can have a wide range of lipid
compositions between them, even from the same batch®. The size distribution of SUVs can be
measured through Dynamic Light Scattering (DLS) or through quantitative intensity readings®®.
Note that accurate interpretation of DLS data can be complicated by the presence of any
aggregates or dust within the sample, as larger sized particles can overwhelm the signal. For
proper thresholding, it is imperative to test the operation of the DLS by using a standard (such as
beads) of a known size that are in a comparable range to the sample of interest. If desired, SUVs
can be used as a platform end-point, often when tethered to a PLL-g-PEG surface’.

Upon exposure to the negative glass slide, SUVs spontaneously form SLBs (Fig 1.5),
particularly if the salt concentration is increased. The charges on lipid head groups interact with
salts in solution, and this interaction can change the effective size. Based on the size ratios
between lipid head groups and tail groups, different lipid structures are preferred. For example,
micelles form when the lipid tail group is much smaller than the lipid head group, such as when
there is only one non-polar tail (soaps generally fall into this category). Increasing the salt
concentration can increase the size of the lipid head groups, and favor the SLB confirmation
(cylindrical) over the SUV form (truncated cone). This also can explain the varying difficulty of
making bilayers with different compositions. It can be quite technically challenging to make
bilayers with a charge of less than a 3% charge. After the bilayer has been formed (a process that
takes roughly 30 minutes), small defects still remain on the glass slide. These defects can
nucleate bilayer destruction, especially under buffer exchange. (Bilayers are sensitive to salt
concentration, and can be destroyed if placed under a large change.) In order to prevent defect
nucleation, it is important to block the bilayer with a protein such as casein or BSA. These
proteins bind non-specifically to the negatively charged defects, and stabilize the surrounding
lipids. Maintaining casein in all protein addition steps is recommended in order to reduce the
amount of non-specific binding of the protein of interest to these defects. For additional
information on the creation of lipid bilayers, see Ref. "*. For additional information on the
properties of lipid surfaces, see Ref. .

Nanodiscs

Another, more recently developed membrane mimic are nanodiscs. These are small lipid
domains that are encapsulated by a protein band, and can be either about 8 or 11nm in
diameter”®. Nanodiscs prove promising in applications where proteins need to be individually
confined while yet preserving the membrane environment, such as for structural determination.
However, the small size of the nanodisc can create problems in the heterogeneity of lipid
composition. If a lipid should make up a small fraction (1%, for example) of the membrane
surface, the random fluctuation of just a lipid or two can make a large difference in the exposure
felt by a protein on a single nanodisc. Additionally, the synthesis of nanodiscs is much more
involved than that of SUVs, and has not yet been as well characterized as SLBs.



TIRF microscopy

SLBs, and other surface functionalized platforms, work in tandem with Total Internal Reflection
Fluorescence (TIRF) microscopy for to provide quantitative kinetic information about signaling
systems in vitro’ (Fig 1.6). TIRF is a surface imaging technique that uses an incident wave sent
through an objective at an angle to lead to refraction through the change of medium (oil to
coverglass to aqueous buffer) to create an evanescent wave with minimal penetration depth
(hundreds of nanometers)”. The depth of evanescent wave propagation is dependent upon the
critical angle (0) of incident wave encounter with the sample, according to the following
equations, where d is the propagation depth; n; and n; are the refractive indices for the sample
and coverglass, respectively; A is the wavelength of light; I, is the intensity at depth z; and I is
both the initial intensity and the intensity at depth O:
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Given the dependence of both intensity and depth on the refractive index and the angle,
consistency in the RI of the imaging oil is imperative, as is an assessment of the incident angle
before each experiment. Additionally, the alignment of the light path through the microscope
system should be regularly checked and optimized®®.

For a general introduction to fluorescence microscopy, see Refs. " and *®.

Micro- and nano-fabrication
Surface fabrication, both on the micro and the nano scale, can also be used in conjunction with
SLBs and TIRF imaging to create patterned features. Fabricated substrates can allow for
exploration of membrane curvature, Raman-enhanced measurements, forced organizational
constraints, and other specialized assays’® . Several techniques for surface fabrication exist,
each best suited for differing applications. For techniques where the exact shape and distance
between features is less important, colloidal dispersions can be the most efficient way of creating
a structure®. Printing techniques allow for the reproduction of pre-defined features, and use
some combination of deposition and removal steps to form shapes of the specified pattern. In
pattern printing, a master mold is generally used to create a printable polymer stamp. The stamp
is then bathed in the “ink” to be printed (often a light-reactive chemical or a catalyst) is the
desired areas, with subsequent release and etch steps to yield the desired conformation.
Traditional printing techniques yield micron-scale patterns®. Lithography is a more sensitive
technique that allows for design formation at the nano-scale. Photolithography uses a light
sensitive layer called a photoresist, which can then be activated in defined regions by exposure to
light through a mask. Masks are costly and time-intensive to produce. Scanning Electron
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Microscopy (SEM) and Focus lon Beam (FIB) etching both allow for more specialization
between samples. Each technique utilizes a “gun” of material (either electrons or ions) to directly
ablate the sample surface. Both can also be used for imaging of conductive samples, but can
damage delicate surfaces. FIB has the smallest theoretical resolution, being in the tens of
nanometers range®>*®°.

Live cell imaging

While SLBs and TIRF provide an essential platform for controlled, quantitative measurements in
vitro, the true strength of this platform can be realized in conjunction with live cell
measurements. The physiological relevance of data can best be understood by comparison to the
cell environment, and data sets from in vitro and in vivo experiments can suggest the best, most
accurate interpretation when considered together. The development of several fluorescent
proteins, in combination with TIRF, confocal, super-resolution, and FRET microscopy, has
provided the opportunity to make live-cell measurements that can be directly compared to SLB
counterparts®”®. Live-cell imaging is a growing field with new techniques earning high-profile
reception®® %2,

Herein, SLBs and TIRF microscopy are used in conjunction with live cell measurements to

better understand the regulation and kinetics of the small GTPases Ras and Arf as they are
activated by the GEFs SOS and ARNO, respectively.
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Figure 1.1. The role of the cell membrane in signal response. Top: Schematic of cell responding

to a generic input signal. Bottom: interacting proteins in response to TCR stimulation by antigen,
leading finally to SOS activation of Ras and activation of the MAPK pathway.
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Figure 1.2. The G-protein cycle of activation and deactivation. (a) Generalized schematic of G-

protein activation via nucleotide exchange, and deactivation via phosphate cleavage. (b) G-
protein cycle for Ras. Ras activation through nucleotide exchange is catalyzed by GEFs such as

SOS, shown (PDB 3KSY) to form Ras-GTP (PDB 4EFL). Deactivation is catalyzed by GAPs,
such as RasGAP, shown (PDB 1WQ1) to form Ras-GDP (PDB 1CRQ). (c) G-protein cycle for
Arf. Arf-GDP (2K5U) is not membrane associated, but Arf-GTP (PDB 2KSQ) does bind stably
to membranes. Arf activation is catalyzed by GEFs such as ARNO, shown (PDB 4Z21). Arf
deactivation is catalyzed by GAPs, such as ArfGAP3, shown (PDB 2CRW).
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binds to membrane-associating Ras via allosteric binding, and can catalytically activate Ras at
the catalytic site.
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Figure 1.4. Mechanism of Ras oncogenesis. The G12 and G13 locations have van der Waals
interactions with the GAP arginine finger, and their mutations reduce GAP-mediated hydrolysis.
(a) Structures of Ras-GDP (PDB 1CRQ) and Ras-GTP (PDB 4EFL) with nucleotide highlighted
in red; Mg2+ in orange; G12 in black; G13 in green; and Q61 in pink. Switch 1 is highlighted in
light green, and Switch 2 is highlighted in yellow-orange. The yellow star marks the insertion
site of a GAP arginine finger. (b) Schematic showing the impact of specific mutations at the
most common oncogenic residues. G12V and G61L have decreased hydrolysis rates, while
G13R has an increased exchange rate. Note that these changes all result in an over-activation of
Ras.
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ABSTRACT

Activation of small GTPases of the Ras superfamily by guanine nucleotide exchange factors
(GEFs) is a key step in numerous cell signaling processes. Unveiling the detailed molecular
mechanisms of GEF-GTPase signaling interactions is of great importance due to their central
roles in cell biology, including critical disease states, and their potential as therapeutic targets.
Here we present an assay to monitor individual Ras activation events catalyzed by single
molecules of the GEF Son of Sevenless (SOS) in the natural membrane environment. The assay
employs zero-mode waveguide (ZMW) nanostructures containing a single Ras-functionalized
liposome. The ZMWs facilitate highly localized excitation of fluorophores in the vicinity of the
liposome membrane, allowing direct observation of individual Ras activation events as single
SOS enzymes catalyze exchange of unlabeled nucleotides bound to Ras with fluorescently
labeled nucleotides from solution. The system is compatible with continuous recording of long
sequences of individual enzymatic turnover events over hour timescales. The single turnover
waiting time sequence is a molecular footprint that details the temporal characteristics of the
system. Data reported here reveal long-lived activity states that correspond to well-defined
conformers of SOS at the membrane. Liposome functionalized ZMWs allow for studies of
nucleotide exchange reactions at single GTPase resolution, providing a platform to gauge the
mechanisms of these processes.

MAIN TEXT

Membrane-bound small GTPases of the Ras superfamily function as regulatory toggle switches
in many signal transduction pathways and are implicated in a number of severe pathologies,
including cancer®%. GTPases shuttle between an inactive GDP-bound state and a GTP-bound
state that promotes downstream signaling. Guanine nucleotide exchange factors (GEFs) activate
their target GTPases by facilitating release of GDP from the nucleotide binding cleft, which is
followed by uptake of a GTP nucleotide from the cell’s cytosol. Activation of Ras by the GEF
Son of Sevenless (SOS) relays signals from transmembrane receptors downstream to the
mitogen-activated protein kinase (MAPK) cascade®®. In the cell, Ras is anchored to the inner
leaflet of the plasma membrane through palmitoyl and farnesyl moieties®® whereas SOS resides
in the cytosol and gets recruited to the membrane upon activation of transmembrane
receptors”” 8. At the membrane, SOS catalyzes the exchange of Ras-bound GDP with GTP, thus
activating Ras and triggering downstream signaling®'%. Pathological mutations in Ras map to
more than 30% of human cancers®'%*, whereas several mutations in Son of Sevenless (SOS) are
implicated in the developmental disorders Noonan’s'%**% and CFC syndrome*®. For this reason,
extensive resources have been invested in developing inhibitors of Ras activation'®*° and
towards blocking the Ras-SOS interaction™® 1%, However, clinical success to this end has been
limited. Shedding light on the molecular scale functional properties of Ras activation by SOS can
provide insights into this problem, possibly exposing new pharmacalogical strategies.
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Here we present a fluorescence microscopy assay that enables detection of single GEF-catalyzed
Ras GTPase activation events reconstituted at a lipid membrane surface. Single turnover
recording is the ultimate resolution limit in enzyme activity assays and has radically widened our
view of enzyme kinetics, most prominently by uncovering the mechanistically important concept
of memory effects'***, i.e., dynamic spontaneous fluctuations between distinct active
conformers. In addition, studies of single enzyme turnover statistics have provided a means for
inferring complex enzyme reaction landscapes that cannot be mapped from ensemble
experiments*®**3, Single turnover assays have been established for a number of enzyme classes
(e.g. cholesterol oxidase™*, lysozyme™™ and metabolic lipases™*), but at this stage no such
method is available for the broad class of GEF-mediated activation of small GTPases, including
Ras.

We recently reported that Ras binding to the allosteric pocket within the catalytic module of SOS
(SOS“™) is sufficient for recruiting SOS to lipid bilayers in a sustained manner®*!®. This finding
enables isolation of single molecules of SOS using micropatterned supported lipid bilayers and
subsequent assay of their time-averaged nucleotide exchange activity'*°. These studies revealed
that Ras activation by SOS does not occur at a constant pace; SOS activity fluctuates between
discrete long lived (up to minutes) activity states with lifetimes comparable to that of cellular
signaling responses. A key insight from these experiments was that alteration of the activity
fluctuation pattern of SOS has the capacity to alter the integrated output of an entire signaling
pathway. Most importantly, this modulation exists in the time sequence of activity and is not
detectable in the averaged behavior of SOS. However, due to the limited temporal resolution in
the supported bilayer assay it is unclear whether fast (second scale) activity fluctuations are also
present in the system or if the observed states correspond to discrete structures with well-defined
catalytic rates. Here, by monitoring the time sequence of single GTPase activation events we
show that there are no systematic rapid fluctuations in the kinetics of Ras activation by SOS, thus
demonstrating the observed long lived activity states of SOS correspond to well-defined
conformations of the enzyme at the membrane surface.

We reconstituted SOS mediated activation of membrane-coupled H-Ras (henceforth simply Ras)
at the surface of liposomes that have been incorporated within arrays of zero-mode waveguides
(ZMWs) (Figure 2.1a). ZMWs are nanoscopic apertures (&~100 nm) in thin metal films
(Figure 2.5) that, upon illumination with light, produce a highly confined evanescent field with
an effective focal volume in the atto- to zeptoliter range (10™2-10% L)™', We exploit this
property to minimize background signal from fluorescently labeled nucleotide analogs,
distributed in solution and functioning as reporters of single Ras activation events (Figure 2.1a).
The good match between the physical size of individual ZMWs and small unilamellar
liposomes®® facilitates stoichiometric 1:1 loading of these two components simply by incubation
and spontaneous adsorption (Figure 2.1b).

The highly confined excitation volume inside a ZMW allows for single molecule imaging at uM
concentration of fluorescently labeled reactants in solution, a concentration range relevant for
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numerous protein-protein and protein-ligand interactions natively occurring in cells'*®. ZMW
technology has enabled a number of single enzyme applications, including DNA sequencing by
tracing of polymerase activity™®, real-time monitoring of protein translation by the ribosome*?
and probing the lifetime of protein-protein interactions in the GroEI-GroES chaperonin
system™?!. A fundamental requirement in these experiments is that the enzyme of interest is
tethered at the floor of the ZMWs, thus confining a single enzyme to a single waveguide.
However, this strategy is incompatible with studying enzymes that either are embedded in, or
functionally coupled, to lipid membranes. Our use of surface supported liposomes® as the
reconstitution scaffold circumvents this issue. A crucial strength of this approach is that proteins
and ligands bound to the liposome membrane retain lateral fluidity, and thus their ability to
collide and react, while being confined to individual ZMWs. We note that continuous supported
lipid bilayers can be formed on glass surfaces'®* and have previously been interfaced with arrays
of ZMWs to study diffusion of membrane associated fluorescent molecules'?**%*, In those
studies, however, proteins and ligands were not trapped within the ZMW and, as such, that
configuration is incompatible with extended single molecule observation. While supported
membranes could conceivably be formed in confined ZMWs in combination with membrane
patterning methods™®*?*?® we chose to work with whole liposomes as a simpler approach.
Liposomes have the additional advantage of accommodating transmembrane proteins, which are

notoriously problematic in the supported membrane configuration*?’.

The evanescent field inside a ZMW exhibits a non-trivial decay profile, which potentially could
complicate observation of fluorescence from dyes diffusing at the membrane of immobilized
liposomes. We performed finite element simulations of electromagnetic wave propagation in
ZMWs2 to illuminate this aspect (see Methods in the Supporting Information). Figure 2.1c
shows the result of a simulation where a liposome (dashed line) was situated at the center of a
ZMW. The excitation field intensity at the membrane varies with approximately a factor of two
between the top and the bottom of the liposome (see also world map representation in Figure
2.1d). However, molecules at the membrane are not fixed but undergo Brownian motion in the
course of a camera exposure at the microscope. A direct consequence is that fluorophores sample
an ensemble of excitation intensities during each exposure. Indeed, for the imaging settings used
in the reported work (=20 ms per frame), we find that Brownian motion is sufficient to average
out any experimentally relevant heterogeneity in the excitation field (see Methods and Figure
2.6). This is a critical feature, because it allows the detection of single fluorophore binding and
bleaching events as, respectively, abrupt step increases and step decreases in fluorescence
intensity.

We monitored successive single Ras activation events by observing SOS mediated exchange of
unlabeled nucleotides bound to Ras with a fluorescent nucleotide analog (GTP-ATTO488) from
solution (Figure 2.1a). Ras was chemically linked to the liposome bilayer via coupling of a C-
terminal cysteine to maleimide functionalized lipids®® (see Methods). Prior to immobilization,
the Ras decorated liposomes were incubated with SOS, resulting in stable anchoring of SOS to
the liposome upon binding of Ras to the allosteric pocket!®. The liposomes serve as a vector for
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docking the reactant complex in the ZMWs and provide an authentic membrane environment
reminiscent of the native signaling platform of these enzymes.

The experimental design allows direct imaging of the location of ZMWs (bright field), liposomes
(via a membrane marker), and SOS (labeled with a single dye molecule) (Figure 2.1e).
Experiments were run under conditions where each active liposome is likely to bind only a single
molecule of SOS, which was confirmed by step-photobleaching of the SOS label (Figure 2.1f).
Control experiments in which fluorescent nucleotide is incubated on the same ZMW array before
and after immobilization of Ras liposomes and, ultimately, in the presence of SOS verify that
nucleotide exchange activity (observed as increased fluorescence intensity) is evident only in the
presence of SOS (Figure 2.1g and Figure 2.7).

Upon activation of single Ras proteins, the fluorescence intensity recorded from individual
ZMWs exhibits an abrupt increase, followed by a plateau, and finally step photobleaching of the
nucleotide label (Figure 2.2a-b). Following bleaching, the fluorescence intensity remains at
baseline level until the next Ras activation event, resulting in telegram-type sequence of
activation events, as shown in Figure 2.2b. We fit entire hour-long trajectories, with hundreds of
activation events, employing a change point algorithm and a set of level assignment criteria to
sort the trace into “on” (corresponding to the scenario where a fluorescing nucleotide is bound to
Ras at the liposome) and “off” (no fluorescing nucleotide bound) states (Figure 2.2b, see also
Methods). In this way, the waiting times between consecutive Ras activation events are
extracted (Figure 2.2b). The resulting single turnover waiting time sequence is a molecular
footprint that details the temporal characteristics of the system comprised by a single SOS
enzyme catalyzing Ras activation at a particular liposome.

Figure 2.3a and Figure 2.3d illustrate cumulated nucleotide exchange events as a function of
time for a SOS“* (construct containing only the catalytic core of the protein, comprised by the
CDC25 and REM domains) and a SOS°™® enzyme (construct that, in addition to the catalytic
core, has a DH-PH module). For each trace, the associated histogram of waiting times
(respectively, Figure 2.3b and Figure 2.3e) and the autocorrelation function of the waiting times
(respectively, Figure 2.3c and Figure 2.3f) are calculated. The SOSP™° trace exhibits slightly
longer average waiting times (corresponding to slower catalysis) which is in qualitative
agreement with previous results showing that the domains N-terminal to the catalytic module of
SOS dampens the nucleotide exchange activity®*®*'® (Figure 2.8). Under the conditions of these
measurements, the observed nucleotide exchange kinetics in the ZMW were slower compared to
our previous study with planar supported membranes**® (see also Figure 2.8). While this effect
could conceivably be due to membrane curvature, other differences in the assay format, such as
nucleotide concentration (10 uM in the ZMW vs. 120 uM in the planar supported bilayer
measurements), cannot be ruled out. However, we do observe distinct features among the
recorded traces indicating kinetics in the lipsome-ZMW system are not dominated by limited
diffusion.
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An enzyme working at a fixed catalytic rate (characteristic of a well-defined protein
conformation) throughout a finite time interval exhibits no correlation between consecutive
waiting times**° (see also Figure 2.9). On the contrary, dynamic fluctuations in enzyme catalytic
rate manifests as a non-zero autocorrelation function with a decay time characteristic to the
timescale of the underlying fluctuations''°. Extremely long timescale (e.g., hundreds to
thousands of seconds) dynamic heterogeneity in the catalytic rate of Ras activation by SOS have
been observed directly in single molecule membrane assays™°. Those earlier studies, however,
lack the temporal resolution to determine if faster dynamic heterogeneity exists, as would be
expected if the structure of SOS on the membrane is very flexible, or if the long-lived activity
states correspond to well-defined structures. Data reported in Figure 2.3 exhibit no indication of
systematic fluctuations in SOS activity on shorter timescales. Thus, we conclude that individual
SOS catalytic states exist in well-defined conformations with highly regular catalytic cycles on
the membrane. We did also observe the extremely long timescale state transitions™®, as
illustrated by a trace from SOSPP® with correlated waiting times at timescales of 1300 s.

(Figure 2.4a-b).

We have introduced a liposome-interfaced ZMW assay employed here to measure time
sequences of single Ras activation events catalyzed by SOS on a lipid membrane surface. This is,
to the best of our knowledge, the first example of continuously resolving single GTPase
activation kinetics mediated by an individual GEF enzyme. The assay principle with Ras and
SOS can be readily generalized to study a multitude of biologically important GEF-GTPase
signaling reactions at lipid membranes. We anticipate that studies of single GTPase activation
kinetics will make important contributions toward deciphering the detailed molecular
mechanisms of GEF-GTPase interactions. The introduced single molecule assay based on
liposome-interfaced ZMW nanostructures enables experimental assessment of the fundamental
kinetic properties of these critically important regulatory enzymes.

METHODS

Fabrication and functionalization of ZMW:s for liposome immobilization

A #1 glass slide (Fisher Scientific) was pre-cleaned and plasma etched for 5 minutes. Thermal
deposition of aluminum (99.9% purity Al pellet, Kurt J. Lesker Company) was achieved using an
NRC evaporator and single-use tungsten baskets (Mathis Company, Long Beach, CA). During
deposition, pressure was less than 5x10° Torr. Current was monitored manually to maintain a
deposition rate of 0.1-0.2 nm/s. The total thickness was measured using a crystal monitor.
Deposition was stopped by shutter when 75-100 nm total thickness was achieved.

Zero-Mode Waveguides (ZMWs) were etched into the aluminum surface with a FEI Quanta FIB.
This instrument has a dual-beam SEM that was used to periodically assess quality of focus
during fabrication. Alignment marks were etched on each substrate to optimize beam focus and
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facilitate microscope localization of the area of interest. A mask with a 12x12 grid of 100 nm
diameter circles and 2.5 um pitch was used to pattern each substrate. Grids were arranged in
groups of four for maximum imaging throughput (576 per field of view). To achieve a range of
waveguide sizes, etching power and time were in the ranges of 50 pa-0.25 nA and 100-750 ms,
respectively.

Prior to experimentation, the ZMW substrate was plasma etched for 30 s, mounted in a pre-
cleaned teflon microscope chamber (custom made) and incubated for 30 min. with a 1:5 mixture
of PLL(20)-g[3.5]-PEG2 : PLL(20)-g[3.5]-PEG2/PEG-(3.4)-Biotin(20%) (SuSoS, Dubendorf,
Switzerland). The substrate was then washed copiously in buffer, incubated for 10 min. with 0.05
g/l Neutravidin (Sigma-Aldrich, St. Luis, MO) followed by another washing cycle.

Protein purification and labeling

SOS: SOS®™ (residues 566-1049 with following mutations: C838A, C635A, C980S, E718C) and
SOS-DPC (residues 198-1049) of human SOS1 were expressed in E. Coli and purified as
previously described®. Labeling of SOS constructs with Atto647N-maleimide was carried out by
reacting 1:10 molar ratio of purified protein with the dye for 2 hours at 23°C. Unreacted
fluorophores were removed using PD-10 columns (GE Healthcare). Labeling efficiency was
assessed by UV/Vis spectroscopy (NanoDrop 2000, Thermo Scientific) yielding; 90% for
SOScat cyslite and 119% for DPC. The labeling efficiency larger than 100% for DPC is
explained by the DPC construct harboring multiple cysteines.

Ras: H-Ras“"85<18 (construct comprising residues 1-181 with a single cysteine at position C181
used for coupling to the liposome bilayer via MCC was expressed in E. Coli and purified as
previously described®.

Optical microscopy

Imaging was performed on an inverted microscope (Nikon Eclipse Ti (Ti HUBC/A), Technical
Instruments, Burlingame, CA) equipped with a Nikon Apo TIRF 100x/1.49 oil objective. The
microscope had a custom-built laser launch with 488 nm and 633 nm lasers (both from the OBIS
product line, Coherent Inc. Santa Clara, CA) controlled via a laser control module (OBIS
scientific remote). The 488 nm and 633 nm lasers were reflected to the specimen via dichroic
mirrors and emission was collected in EPI mode. Emission signal was filtered using,
respectively, ET525/50M and ET600/50 filters (Chroma, Bellows Falls, VT). Images were
collected on an EM-CCD (iXon ultra 897, Andor Inc., South Windsor, CT) and the microscope
was operated using micro-manager*?. Bright field images to locate the position of ZMWs were
acquired with a Nikon Intensilight C-HGFIE lamp.

Liposome preparation

All lipids were purchased from Avanti Polar Lipids, Alabaster, AL except BODIPY 500/510
C12-HPCm, which was from Life Technologies, Carlsbad, CA. Lipids were mixed in chloroform
in a round-bottomed flask. The lipid composition was 88 mol% Egg-PC: 5% MCC-DOPE:5%
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DOPS:1% 18:1 Biotinyl Cap PE: 1% BODIPY 500/510 C12-HPC (for SOS®" measurements)
and 91mol% DOPC: 5.5% MCC-DOPE:1% DOPS: 1% 18:1 Biotinyl Cap PE: 1% BODIPY
500/510 C12-HPC: 0.5% PiP, (in experiments with SOSP®). Chloroform was removed by 30
min. spinning on a rotary evaporator at 40 °C followed by at least 10 min. under nitrogen flow.
Liposomes were formed by rehydrating the lipids in 20 mM HEPES [pH 7.0], 150 mM NacCl, 10
mM beta-mercaptoethanol. Liposomes were extruded in 3 consecutive runs using the LiposoFast
mini-extruder (AVESTIN Inc., Ottawa, ON, Canada) equipped with 30 nm pore size filters
(product number 800307, GE Healthcare). 365 ul vesicle suspension at 5 g/1 lipid concentration
was mixed with 50 ul Ras181 at 6 g/l. Coupling of the C-terminal cysteine of the Ras construct
to the MCC headgroups on the liposomes was carried out at room temperature for 2.5 h. The
resulting proteoliposome suspension was snap frozen using liquid nitrogen and stored at -80 °C.

Ras activation assay

All dilutions, washes and nucleotide exchange assays were done in 40 mM HEPES [pH 7.4], 5
mM MgCl;, 100 mM NaCl, 1 mM TCEP. ZMW positions were located in bright field imaging
mode. 10 UM EDA-ATTO488-GTP (Jena Bioscience, Gmbh) was added to the sample to check
the signal in absence of nucleotide exchange activity and time-series were recorded at the
different grid positions. The fluorescent nucleotide was then washed out of the chamber. Ras
loaded liposomes at 5 g/l (see above) were reacted for 5 min. with 5 mM BME to quench any
remaining reactivity of the MCC lipid head groups. Liposomes were then incubated with =300
nM SOSPPC-ATTO647N or 100 nM SOS™-ATTO647N for 10 min. at room temperature and
then stored at ice until injection on sample. In the absence of nucleotide, SOS gets stably
recruited to the vesicles via allosteric Ras binding and locked with nucleotide-free Ras bound at
the active site®*°. 10 pl of the SOS reacted liposomes were injected into a volume of 500 pl
buffer in the ZMW mounted microscope chamber. Efficient loading of the ZMWs typically took
on the order of 30 min. after which unbound vesicles and SOS were removed by washing.

A series of bright field images of the grids and corresponding EPI images were acquired to locate
the liposome and SOS positions (from, respectively, BODIPY and ATTO647N fluorescence).
The SOS label was then bleached by continuous illumination with high laser power (=75 mW
laser power incident on the objective) followed by bleaching of the liposome label. 10 uM EDA-
ATTO488-GTP was added to the chamber to initiate the nucleotide exchange reaction and time-
series were acquired at the different grids.

Fitting of single turnover traces

Data analysis was accomplished with a software suite written in Igor Pro (Wavemetrics, Lake
Oswego, OR). Activity traces from single ZMWs were extracted from the time-series by
integrating the intensity inside a region of interests (ROI). Prior to analysis traces were filtered to
(i) remove baseline drift by subtracting from the trace a running average of the trace itself
calculated using the “boxcar” smoothing algorithm in Igor Pro, with a box width of 1000 points
(the width was chosen as to avoid distorting the step features in the traces) and (ii) reduce
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random noise by subtracting a high pass filtered version of the trace from itself (conducted using
the FilterFIR command in Igor Pro with the following flags /DIM=0/HI={0.2,0.3,101}).

Levels in the resulting traces were identified using the Bayesian change point detection
algorithm developed by Ensing and Pande for Gaussian distributed data. A Bayes factor of 3
was employed for level detection. The cumulative distribution of the identified intensity levels
were then fitted with a double Gaussian and based on the fit a threshold was defined to
categorize levels as belonging to either on or off states (see main text for definitions). The
threshold was initially set to I-(1n-1)/4, where Iy, indicates the average of the higher intensity
level and I, the intensity of the lower intensity level. The threshold was then refined such that
only a few events were detected in the control region of the traces. The change point algorithm
for Gaussian distributed data is incapable of detecting levels with fewer than 4 data points and
therefore an additional refinement of level identification was implemented. This was achieved by
searching the assigned baseline regions for clusters of intensity values (defined as two or more
consecutive points) that exceeded the local baseline with more than % x Al, where Al =Ip-1).
Identified clusters were now tested for significance using the change point algorithm of Ensing
and Pande derived for binomially distributed data'?. In this case, for each baseline region a
putative change point candidate was tested by artificially moving the given cluster of data to the
end of that baseline region and testing for the presence of a change point at this location. A
Bayes factor of 10° was employed as a criteria for acceptance. Finally, dwell times and waiting
times were extracted based on the identified intensity levels.

Simulations of the excitation field inside a ZMW

Finite-element simulations using COMSOL Multiphysics” RF Module were used to model the
excitation field inside a ZMW containing a liposome. The Electromagnetic Waves platform was
used in 3D mode to model the excitation field. A free tetrahedral mesh was used with “Extra
Fine” resolution and a refinement applied to the aluminum layer. Although only one waveguide
was used for the bulk of the studies, a study was done to demonstrate that the spacing between
waveguides is sufficient to isolate the excitation effects. A perfectly matched layer (PML) was
incorporated in the borosilicate glass component to cancel any reflection artifacts from the
simulation boundaries. The waveguide was simulated in a 100 nm layer of aluminum with
refractive index (RI) as 0.77 and 5.9 for the real and imaginary part, respectively, as interpolated
from literature tables**. A 488 nm wavelength of excitation was used from the bottom of the
glass module, arriving perpendicular to the plane of the aluminum thin film.

The waveguide was modeled with a width of 100 nm and with a 10 nm over-etch into the glass,
with the vesicle of 50 nm diameter centered at 10 nm up from the surface. Field simulations were
conducted to demonstrate that over-etching reduced the effects of increased intensity at the
bottom corners of the waveguide, and that minimal (but noticeable) effects were caused by
altering the vesicle’s location relative to the waveguide in the x,y, and z directions, and that more
of the vesicle was more highly excited for wider waveguides. The vesicle was simulated as two
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hollow shells with distinct R1 values, with the outer layer mimicking Ras (RI 1.6 with imaginary
component 10 *** with 5 nm thickness) and the inner layer mimicking the lipid component as
modeled by octane (RI 1.53 with imaginary component 10 ** with 3.87 nm thickness™**, with
the central region having the same values as the water-based buffer. Studies with varied RI
demonstrated minimal sensitivity to small changes in the lipid or protein values, so these rough
approximations were deemed acceptable. A diagonal cross-section of the 3D model was used to
visualize the excitation dynamics within the waveguide, and a map was also formed of the
excitation intensity at the outer surface of the vesicle.

Estimating the effective excitation flux impinging on fluorophores diffusing at the
membrane of a ZMW immobilized liposome

Consider a liposome tethered at the center of a zero-mode waveguide (Figure 2.1c). From finite
element simulations we have obtained a list of excitation field intensities at a set of discrete
points on the liposome surface 1(x;,yi,zi). In the experiments, we are integrating over a time bin of
approximately 20 ms when imaging the fluorescence emission of dye molecules on the camera.
Because dye molecules are free to diffuse at the liposome membrane they will experience a
varying excitation field in the course of camera exposure. To estimate the effective excitation
flux lgs experienced by a fluorophore started at height z with respect to the ZMW floor and
diffusing in the course of a camera exposure we replaced each I(x;,yi,zi) with a weighted average
over all other locations on the liposome surface as follows:

1
IEff(m:y:z) — S(.‘B, y’z)z P(:C!yaz:xigyia%i)l(xé:yigzi) : S = (Z P(x!y:za ?i:yﬁ:zi))
p(2:) P p(2:) [eq. 1]

Here p(zi) denotes the density of discrete samples on the liposome surface at a given
height from the ZMW surface (as defined by the simulation, due to symmetry we only consider
the z component). S is a scaling factor that for a given point (x,y,z) was adjusted to comply with
the normalization criterion at the right side of eq. 1. The sum runs over all discrete samples
(xi,Yi,zi) of the excitation field. The sampling density p(z;) was estimated by fitting the simulated
data with an exponential function yielding the (approximated) relation:

i

N _ 2—0.00125
p(z;)[nm™“] = 0.248 + 7.922ezp ( 00012l

[eq. 2]

The weights P(x,y,z,Xj,Yj,Zj) were calculated as the time-integrated probability density of finding

a particle undergoing Brownian motion at a certain auxiliary point located a distance r away on
the sphere surface (where r denotes the great circle distance between the point (x, y, z) and (xj, V;j,

Zj)):
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P D i ™4
(r(zi, i, 2i), 8, D) = /fn 4?TDte$p (_m) t
[eq. 3] _
t, was taken as 1 ps (to circumvent the discontinuity at t=0) and t,=20 ms, the exposure time on

the camera. The great circle distance, r, is a function of the point in consideration (given by the
vector r, pointing from the center of the sphere, C(x , Y, ), to the given point on the liposome

surface) and the auxiliary point (given by the vector r,)):

T o= (T—Zc, ¥ —Yer 2 — Ze)
r2 = <$T' — Loy Wi — Yo, 24— 3::}
’r(m,y,z, 5:;‘.-1;’{,21) = R CDS_]' ((E_mc}{ﬁi—l‘c) +(y_%'lt-f{gu‘i_ﬂc) + (z_z':)(z‘i_zf-‘])

[eq. 4]

Where R denotes the radius of the sphere. Combining equation 1-4 above yields the effective
excitation field shown in Supporting Information Figure 2.3 (t=20 ms). The solution was
evaluated numerically.

The provided estimation is intended as a qualitative gauge for the order of magnitude of the
diffusion effect. In this regard, it is important to note that we observe clear plateaus from single
molecule signals in the traces, which is only expected if diffusion effectively cancels out the
heterogeneity in the excitation field.
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Figure 2.1. ZMWs
functionalized with Ras-
SOS decorated liposomes.
() ZMWs with diameters
of ~100 nm loaded with
liposomes of compatible
dimensions (average &
~30 nm, see Methods in
the Supporting
Information). H-Ras is
chemically anchored via a
lipid to the liposome
surface. The liposomes
also bear a single copy of
the Ras-GEF SOS, which
is stably associated with
the lipid membrane via
binding of Ras at an
allosteric binding pocket.
SOS catalyzed nucleotide
exchange on Ras is
observed by following the
acquisition of fluorescently
labeled GTP from solution.
(b) Micrograph of a ZMW
array (red, imaged in
bright field) and

colocalized liposomes (green, fluorescence image of membrane marker). (c) Simulation of the
electromagnetic excitation field inside a ZMW with a liposome bound at the glass interface.
Dashed line indicates the position of the liposome. (d) World map representation of the
excitation field on the surface of the liposome. (e) Micrographs showing a ZMW and the
associated liposome and SOS signal. (f) Bleaching of the SOS label (ATTO647N) in a single
step signifies that the liposome harbors a single SOS molecule (trace corresponding to the
micrographs in (e)). (g) Intensity trace of ATTO488-GTP from a single ZMW. The first part of
the trace reflects the signal from a single ZMW without a Ras decorated liposome present. In the
second part of the trace, a Ras loaded liposome was immobilized in the same ZMW. Finally,
SOS was added from solution, resulting in apparent recruitment of fluorescent nucleotides
(observed as a marked signal increase). The fluorescent nucleotide, ATTO488-GTP, was
incubated at the ZMW grid at 10 uM. See also Supplementary Figure 3.
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Figure 2.2. Single turnover recording of reconstituted Ras activation by SOS. (a) Assay
principle: SOS exchanges unlabeled nucleotide on Ras for ATTO488-GTP. Shortly after binding
of the nucleotide to Ras, ATTO488 bleaches and the fluorescence signal reverses to baseline
before the next insertion event. This gives rise to telegram-like kinetic traces, where individual
insertion events stand out as transient step increases of the fluorescence nucleotide signal. (b)
Nucleotide exchange activity trace (green) showing single Ras activation events characteristic by
abrupt step increases in ATTO488-GTP fluorescence intensity followed by single step bleaching
of the nucleotide label. To quantify waiting times, steps were located using a change point
detection algorithm (black trace) and then fitted to a two-state on/off model (red trace).
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Figure 2.3. Single turnover analysis reveals that SOS catalytic states correspond to well-defined
conformations of the enzyme. (a) Cumulated Ras activation events as a function of time for an
activity trace acquired with the catalytic core of SOS (SOS®). (b) Waiting time histogram
corresponding to data in a. () Autocorrelation (G(t)=< At(0) At(m)>/ <At>>, At(m)= t(m)- <t>
2%) of the waiting times corresponding to data shown in a. (d-f) Same data format as in a-c but for

an activity trace acquired with SO

SDPC

, @ construct containing the N-terminal DH-PH domains of

SOS in addition to the catalytic core. It should be noted that this type of data are intrinsically
stochastic and therefore no two traces are the same. Importantly, the overall method is
reproducible in its ability to capture these long sequences of Ras activation events.
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Figure 2.4. Evidence for long timescale state transition in SOS activity. (a) Cumulated Ras
activation events as a function of time (trace acquired with SOSP"). Note the decreased turnover
activity towards the end of the trace. (b) Normalized autocorrelation of waiting times for a
SOSP® trace exhibiting a non-zero G(t), indicative of dynamically disordered enzymatic
activity.
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Figure 2.5. SEM image of ZMW grid. Bar: 2.5 pm.
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Figure 2.6. Brownian diffusion balances the effect of a heterogeneous excitation field over the
liposome membrane. Red trace shows the excitation field at the liposome membrane at a given
height from the ZMW floor. Blue trace shows the estimated effective excitation field
experienced by a fluorophore diffusing at the membrane with diffusion coefficient of 1 um?/s
during a camera exposure of 20 ms, when started at the membrane at a given height from the
ZMW floor. See the methods for details on the calculation.
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Figure 2.7. Nucleotide exchange activity is specific to the presence of SOS. Histograms of
activity scores recorded from arrays of ZMWs with immobilized liposomes, with and without
SOS (liposomes were incubated with elevated levels of SOS in order to bind SOS on all
liposomes). The activity score was defined as follows: standard deviation of baseline subtracted
trace (see Methods) from single ZMW in the presence of SOS divided by the standard deviation
of background subtracted trace from the same ZMW in the absence of SOS. Increased
fluctuation in a baseline subtracted trace upon addition of SOS corresponds to increased
nucleotide exchange activity, thus resulting in an increased activity score. In (a) liposomes were
present both before and after adding SOS. In (b) the no SOS part of the traces used to obtain the
activity score was acquired without liposomes present (i.e., simply incubating labeled nucleotide
on a ZMW array). The “With SOS” histograms in (a) and (b) comprise data from one sample
each. The “No SOS” reference histogram is the same for the two panels and was obtained by
comparing traces from ZMWs before and after immobilization of liposomes in the absence of
SOS (see Figure 1g). The total counts for each histogram is as follows: “No SOS” (N=83), “With
SOScat” (N=568) and “With SOS®F¢« (N=21).
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Figure 2.8. Single SOS nucleotide exchange activity rate distributions for SOS* and SOS°*®
recorded on supported lipid bilayers. Histogram of single SOS activity states for SOS“* and
SOSPPC obtained using micro-patterned supported lipid bilayers, as described in Iversen et al.,
Science 2014, 345, (6192), 50-4. Average turnover rates and corresponding waiting times
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Figure 2.9. Stochastic simulations of SOS catalyzed nucleotide exchange. (a) Reaction network
for a single-state SOS molecule (i.e., working at a fixed catalytic rate) turning over Ras.
Ras-SOS indicates Ras bound in the allosteric site, SOS-Ras indicates Ras bound in the catalytic
site, and Ras-SOS-Ras indicates Ras in both allosteric and catalytic sites. Ras* represents a Ras
loaded with fluorescent nucleotide whereas Ras0 is a Ras with non-fluorescent nucleotide.
Channel (1) leads to a nucleotide exchange reaction and channel (I1) describes the case where a
SOS unbinds from the surface. The reaction model is adapted from Iversen et al., Science 2014,
345, (6192), 50-4 (b) Waiting time data from a stochastic simulation based on the reaction
network in a. Simulation condition: Time steps of 0.06 ms for 15,000 seconds. kcat=0.16, Ras
density 4,000 molecules/um?. (c) Autocorrelation function for the waiting time list
histogrammed in b. As expected for a SOS enzyme catalyzing nucleotide exchange at a fixed
catalytic rate, G(t) indicates that subsequent waiting times are entirely uncorrelated. The
simulation was performed using the simulation procedure reported in Iversen et al., Science
2014, 345, (6192), 50-4. The simulation was repeated twice.
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ABSTRACT

SOS is a key activator of the small GTPase Ras. In cells, SOS-Ras signaling is thought to be
initiated predominantly by membrane-recruitment of SOS via the adaptor Grb2 and balanced by
rapidly reversible Grb2:SOS binding kinetics. However, SOS has multiple protein and lipid
interactions that provide linkage to the membrane. In reconstituted-membrane experiments, these
Grb2-independent interactions are sufficient to retain SOS on the membrane for many minutes,
during which a single SOS molecule could processively activate thousands of Ras molecules.
These observations raised questions concerning how receptors maintain control of SOS in cells
and how membrane-recruited SOS is ultimately released. We addressed these questions in
quantitative assays of reconstituted SOS-deficient chicken B cell signaling systems combined
with single-molecule measurements in supported membranes. These studies reveal an essentially
one-way trafficking process in which membrane-recruited SOS remains trapped on the
membrane and continuously activates Ras until being actively removed via endocytosis.

INTRODUCTION

Ras is a membrane-anchored small GTPase that plays a central role in many signaling pathways.
Ras can exist in an inactive (GDP-bound) or active (GTP-bound) state. Ras activation is
mediated by a variety of Ras guanine-nucleotide-exchange factors (RasGEFs) that catalyze the
exchange of Ras-bound nucleotide with cytoplasmic GTP*1*>13¢ This process is opposed by
Ras-GTPase-activating proteins (RasGAPS) that enhance the intrinsic GTPase activity of Ras
and thus promote Ras deactivation™*. Ras activation must be tightly regulated; aberrant

activation of Ras is responsible for many human cancers*®.

Son of Sevenless (SOS) is a widely distributed RasGEF*"*%*3" whose full activation through an
allosteric mechanism results in digital (i.e., bimodal) patterns of receptor-induced Ras kinase
signalin39959'138. The activation of Ras by SOS is critical for diverse processes such as cell

growth'®, T-cell activation and development®®***814%141 early B-cell development™*,
embryogenesis*®

, and differentiation of embryonic stem cells'*.

Receptor-triggered activation of SOS is a multilayered process involving membrane recruitment,
release of autoinhibition, and allosteric modulation by Ras. The initial membrane recruitment of
SOS is thought to occur via association of PxxP motifs in the C-terminal proline-rich (PR)
domain with Grb2, which in turn binds phospho-tyrosine motifs on activated receptors or
transmembrane adaptor proteins'%1¥7 133145150 ‘5535 additionally contains a series of N-terminal
domains with homology to Dbl (DH) and pleckstrin (PH) as well as a histone-fold (HF) domain
(Fig. 1a), which autoinhibits SOS activity when assayed in solution. On membranes, this
autoinhibition is released through interactions with various membrane lipids®®®**%! (reviewed in
ref. 3®). Full activation of SOS is contingent on binding of Ras to an allosteric pocket situated at
the rim of the REM and CDC25 domains™2. The REM and CDC25 domains in SOS1 together
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form the catalytic core, which we denote SOS“* herein (Fig. 3.1a). Mutations in SOS1 that
perturb these regulatory functions result in altered signaling behavior and have been implicated
in developmental disorders such as Noonan'®, Costello, and CFC syndromes*®. SOS2 has a
very similar domain makeup but appears to be somewhat redundant with SOS1 in cells**?; in this

study, we focused solely on SOSL1.

Historically, SOS activation has been rationalized in terms of a simple membrane-recruitment
model based on substrate accessibility (Fig. 3.1b). Grb2 binding to activated receptors recruits
the SOS—-Grb2 complex from the cytosol, thereby positioning SOS in proximity to membrane-
anchored Ras and consequently promoting nucleotide exchange®"**%. However, the importance
of Grb2-mediated membrane recruitment is challenged by observations that truncated SOS
constructs lacking the PR domain still localize to the membrane after receptor stimulation and
are fully signaling competent or even exhibit increased responsiveness compared with that of the
full-length enzyme®®**°. Recent work with mouse embryonic stem cells'** has demonstrated
that, beyond Grb2-facilitated membrane recruitment, SOS activity is governed by a combination
of weak-to-moderate protein-protein and protein-lipid interactions mediated by the multiple
domains of SOS*41°11%8180 These studies suggest that the recruitment to membrane integral
receptors via Grb2 is an oversimplified model for SOS function (Supplementary Note 1).

We observed that SOS constructs lacking the Grb2-binding PR domain are successfully recruited
to reconstituted Ras-functionalized membranes through Ras- and lipid-binding interactions.
Additionally, using a micropatterned fluid supported-lipid-bilayer platform**>*? in which the
catalytic activity of individual SOS molecules can be directly resolved**®, we found that a single
SOS molecule has the capacity to processively activate thousands of Ras proteins during a single
membrane residency period (Fig. 3.1c,d). Such high degrees of processivity and essentially
irreversible membrane recruitment in the activation of Ras by SOS have not been captured in
earlier mechanistic and computational models of SOS activity, or in synthetic-biology
approaches using Grb2-SOS1 fusion proteins>®**.

Does such extreme processivity of SOS occur in cells, and, if so, how it is regulated? To address
this question, we mapped the individual contributions of the different domains of SOS1 to
membrane association, through a series of single-molecule dwell-time measurements and bulk
Kinetic observations. These studies used a reconstituted-membrane system in combination with
quantitative cell-based signaling assays (details in Supplementary Note 1). Altogether, our
results reveal an essentially one-way trafficking process in which membrane-recruited SOS1
remains trapped on the membrane and continuously activates Ras until being actively removed,
such as by endocytosis. This mechanism differs substantially from the reversible Grb2-dependent
process that has been generally assumed%%*37:1391457148 ‘Tha Ras-activation machinery may
remain active or be inactivated regardless of the triggering state of the receptor that initiated the
signal; this phenomenon substantially affects the quantitative input-response function for Ras
activation by receptor triggering and underscores the importance of strong inhibition of
spontaneous SOS activation.
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RESULTS

Supported-lipid-bilayer SOS-activation assay

We developed an imaging assay to study the interaction of SOS with Ras on supported lipid
bilayers (SLBs; Fig. 3.2a). In this experimental configuration, we coupled H-Ras (residues 1—
181, C118S mutant, henceforth referred to as Ras) to the bilayer at C181 via a maleimide-
functionalized lipid (Online Methods), thus yielding permanently bound and laterally mobile Ras
that was fully functional with respect to SOS activity***'°** (Supplementary Fig. 3.1a). A
calibration curve obtained with fluorescence correlation spectroscopy provided access to the
local surface density of Ras via epifluorescence imaging of Ras-bound fluorescent nucleotide
labels (GDP- and GTP-BODIPY; Supplementary Fig. 1b and ref. **°). Labeling of SOS with a
photostable and bright fluorophore (ATTO 647N) facilitated reliable counting and tracking of
individual SOS molecules at the membrane surface by total internal reflection fluorescence
microscopy (TIRFM). Control experiments showed that labeling did not perturb the observed
activity of SOS (Supplementary Fig. 3.1c).

In this system, we initiated measurements by flowing purified SOS1 over the Ras-functionalized
SLBs in a transient pulse with a defined concentration profile (Fig. 3.2a). During such a pulse,
SOS1 interacts with membrane-bound Ras and, in the absence of free nucleotide in solution,
becomes trapped after binding Ras at the catalytic site®***®. This method provided a convenient
means of quantifying the probability of SOS1 engaging Ras by directly counting the number of
SOS1 molecules remaining at the bilayer after a pulse (Fig. 3.2b and Online Methods). Chasing
with unlabeled nucleotide initiated the exchange reaction and resulted in processive (i.e.,
sustained) turnover of Ras by the recruited and successfully activated SOS1 molecules (Fig. 3.2a
and Supplementary Fig. 1d). A constant flow during the experiment ensured that dissociated
SOS1 was removed from the reaction chamber, thus permitting measurement of the desorption
Kinetics.

Allosteric activation of SOS via altered membrane recruitment

An important functional aspect of SOSL1 in the cellular context is its activation by RasGTP
binding to an allosteric site, located between the CDC25 and Ras-exchanger motif (REM)
domains in the catalytic core, termed SOS® (ref. 1°2). This allosteric activation sensitively
depends on the nucleotide state of Ras*®® and is thought to enable a RasGTP positive feedback

loop operating at the membrane>**.

Allosteric binding of Ras by SOS also provides an alternate mechanism to recruit SOS to the
membrane. Here, we first quantitatively analyzed recruitment by examining the SOSCat module,
which contains both the active site and the allosteric Ras-binding pocket but lacks any lipid-
binding domains™2. SOS“ was recruited to the Ras bilayer during the pulse phase of the assay
(Fig. 3.2c). The known concentration profile of SOS®* during the pulse, combined with locally
measured Ras densities, permitted quantification of the recruitment probability from the
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adsorption traces (i.e., the probability of a SOS®® molecule being trapped after collision with Ras
at the membrane (Fig. 3.2d and Online Methods)).

We found that membrane recruitment of SOS“® was sensitive to the nucleotide state of Ras,
observing an ~16-fold enhancement on SLBs displaying RasGTP (Fig. 3.2d). A Y64A point
mutation in Ras, previously shown to abolish Ras binding to the catalytic site of SOS*®, resulted
in only transient recruitment of SOS“®, thus demonstrating that, as expected, SOS is trapped at
the membrane after binding Ras at the catalytic site in the absence of free nucleotide (Fig. 3.2c).
Nucleotide-dependent recruitment was preserved for RasY64A, thus indicating that the allosteric
binding pocket is the primary determinant of this property of SOS®® (Fig. 3.2d). A W729E point
mutation in SOS1, known to prevent binding of allosteric Ras>*'**, essentially abrogated
recruitment (Fig. 3.2c¢,d). After chasing with nucleotide, a population of highly processive
SOS“* remained at the membrane (tail of the curve in Fig. 3.2c), which we identified as
successfully activated SOS“® molecules. The long-lived (minute-to-hour scale) membrane-bound
SOS“* was catalytically active (Supplementary Fig. 1d and ref. }*®), thus indicating that release
of SOS from the membrane was predominantly limited by the allosterically bound Ras.

We substantiated our findings in the SLB experiments with cellular assays (Supplementary
Note 2 and Supplementary Fig. 2a—d). Collectively, the data demonstrated a distinct positive
allosteric effect of RasGTP at the stage of membrane recruitment. These results, together with
the insensitivity of the average specific activity of SOS to the nucleotide state of Ras"*,
indicated that RasGTP-mediated recruitment of SOS via its allosteric site is one mechanism by
which the well-known accelerating effect of RasGTP on SOS mediated Ras activation is

achieved (commonly referred to as positive feedback)®®°91%2,

Regulation of membrane binding by N-terminal domains

It is not known whether membrane recruitment and retention of SOS* are influenced by its
flanking lipid-binding domains. At the N-terminal side, the catalytic core of SOS1 is flanked by
a DH-PH cassette and an HF domain (Fig. 3.3a). Structural and biochemical studies have shown
that the N-terminal domains exert an autoinhibitory effect on SOS1 activity, presumably through
steric obstruction of the allosteric Ras-binding pocket, as observed in crystal structures®'®*. The
PH domain interacts with phosphatidylinositol 4,5-bisphosphate (P1P2) lipids'®®*® and
phosphatidic acid™®, and the HF domain contains several additional interaction sites for
negatively charged lipids®™***. These lipid interactions are generally believed to play a role in the
release of autoinhibition, but the underlying mechanisms are unclear.

We observed a pronounced damping effect on initial membrane recruitment of SOS1 after
adding the N-terminal domains to SOS“®. Appending the DH-PH unit to the catalytic core
(SOSP"°) reduced recruitment to the membrane by approximately three-fold. Inclusion of the full
N terminus (construct comprising HF-DH-PH-Cat domains (SOSHPFC)) damped recruitment by
~66-fold relative to that of SOS®* (Fig. 3.3b). Even in the case of the highly autoinhibited
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HDPC construct, Ras-specific binding was evident (Supplementary Fig. 2e). These
observations clearly demonstrated that a major property of the N terminus is the down-
modulation of spontaneous SOS1 activation by hindering its initial recruitment to the membrane,
as evidenced by the steric hindrance of the allosteric Ras-binding site observed in structures®%4,
Interestingly, a gain-of-function R552G Boint mutation associated with Noonan syndrome
(SOSHPPC R552)1%° compared with SOS"P™C, caused a slight relief of such inhibition (Fig. 3.3b
and Supplementary Fig. 3.3a), thus emphasizing the importance of a tightly regulated membrane
recruitment step. As observed for SOS“® (Fig. 3.2¢,d), the longer constructs also exhibited
increased recruitment on bilayers displaying RasGTP (Supplementary Fig. 3a).

Although the N-terminal domains inhibited initial recruitment, SOS®"® and SOS™P" exhibited
extremely long dwell times on Ras-functionalized bilayers (with a mean residency period on the
hour scale; Fig. 3.3c, Supplementary Fig. 3b,c and Online Methods). The N-terminal domains
thus mediate two major functions: inhibition of the initial recruitment probability and
enhancement of the dwell time in the active membrane-bound state. This anticorrelation between
membrane recruitment probability and dwell time gives rise to an interesting dual functionality
in which rare activation events are coupled to a potent response (Supplementary Fig. 3d,e).

Multicomponent analysis of SOS-Ras-ERK signaling

To establish the effects of intrinsic chemical SOS1 properties—as determined from
reconstituted-SLB assays—on cellular SOS1-Ras signaling, we optimized a SOS1- and SOS2-
double-deficient (SOS1-2—) DT40 chicken B-cell system that we have previously used to
characterize digital SOS1-Ras-MAPK ERK signal transduction after B-cell receptor (BCR)
ligation>*32%®_Here, we introduced EGFP-tagged variants of human SOS1 (hSOS1) into these
cells entirely devoid of endogenous SOS1 and SOS2, left the cells unstimulated or induced BCR
ligation, and monitored EGFP-SOS localization by fluorescence microscopy or activation of the
ERK kinase by using an antibody to phospho-ERK (pERK) and flow cytometry>*®® (Fig.
3.4a,b). The latter experimental platform, henceforth denoted the p-FLOW assay (Online
Methods), revealed the quantitative magnitudes of Ras-ERK responses at the individual-cell
level along with SOS1 expression levels. We depicted 3D representations of the data by mapping
the time evolution of pERK after BCR stimulation as a function of SOS1 expression level (Fig.
3.4c¢,d). pERK traces corresponding to specific SOS1 levels represent 2D slices through the data
(Fig. 3.4f,9,i,j).

Timely signaling requires SOS“*-flanking domains

Transient transfection of EGFP-tagged full-length human SOS1 (SOS™) rescued the
characteristic BCR-induced pERK patterns in SOS-deficient DT40 cells (Fig. 3.4b and
Supplementary Fig. 4a,b). SOS*, lacking the Grb2-binding domain as well as the N-terminal
lipid-interacting domains, triggered Ras-ERK signaling patterns that differed substantially from
those triggered by SOS™ (Fig. 3.4c,d and Supplementary Fig. 4c,d). Cells expressing high
levels of SOS“*, compared with cells expressing SOS™, exhibited more spontaneous activation
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of ERK in the absence of receptor stimulation (Fig. 3.4e,h). Even under these conditions, BCR
stimulation further increased ERK activation in SOS“*-containing cells (Fig. 3.4c,f,i). Another
notable difference was the signal attenuation. Whereas SOS™-induced pERK signals decreased
at later time points after BCR stimulation (10-20 min.), SOSCat continued to signal in a
sustained manner, and SOS* outperformed SOSFL (Fig. 3.4f,i). The sustained signaling from
SOS“™ cells suggests that the essentially irreversible membrane anchoring of SOS“* observed in
reconstituted assays may exist in cells as well, but not for SOS™.

Domains flanking SOS“* might initially appear to merely dampen signal output. However,
selective examination of cells expressing intermediate SOS levels revealed that SOSg,_ signaled
more efficiently than SOS“® in response to BCR stimulation (Fig. 3.4g,j). Moreover, this
intermediate SOS™ level resulted in rescued pERK responses that were nearly identical to those
observed for wild-type DT40 cells, thus suggesting that reconstitution with intermediate hSOS1
levels matches the physiological level expressed in wild-type DT40 cells (Supplementary Fig.
4b). The data revealed that domains flanking SOS“® have both positive and negative regulatory
roles.

SOS autoinhibition prevents spontaneous activation

A number of structural and cellular studies have established regulatory mechanisms that affect
SOS1 activity, but several proposed mechanisms appear to be contradictory®®®*1°1164 Tq
understand how SOSL1 restricts spontaneous signaling in cells yet allows for controlled allosteric
activation near the membrane interface, we first focused on SOS®* flanking domains in the basal
state (Fig. 3.5a—c), i.e., in resting cells'®**’,

Addition of N-terminal domains to SOS* blocked the spontaneous activation of Ras-ERK in
cells expressing high levels of SOS (Fig. 3.5a,b and Supplementary Fig. 5a—d). The inhibitory
potential scaled in an incremental manner with the number of domains flanking the catalytic
core; i.e., SOSPFC signaling was more restrained than SOS“® signaling (Fig. 3.5a), and SOS"P™©
was more inhibited than SOSPF® (Fig. 3.5b). These results corroborate the SLB results in Figure
3.3b. Structural and biochemical studies on SOS1 demonstrated that the DH domain limits Ras
binding at the allosteric pocket, and without removal of DH-mediated autoinhibition and
allosteric activation, the catalytic pocket cannot fully accommodate RasGDP or dislodge GDP
from Ras®*'®*. The HF strengthens SOS autoinhibition by blocking allosteric activation and by
stabilizing a closed conformation of SOS®%”. These structural findings are consistent with our
p-FLOW results for the resting cell state (Fig. 3.5a—c). Notably, despite considerable effort, it
has not been feasible to purify functional full-length SOS1 including the PR domain, thus

preventing its examination in our earlier SLB assays**®.

The C-terminal PR domain is most noted for its positive regulatory role in connecting SOS to
activated receptors via Grb2. Grafting only the PR domain onto SOS®* revealed an inhibitory
effect of this domain in restricting ligand-independent activation of SOS1 (Fig. 3.5¢); this effect
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was independent of the autoinhibitory effect of the HF and DH-PH domains. The magnitude of
inhibition conferred by the PR domain was comparable to that of the DH-PH domain relative to
SOS“* (Fig. 3.5a,c), thus demonstrating that the N- and C-terminal domains have similar
potency in curbing the activity of the catalytic SOS® core in resting cells.

Positive regulation of SOS activity in stimulated cells

Next we investigated SOS1 regulation in BCR-stimulated cells expressing intermediate SOS1-
EGFP levels (Fig. 3.5d-f). It has been reported that autoinhibition by the DH domain can be
released by electrostatic interaction of the PH domain with membrane lipids, thus allowing
allosteric Ras binding®****® In our p-FLOW assay, we found that the DH-PH domain alone
had a purely inhibitory effect relative to that of SOS“® under conditions of BCR stimulation
(Fig. 3.5d). In contrast with inclusion of the DH-PH, inclusion of the HF domain in SOSP™°
resulted in increased signaling output (Fig. 3.5e). We also observed a positive regulatory role of
HF after BCR stimulation for SOS containing the PR domain (Supplementary Fig. 5e—g). These
findings are in agreement with the in vitro observation that HF enhances the residence time of
membrane-recruited SOS (Fig. 3.3c).

For the DH-PH, our results from stimulated cells conflicted with the increased dwell time
observed in the SLB assays (Fig. 3.3c). The inhibitory effect of DH-PH was unexpected because
PH-lipid interaction has been reported to positively regulate GTP loading of Ras in COS-1 cells
and in mouse embryonic-stem-cell differentiation®®*****®. This disparity may arise from the HF
truncation counteracting the phospholipid binding of PH in the cell system. To test this
possibility, we introduced combined mutation of K456E and R459E (KR-EE mutation) within
the PH domain, thereby disrupting the PIP2-PH interaction**'®°, and compared the BCR-
stimulated ERK activation associated with the mutant and wild-type SOS1 variants (Fig. 3.5g—i).
The KR-EE mutation in DPC format had a relatively small effect, resulting in a small decrease in
pERK (Fig. 3.5g). However, the KR-EE mutation in HDPC markedly antagonized SOS1
activation throughout the entire assay duration, thus supporting the requirement of HF in
stabilizing membrane-targeted SOS1 through phospholipid-PH interaction™" (Fig. 5h). The KR-
EE HDPC signals were comparable to those of the shorter wild-type DPC, thereby negating the
positive regulatory effect of HF domain (Fig. 3.5i). These observations collectively indicate that
the HF and PH domains, through lipid interactions, cooperatively stabilize active SOS1 at the
membrane.

In sum, p-FLOW results (Fig. 3.5) combined with single-molecule measurements in our SLB
assays (Figs. 3.2 and 3.3) indicated that the flanking domains on both sides of SOS“* have
evolved the ability to simultaneously dampen SOS activity in the basal state but enhance SOS
activity after receptor stimulation (further discussed in Supplementary Note 3).

Regulation of super-processive SOS by endocytosis
SOS“*, SOSP™C, and SOSHPPC are all highly processive in SLB assays and in cellular p-FLOW

44



assays are less sensitive than SOS™ to attenuation at late time points of induced signaling.
Interestingly, SOS™ mimics these characteristics of SOS truncation when functionalized with a
C-terminally grafted farnesylation signal sequence from H-Ras, which artificially targets SOS1
to the membrane'®® (Supplementary Fig. 6). Deletion of the Grb2-binding domain of SOS1, its
putative primary mode of membrane recruitment, thus produces a molecular and cellular
phenotype resembling artificial membrane targeting.

To further investigate membrane recruitment and subsequent trafficking of SOS1, we imaged
SOS1-EGFP in living cells by TIRFM and spinning-disc confocal microscopy. For this
experiment, we used the hybrid live-cell SLB platform®®® "2 to simulate the native signaling
geometry of B cells interacting with antigen-presenting cells (Supplementary Fig. 7a). SOS-
deficient DT40 B cells expressing human SOS1-EGFP were spread on SLBs functionalized with
antibody that recognizes and activates the BCR'"*, thereby triggering activation of SOS'"#*"
(Online Methods).

B-cell activation from the supported membrane led to formation of BCR microclusters, as
observed through TIRFM imaging of a Cy5 label on the antibody (Fig. 3.6a). SOS™ was
efficiently recruited to sites of BCR clusters, whereas SOS“* did not colocalize with BCR
clusters, although it did localize to the membrane, presumably through binding allosteric Ras
(Fig. 3.6a,b). SOS™P"C also did not colocalize with the BCR clusters (Fig. 3.6b and
Supplementary Fig. 7b). Contrasting reports have addressed the roles of signaling complexes
and SOS1 function. In our B-cell system devoid of any endogenous SOS expression, chimeric
SOSHPPC_SH2, with a single SH2 domain of Grb2 grafted onto SOS"P®, did not colocalize with
sites of BCR microclusters (Fig. 3.6b and Supplementary Fig. 7b). In contrast, addition of the
PR domain to SOS“* or to SOSP"® enabled SOS1-BCR colocalization (Fig. 6b, Supplementary
Fig. 7b and Supplementary Note 4).

Over time, the initially scattered BCR clusters concatenated and moved toward the center of the
synapses formed between the B cells and the SLB. Approximately 15-20 min after cell landing,
a large central cluster appeared, a phenomenon commonly referred to as ‘BCR catpping’176 (Fig.
3.6¢ and Supplementary Movie 1). SOS™ initially moved with the activated BCR, but at later
time points we found that it was depleted from the central BCR cluster (Fig. 3.6d,e). Thus,
SOS™ leaves the plasma membrane at the site of the central BCR cluster, and this occurrence
also correlates with attenuation of SOS™-driven Ras-ERK signaling at later time points (Fig.
3.4¢g). Confocal fluorescence microscopy revealed the appearance of punctate SOS structures,
which were located inside the cells and were reminiscent of endocytic vesicles (Fig. 3.7a).
Moreover, these vesicle-like structures appeared only for SOS™ but not for SOS"™F¢ or the
chimeric SOS™PP°-SH2, and only on bilayers displaying the BCR-activating antibody (Fig.
3.7a,b). These observations suggest that removal of SOS1 from the membrane in a BCR-signal-
dependent process requires the C terminus.
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To more definitively address disappearance of SOS™ from the plasma membrane, we used COS-
1 cells with a much larger cytoplasmic volume than that of DT40 B cells. Visualization of
transfected EGFP-tagged SOS™ revealed predominantly cytoplasmic and evenly distributed
SOS1 before epidermal growth factor (EGF) stimulation. We observed prominent membrane
recruitment of SOS1 at the plasma membrane 10 min after EGF stimulation. By 30 min after
stimulation, most SOS molecules had localized to perinuclear vesicular structures (Fig. 3.7¢).
The vesicular SOS1 colocalized with the early endosomal marker protein Rab5 (ref. *'"), thus
indicating that SOS1 molecules are removed from the plasma membrane via endocytosis (Fig.
3.7d). We found that the kinetics of SOS1 endocytosis was influenced by the allosteric Ras-
binding pocket. A SOS1 mutant impaired in allosteric Ras binding (SOS™- -°87E R%884) exhibited
accelerated endocytosis (Fig. 3.7e). Binding of SOS1 to Ras via its allosteric pocket thus appears
to counteract the endocytosis of SOS1.

DISCUSSION

Signal propagation from receptors to the Ras pathway is commonly accepted to involve
recruitment of SOS from the cytosol to the plasma membrane via the adaptor protein Grb2. In its
classical interpretation, the increased membrane localization of SOS is presumed to tip the
RasGEF-RasGAP balance at the membrane in favor of Ras activation, thus explaining how
signals are relayed downstream. However, several results have challenged this classical model,
particularly the recurring observation that SOS-truncation mutants lacking the Grb2-binding PR
domain remain signaling competent in cells™>**>°. More recently, we have shown that SOS
stably associates with a lipid-membrane surface by engaging Ras at the allosteric binding pocket.
In reconstituted-membrane systems, this mechanism alone (i.e., independently of other
mechanisms of SOS membrane anchoring) is sufficient for sustained association of SOS with the
membrane, where it can processively activate thousands of Ras molecules'*®. Strikingly,
essentially no dynamic equilibrium is present; membrane recruitment of SOS is quasi-
irreversible at signaling-relevant timescales.

Here we demonstrated that the membrane recruitment probability of SOS by allosteric Ras is
strongly accelerated by RasGTP relative to RasGDP, thereby explaining how SOS constructs
lacking the Grb2-binding PR domain are capable of sensing receptor triggering. In a cellular
context, RasGTP levels are primed after receptor activation, for example, because of the activity
of RasGRP or other exchange factors that produce RasGTP and facilitate SOS recruitment; this
process is fueled by strong positive feedback as the recruited SOS produces increasingly more
RasGTP. This ability to respond to receptor stimuli independently of Grb2 is further augmented
by the lipid-interacting PH and HF domains, which bind lipidic second messengers such as PIP2
and phosphatidic acid.
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In light of the spontaneous and nearly irreversible activating characteristics of SOS, the question
shifts to how receptor-mediated signals maintain control of SOS via Grb2 binding. The literature
abounds with apparently conflicting results on this matter. In particular, it has been unclear
whether the C-terminal PR domain plays a positive, redundant, or even negative regulatory role
in SOS signaling. Our p-FLOW assay, which considers the multifactorial aspects of signal
transduction (i.e., expression level, pathway activity, and time after receptor stimulation),
revealed that the PR domain performs dual functions in receptor-stimulated cells, acting as either
a signal facilitator or a signal terminator, depending on the phase of the signaling process. In
addition, the PR domain contributes to inhibition of SOS in the basal state.

From the perspective of receptor-mediated activation of SOS, Grb2 binding by the PR domain
clearly increases the rate of activation. Our multiparameter mapping of the activity of the SOS-
Ras-ERK cascade, enabled by reconstitution of SOS1 in SOS-deficient B cells, revealed that
spontaneous activation of SOS scales with SOS expression level. Essentially, the spontaneous
activation of SOS is driven by Le Chatelier’s principle and is simply a probabilistic event that
scales with concentration. Under endogenous expression levels, this spontaneous activation must
be sufficiently slow as to be inconsequential in the context of background GAP activity, thus
requiring the additional boost from receptor-mediated Grb2 recruitment to trigger a productive
Ras signal (extended discussion in Supplementary Note 5; Supplementary Fig. 8a—d). We
propose endocytosis as a method of signal attenuation that provides an actively regulated
mechanism to remove SOS from the plasma membrane, effectively cutting off access to new Ras
molecules. SOS constructs lacking the PR domain are not endocytosed, and they exhibit
sustained ERK activation levels (further discussed in Supplementary Note 6). Thus, in its
natural state, SOS activation follows a one-way trafficking circuit with active removal from the
membrane via the PR domain as the shutdown mechanism.

Recently, it has become clear that single—amino acid variants in RasGEFs have a profound
biological effect. We established that the EF hands in RasGRP1 play a dual role in keeping this
RasGEF in the autoinhibited state while simultaneously allowing for calcium-induced
activation'’®. A single—amino acid variant allele, RasgrplAnaef, with a point-mutated EF hand,
perturbs both regulatory roles of this domain and leads to autoimmune features in RasgrplAnaef
mice®’®. The structural basis for PR-domain-facilitated autoinhibition and the transition to the
activated state of SOS is unknown, because efforts to produce functional full-length SOS1
protein including the PR domain have been unsuccessful to date. Mining public databases, we
found several SOS1 variants with point mutations or stop codons in the PR domain, which are
linked to Noonan developmental syndrome, hyperplastic syndromes such as hereditary gingival
fibromatosis'®, and various cancers (Supplementary Fig. 8e). It is plausible that subtle point
mutations in the PR domain may have substantial biological effects and contribute to human
disease.
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METHODS

Proteins and reagents

H-Ras®% “181 (H-Ras construct containing residues 1-181 with a single cysteine at position
C181 used for coupling to the bilayer, termed Ras herein), SOS“® Cys-lite (residues 566—1049
with the following mutations: C838A, C635A, C980S, and E718C), SOS®F* (residues 198—
1049), SOS™PPC (residues 1-1049), and SOSHPPC R2C (residues 1-1049 with R552G) of human
SOS1 were expressed in Escherichia coli and purified as previously described®. Lipids were
purchased from Avanti. TR-DHPE, BODIPY-GDP, and BODIPY-GTP were purchased from
Invitrogen. ATTO 647N-maleimide, ATTO 488-labeled guanosine diphosphate (EDA-GDP-
ATTO 488) and EDA-GppNp—ATTO 488 (nonhydrolyzable analog of GTP were purchased
from Jena Bioscience. GTP was purchased from Sigma-Aldrich, and GDP was purchased from
MP Biomedicals. Biotinylated anti-chicken IgM was purchased from Sigma (SAB3700240), and
Cyb-labeled streptavidin was from Life Technologies (43-4316). Validation information for
commercial antibodies is available on the manufacturers’ websites.

Protein labeling and benchmarking

SOS constructs were fluorescently labeled by reaction of 1:10 molar ratio of unlabeled protein
with ATTO 647N-maleimide for 2 h at 23 °C. Unreacted fluorophores were removed with PD-
10 columns (GE Healthcare). The degree of labeling was determined by UV-vis spectroscopy
(NanoDrop 2000, Thermo Scientific), yielding 90% for SOS“* Cys-lite, 119% for SOSDPC,
106% for SOS™°C, and 118% for SOSHPPC R**¢, SOSPPC, SOSTPPC and SOSHPPC Re%26
contained multiple cysteines, thus explaining why labeling efficiencies exceeded 100%.

Dye labeling can potentially alter protein behavior, and caution is always needed in the
interpretation of related results. Here, nucleotide-exchange experiments were conducted to
ascertain that labeling did not alter enzyme behavior; comparison of unlabeled and labeled
constructs in the stopped-flow assay indicated that labeling had a negligible effect on the in vitro
activity of SOS in our system (Supplementary Fig. 1c).

Ras-decorated supported lipid bilayers for in vitro assays

Ras decorated bilayers were prepared as previously described®*°. Lipids dissolved in
chloroform were mixed in a round-bottomed flask. Solvent was evaporated by rotary evaporation
(40 °C, 10 min) followed by N2 flow (20 min). Small unilamellar vesicles (SUVs) were formed
by rehydration of the dried lipid film in PBS (pH 7.45). The vesicle suspension was extruded 11
times (Avestin Miniextruder, 30-nm-pore-diameter polycarbonate membranes; Millipore). The
lipid composition was 3% DOPS, 3% MCC-DOPE, 0.01% TxRed-DHPE, and the remainder
Egg-PC.

SLBs were formed by incubation of the SUV suspension for 30 min on cleaned piranha-etched
glass slides mounted in flow chambers (FCS2 flow chambers, Bioptechs). The sample was
incubated with casein in PBS (2.5 mg/ml) for 10 min and was then incubated for 2.5 h with Ras
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in PBS (1 mg/ml). After Ras incubation, unreacted MCC was quenched by treatment with 2-3-
mercaptoethanol in PBS (5 mM) for 10 min. A motorized syringe pump (PHD 2000, Harvard
Apparatus) was used throughout the sample preparation for liquid injections and washing steps.

For loading of fluorescent nucleotide onto Ras, samples were equilibrated at 4 °C and washed
with 3 mL loading buffer (40 mM HEPES and 150 mM NacCl, pH 7.4); the native nucleotide
bound to Ras was stripped in a 20-min incubation with EDTA in loading buffer (50 mM EDTA,
40 mM HEPES, and 150 mM NacCl, pH 7.4). This step was immediately followed by overnight
incubation of samples with 10 pM fluorescent nucleotide analog in reaction buffer (40 mM
HEPES, 100 mM NaCl, and 5 mM MgCl,, pH 7.4). Fluorescent nucleotides used in this study
included BODIPY-GDP, BODIPY-GTP, ATTO 488-GDP, and ATTO 488-GppNp. A control
experiment in which samples underwent all steps except Ras incubation showed no detectable
nonspecific binding of the applied fluorescent nucleotides to the SLB.

Immediately before microscopy, samples were brought to room temperature, and any unbound
fluorescent nucleotide was removed by washing with 3 mL reaction buffer (40 mM HEPES, 100
mM NaCl, 5 mM MgCl,, and 1 mM TCEP, pH 7.4) under constant flow. The two-dimensional
fluidity of lipids and Ras was confirmed for each sample with fluorescence recovery after
photobleaching (FRAP).

Antibody-functionalized supported lipid bilayers for live cell imaging

Bilayers for live-cell experiments were prepared as described above, with a lipid composition of
5% DOPS, 0.1% biotinyl cap PE, 0.005% TxRed-DHPE, and the remainder Egg-PC. A piranha-
etched glass slide (1, Fisher Scientific) mounted in a microscopy chamber (A-7816, Life
Technologies) was incubated with SUV suspension (1 mg/mL) for 30 min. The sample was then
treated with Cy5-labeled streptavidin (18.8 nM) for 30 min and was then incubated with
biotinylated anti-chicken IgM (62 nM; SAB3700240, Sigma) for 30 min. Each incubation step
was followed by copious washing with PBS.

Stopped flow supported lipid bilayer assay

Labeled and unlabeled SOS constructs were mixed at the desired ratio (typically 1:20) at a total
concentration of 100 nM and flowed over the bilayer as a transient pulse. The number of labeled
SOS molecules remaining on the bilayer after the pulse (due to capture by catalytic Ras in the
absence of free nucleotide)* ' was counted at the single-molecule level and used to infer the
recruitment probability (Supplementary Note 7). We experimentally confirmed that SOS in our
system was indeed stably tethered to the bilayer via Ras in the absence of free nucleotide. For
Y64A experiments, SOS engaged the membrane in a transient manner (Fig. 3.2c), and the extent
of binding was inferred from the observed peak binding during the SOS pulse instead of from the
plateau (data in Fig. 3.2d).

The nucleotide-exchange reaction was initiated by providing a continuous flow of nucleotide
(120 uM GDP or GTP). SOS desorption and nucleotide-exchange kinetics were quantified at
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different time points by acquisition of an image of the fluorescent nucleotide on Ras and ten
images of the labeled SOS. For each time point, we imaged a different position in the flow
chamber to avoid bleaching. The ten images of SOS at each position allowed us to discard
immobile SOS in the analysis (i.e., SOS bound to defects in the bilayer). This is a crucial aspect
of the experimental design because it avoids bias from sample-to-sample variation in the number
of defects as well as possible differential tendencies of various protein constructs to adhere to
bilayer defects. By counting membrane-bound SOS through single-molecule tracking, we were
able to focus entirely on species that are laterally mobile.

A clear demonstration that the assay probed specific interactions between Ras and SOS came
from the observation that all SOS constructs tested exhibited sensitivity to the nucleotide state of
Ras with consistently increased recruitment probability as well as a prolonged residency period
on membranes displaying RasGTP (Fig. 3.2d and Supplementary Fig. 3a—c).

For specific comparison of desorption for successfully activated SOS constructs (Fig. 3.3c),
traces were normalized to the SOS count at the membrane observed at the initiation of the
nucleotide chase. For SOS®®, we observed a fraction of rapidly desorbing species during the first
few seconds of the chase (Fig. 3.2c). This fast-desorbing fraction did not contribute to processive
Ras turnover (Supplementary Fig. 1d), and for the comparisons with other constructs (Fig. 3.3c
and Supplementary Fig. 3b,c), we cropped the first 10 s of the trace.

Maintenance and transfection of DT40 and Jurkat cell lines

Culture maintenance, plasmid transfection, and BCR stimulation of chicken DT40 B cell lines
were carried out as previously described®®. Jurkat cell culture and transfection techniques were
also performed as previously described™. The SOS1-2— DT40 B cells were generated in T.
Kurosaki’s laboratory (RIKEN). Both wild-type and SOS1-2— DT40 B cells were gifts from T.
Kurosaki. The obtained cell lines were confirmed to be free of mycoplasma contamination. For
routine cell functional authentication, surface expression of B-cell receptor (BCR) was
confirmed by flow cytometry and by BCR-induced pERK2 measurement similar to the experi-
ment shown in Supplementary Figure 4. Jurkat T cells were obtained from the ACCC and were
maintained according to the provided guidelines.

To generate EGFP-tagged hSOS1 variants, EGFP coding sequence (CDS) was PCR-amplified
with Xba I- and Not I-flanked primers from pEGFP-N1 plasmid (Clontech). The resulting SOS1-
EGFP construct bears a five—amino acid linker (SRGGR) between SOS1 and EGFP CDS.
Expression was confirmed by western blotting with anti-GFP antibody (Cell Signaling, 2956)
(Supplementary Fig. 4a).

Live cell imaging
For live cell microscopy, 2.5 million cells were exchanged from cell culture media to 1mL of
serum-free RPMI by pelleting cells through 5 min centrifugation at 500g; this was followed by
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30-min incubation in serum-free RPMI at 37°C. Cells were imaged in pH 7.40, 10 mM HEPES,
68 mM NaCl, 2.5 mM KCI, 0.35 mM Na;HPO,, 3 mM p-Glucose, 1 mM CaCl,, 2 mM MgCly,
and 0.1% BSA.

Live-cell imaging was performed with a stage-top incubator and an objective heater (Chamlide
TC-A, Quorum Technology). Experiments were initiated by addition of cells to SLBs
functionalized with anti-BCR (Sigma, SAB3700240). The bilayer was heated to 37 °C before
addition of cells. The 488-nm channel was used for SOS-EGFP, and the 640-nm channel was
used for BCR-engaged antibody on SLBs. For a few selected cells, TIRF images were acquired
every ~1-5 min to follow the kinetics of the signaling reaction. Approximately 30 min after cells
were added to the chamber, 488-nm and 640-nm TIRF, together with bright field and RICM
micrographs were acquired at a number of positions in the microscope chamber.

Flow cytometry and data analysis

Jurkat T cells were transiently transfected for 20 h with 10 pg of wild-type or allosteric mutant
(WT729E) Soscat-encoding plasmid together with 10 pg of GFP plasmid. The activity of the Ras-
ERK pathway was measured by FACS staining of surface CD69 (sCD69, BD Pharmingen,
555531) together with GFP intensity measurements. GFP-positive cells were subgated into nine
fractions. The geometric mean fluorescence of CD69 was determined for each fraction.

For quantitative and qualitative assays of the RAS-ERK signal module, intracellular staining of
BCR-induced ERK phosphorylation was performed according to established procedures46. In
brief, cells were stimulated with BCR cross-linking mouse IgM (clone M4, Southern Biotech,
8300-01) for the desired time period. Stimulation was then stopped by addition of 4%
paraformaldehyde-PBS, and cells were fixed for 20 min at room temperature. Fixed cells were
washed three times with FACS wash buffer (PBS, 1% BSA, and 10 mM EDTA) and
subsequently permeabilized with prechilled 90% methanol overnight. Cells were then washed
three times with FACS wash buffer and stained for pERK with rabbit antisera (Cell Signaling,
9101). pERK was visualized by secondary staining with goat anti-rabbit IgG conjugated with
APC (Jackson Immunochemicals, 711-136-152).

For FACS acquisition, a minimum of 100,000 events were collected for each time point with a
FACSCalibur machine (BD) and analyzed with FlowJo software. For analysis of ERK activation,
cells were sorted into nine bins of equal intervals according to their SOS expression level.
Subsets with fewer than 100 acquired events were disregarded for fair comparison of SOS1
variants with different expression levels.

COS1 cell transfections and immunofluorescence staining

COS1 cells were cultured and treated as previously described®. COS1 cells were obtained from
ACCC. In brief, cells grown on cover slips were transfected with either the pCGT-T7-SOS** or
SOSCAHLEBTERGEBA construct together with GFP-tagged H-Ras”™**® P¥_encoding plasmid. After 24
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h, transfected cells were fixed in 3.7% (v/v) formaldehyde and permeabilized with 0.1% (v/v)
Triton X-100. Expressed SOS proteins were visualized by staining with anti-T7 antibody (EMD
Millipore, AB3790), followed by rhodamine-conjugated anti-mouse antibody (Cappel, R-6393).
Rab5 protein was expressed as a GFP-fusion protein. EGF was obtained from Invitrogen.
Imaging was conducted on a Zeiss Axiovert 200M microscope.

Optical microscopy platforms

Epifluorescence and total internal reflection fluorescence microscopy was performed on a Nikon
Eclipse Ti inverted microscope with a Nikon Apo TIRF 100x oil immersion objective (1.49 NA)
and an EMCCD camera (Andor iXon 597DU). A mercury arc lamp was used for epifluorescence
illumination. 488-nm (Sapphire HP; Coherent) and 647-nm (RCL-050-640; Crystalaser) lasers
were used for through the objective TIRF imaging. Band-pass emission filters for 488- and 647-
nm TIRF images were HQ515/30 and HQ700/75 (Chroma Technology), respectively. The
microscope was operated with MetaMorph software (Molecular Devices).

For live-cell experiments, an additional TIRF setup was used with the following specifications:
inverted microscope body (Nikon Eclipse Ti (Ti HUBC/A), Technical Instruments) equipped
with a Nikon Apo TIRF 100x oil objective (1.49 NA). The microscope had a custom-built laser
launch with 488-nm, 561-nm, and 633-nm lasers (all from the OBIS product line, Coherent)
controlled via a laser control module (OBIS scientific remote). The TIRF setup was operated
through the objective mode, and images were collected on an EMCCD (iXon ultra 897, Andor).
The microscope was controlled with pManagerlZB.

Confocal microscopy was performed on a custom-built spinning-disk confocal system®®.
Briefly, images were captured with a Nikon Apo TIRF 100x oil-immersion objective (1.49 NA)
and an EMCCD (Andor iXon3 888), and the microscope was controlled with uManagerle. The
axial slice step size was 0.5 pm.

Data analysis: A detailed description of the data analysis procedures relating to imaging
experiments can be found in Supplementary Note 7.

Code availability: Supplementary Note 7 provides a detailed description of the data analysis
procedures that can be implemented in a given coding language.
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Figure 3.1. The catalytic core of SOS is stably and functionally recruited to Ras-decorated SLBs
in vitro, independently of Grb2 and lipid-binding domains. (a) The domain architecture of full-
length (FL) hSOS1. The catalytic unit (Cat) is depicted together with the flanking regulatory
domains. Yellow boxes in the C-terminal PR domain indicate PxxP motifs, which interact with
Grb2. (b) Classical model of the SOS-Ras-ERK signal-transduction pathway. In the shown
example, SOS is recruited to the plasma membrane downstream of activated B-cell receptors via
binding of Grb2 to phosphotyrosine motifs on the adaptor protein LAB. (c) Single SOS activity
assay based on micropatterned Ras-functionalized fluid SLBs. (d) Representative overlay image
of fluorescent GDP bound to Ras (red channel) and membrane-recruited SOS* (green channel)
in the single-molecule assay depicted in c. Darker areas with depleted signal in the GDP channel
indicate membrane corrals to which individual copies of SOS“® were recruited and exhibited
highly processive SOS“* activity, activating Ras in a sustained manner without dissociating from
the membrane surface. This experiment was repeated five times.
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Figure 3.2. Stopped-flow SLB assay probing SOS recruitment and desorption. (a) Cartoon
representation of the two phases of the assay. (b) Single-molecule tracking of ATTO 647N—
labeled SOS“ diffusing at the bilayer. (c) Traces from the stopped-flow assay. Experiments used
SOS“: SOSC W2 3 mutant with an abolished allosteric pocket; and RasY64A, a construct
deficient in binding to the active site of SOS. The indicated counts are for a field of view of 55 x
55 um? and were scaled according to the applied ratio of unlabeled to labeled enzymes. (d)
Membrane recruitment probabilities quantified from phase 1 of the stopped-flow assay. Each
triangle represents data from a SLB sample. Black horizontal lines indicate the average of the
data shown for each condition. Source data for plots and graphs are available online.
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Figure 3.3. The N terminus of SOS suppresses bilayer recruitment while prolonging dwell time
in the active membrane-bound state. (a) SOS constructs tested in the stopped-flow SLB assay.
All experiments shown were conducted with RasGDP on the bilayer. (b) Recruitment probability
of SOS constructs obtained from the stopped-flow assay. Each bar represents the average of data
collected for the following number of SLB samples, except for HDPC, for which each bar
reflects data from one SLB: SOS“*, n = 4; DPC, n = 4; HDPC, n = 2; HDPC R552G, n = 3. Each
sample was imaged in at least 15 different positions. Error bars, s.e.m. (data for SOS“* are
replotted from Figure 2 for comparison). (c) Membrane residence time of SOS constructs
obtained from the stopped-flow assay. The mean residency period for each construct was
obtained by fitting desorption traces (Supplementary Fig. 3b) from the following number of
SLB samples: SOS“®, n = 5: DPC, n = 4; HDPC, n = 2; HDPC R552G, n = 3. Error bars,
estimated s.d. of the fit coefficient for an average over the indicated samples. Source data for
plots and graphs are available online.
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analysis of the SOS-RAS-ERK pathway in model B cells expressing human SOS™ C-terminally
fused to an EGFP label. A.U., arbitrary units; int., intensity. (c,d) BCR-induced SOS-RAS-ERK
pathway activation as a function of increasing SOS expression level and time after stimulation of
BCR for SOS“-expressing (c) and SOS™-expressing (d) cells. Arrowheads indicate the time of
BCR activation. The pERK level is reported as mean fluorescence intensity (MFI). (e)
Comparison of basal pERK level across increasing protein concentrations of SOS“* and SOS™-.
The yellow plane on the cube indicates the subspace of the 3D parameter space of the assay
corresponding to the shown traces. (f,g) Comparative plots representing the dynamic change in
BCR-induced pERK as a function of stimulation time in cells expressing superphysiological
levels (f) and intermediate levels (g) of SOS“* and SOS™. (h—j) Ratios of pERK observed in
SOS“™. and SOS™-transfected cells, corresponding to traces in e—g. Red fill indicates increased
activity of SOS“® as compared to SOS™, whereas blue fill highlights decreased relative activity.
Data are based on seven independent cell cultures and p-FLOW experiments. Error bars, s.e.m.
Source data for plots and graphs are available online.
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Figure 3.5. SOS®* flanking domains block spontaneous activation in the basal state but promote
RAS-ERK signal transduction after receptor stimulation. (a—c) p-FLOW assays showing
inhibition of spontaneous ERK activation after addition of SOS®* flanking domains: DH-PH
domain (a), HF domain (b), and PR domain (c) (depicted schematically in domain diagrams at
the top). The ratio of pERK MFI for longer to shorter SOS variants is plotted against increasing
SOS concentration for unstimulated cells (basal state). (d—f) Time dependence of the pERK MFI
ratio after BCR stimulation, plotted for the DH-PH domain (d), HF domain (e), and PR domain
(F) (depicted schematically in domain diagrams at the top). (g—i) Comparison of BCR-induced
ERK activation in the KR-EE PH-domain mutant (**) and wild-type SOS1 variants, showing
disruption of membrane lipid interaction in the KR-EE mutant. Yellow planes on the cubes to the
left indicate the corresponding subspace of the 3D parameter space in the p-FLOW assay (c.f.
Fig. 4c,d). Data are based on three independent experiments. Error bars, s.e.m. Source data for
plots and graphs are available online.
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Figure 3.6. PR-domain-dependent localization of SOS to BCR microclusters and SOS depletion
from the central BCR cluster formed between B cells and SLBs decorated with BCR-cross-
linking antibody. (a) Representative TIRFM images illustrating spatial localization of SOS and
BCR microclusters. Cells expressing SOS“* (left) and SOS™ (right) at an early (~5-min) time
point after contacting the bilayer are shown. The number of replicates is given in b. (b)
Colocalization of different SOS variants and BCR microclusters. Each dot on the graph
represents data from one cell. Red horizontal lines indicate average + s.e.m. for the shown scatter
data. Numbers of cells/SLB samples are: SOS*, 28/5; HDPC, 30/2; HDPC-SH2, 34/2; FL, 21/2;
FL R552G, 17/2; SOS®®-PR, 9/2; DPC-PR, 32/1. (c) Overlay of anti-BCR (Cy5, red) and SOS
(EGFP, green) fluorescence signals before (left) and after (right) the formation of a central BCR
cluster. The displayed overlays are also plotted as separate image channels in Supplementary
Figure 7c. (d) Trajectories of BCR (red) and SOS™- (green) movement at the cell-bilayer
interface. The trajectories were obtained by tracking individual BCR and SOS clusters in a time
lapse (Supplementary Movie 1) of the cell shown in c. Each tracked position of a microcluster
is indicated by a dot. Chains of connected dots draw out microcluster trajectories. () Normalized
time traces of the fluorescence intensity of SOS™--EGFP and BCR at the center of the cell-
supported bilayer synapse for the cell shown in ¢. The phenomenon of SOS depletion from the
central BCR cluster was observed in 69% of SOS™-expressing cells (95 cells imaged over five
experiments). Source data for plots and graphs are available online.
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Figure 3.7. PR-domain-dependent SOS
endocytosis mediates signal
attenuation. (a) Confocal data in 3D
rendering, showing SOS™-enriched
vesicle-like structures appearing away
from the cell-bilayer contact zone at
late time points (~10—-30 min after cell
landing). Scale bar, 3 um. (b) Statistics
of cells displaying internal SOS puncta,
as shown in a. Numbers of cells/SLB
samples/cell cultures are: FL, 97/4/2,;
HDPC, 75/3/2; HDPC-SH2, 78/3/2.
Error bars, s.d. across SLB samples. ()
Localization of EGFP-tagged SOS1™-
in COS-1 cells stimulated with EGF for
the indicated time points. Scale bar, 10
um. (d) Colocalization of internalized
SOS1 with the Rab5 endosomal marker
in COS-1 cells stimulated for 25 min
with EGF. Images shown are
representative of the colocalization
pattern observed in >75% of the cells in
three independent experiments (25 cells
analyzed per experiment). The enlarged
inset in the merged image is also
plotted in Supplementary Figure 7d
as separate image channels. Scale bar,
10 um. (e) Kinetics of SOS localization
to endocytic vesicles in EGF-stimulated
COS-1 cells. EGFP-tagged SOS™ is
compared with an SOS1FL molecule

with a functionally impaired allosteric pocket (SOS™ %87 554y ‘Renresentative images
accompany the bar graph. The results represent an average of two independent experiments (25
cells counted per condition for each experiment). Scale bar, 10 um. Source data for plots and

graphs are available online.
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ABSTRACT

Due to the prevalence of oncogenic Ras mutations, effective drugs are needed to target this
protein in the clinical setting. In solution studies, a small molecule, DCAL, has been shown to
interact with a novel binding site of the surface of Ras and to interfere with Ras activation by the
effector SOS. Here, we establish that DCAI activity functions by modulating the recruitment of
SOS to Ras. Reducing the recruitment of SOS can impede the activation of Ras. Combined
measurements on supported lipid bilayers and in EGF-stimulated single-cell measurements show
that DCAI impacts both receptor-mediated SOS recruitment and the non-mediated positive
feedback SOS engagement with Ras. This proposes a nhovel mechanism for targeting Ras
activation and suggests clinical potential for the small-molecule binding pocket on Ras’s surface
utilized by DCAL.
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MAIN TEXT

Ras serves as a molecular switch that is ‘off” when bound to GDP, but ‘on’ when it is bound to
GTP. Aberrant activation of Ras causes 30% of all human cancers'®*'%1% Nevertheless, as of
yet, there is no drug that is used clinically to restore regular activation levels in Ras-driven
cancer cells'®. Recent studies have attempted to block interactions between Ras and its effectors
and modifying proteins, but have had mixed success’®*%. DCAI is a small molecule that binds

to a previously unknown pocket on the surface of Ras, resulting in reduced activation'®.

Ras undergoes substantial post-translational modification, including farnesylation®*'%*. Not only
does this serve to localize Ras to the membrane surface, but also positions it to activate, and to be
activated by, its effectors'®*%. One important class of Ras effectors, Guanosine nucleotide
Exchange Factors (GEFs), spur the activation of Ras by causing nucleotide release, allowing
cytosolic GTP to take the place of GDP®"87188,

Son of Sevenless (SOS) is a Ras GEF that is known to participate in Ras activation leading
towards diverse responses, including cell growth'®. The catalytic core of Ras includes a REM
and a CDC25 domain, and can bind Ras in two distinct sites: one allosteric, and one catalytic.
The allosteric site preferentially binds RasGTP, providing a positive feedback loop™?. When
combined with spatiotemporally confinement, this feedback loop is speculated to be a key
component of the cell’s triggering mechanism®. The Dbl homology (DH), pleckstrin homology
(PH) and histone fold (HF) N-terminal domains, along with a C-terminal proline rich (PR)
domain, flank the SOS catalytic core. The DH, PH, and HF domains play vital roles in
membrane association and autoinhibition'®***. The PR domain serve as a GRB2-binding site,

which is part of a signaling cascade and brings SOS to the membrane in cells**°.

Historically, it has been assumed SOS is dependent upon the signaling cascade, and specifically
GRB2 activation, to be recruited to the membrane®’. However, recent results have shown that
SOS is able to dwell on the membrane for long times (minutes to hours) without any upstream
signaling partners®®®, This surprising result is possible because of the combined action of the
SOS’s catalytic and the allosteric binding sites™*. The allosteric binding site can serve to anchor
SOS to the membrane surface, while spurring nucleotide exchange of many Ras proteins at the
catalytic site. Therefore, these two domains alone are able to stably recruit SOS to the membrane
and enable processive activation of Ras. It has been shown that tethering SOS to the membrane
is sufficient to activate the Ras pathway™®. Therefore, processivity could play a crucial role in
signal amplification and the determination of cell fate®****. Thus, SOS displays two activation
pathways: 1) the textbook receptor-mediated signaling initiation pathway through GRB2
recruitment of SOS (Fig 4.3a), as well as 2) a non-mediated positive feedback pathway where
SOS recruits directly to pre-activated Ras (Fig 4.3b).

Mutations in SOS are known to impact the Ras signaling cascade, such as in Noonan
syndrome®®. Therefore, SOS remains an appealing target to modulate Ras activation. The largest
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focus of previous work has been on the catalytic activity of SOS — its ability to switch into a
highly active state, dependent upon the nucleotide state of the allosterically bound Ras. However,
SOS recruitment could itself provide an important step in regulating this signaling pathway,
especially if both recruitment pathways could be targeted simultaneously. Decreased recruitment
of SOS would decrease the resultant Ras signal.

The small molecule inhibitor DCALI is known to bind in the Ras-SOS catalytic binding site, and
to impede SOS mediated activation of Ras'%. However, previous studies exploring the activity
of DCAI have used Ras in solution—and therefore may not apply to the physiologically relevant
membrane environment™3. A membrane mimic is required to meaningfully distinguish protein
recruitment from catalytic activity. In solution assays, SOS binding to Ras is convolved with
exchange rates. Here, using combined in vitro and live-cell imaging assays, we show that DCAI
action is mediated through reduced recruitment of SOS to Ras at the catalytic site. Not only does
DCAI impede recruitment in the in vitro context, but is also able to reduce receptor-mediated
SOS recruitment. Reducing SOS recruitment alone is shown to activation of the Ras pathway.
More fundamentally, these results suggest that GRB2-mediated recruitment of SOS involves a
Ras-binding step. Recent data from our lab indicate that receptor-mediated SOS recruitment
involves a seconds-long activation lag-time (unpublished result); this time could be sufficient for
SOS to bind (or fail to bind) to Ras.

A supported lipid membrane platform that was functionalized with H-Ras (noted as Ras
throughout) through maleimide chemistry was used, mimicking Ras tethered to the membrane
through the native farnesyl moiety®****. Bilayer quality was assessed before each experiment
using Fluorescent Recovery after Photobleaching (FRAP). Using a commercially available
stop/flow chamber controlled by pump for an consistent pressure and exposure profile, SOS-
Atto647 was added. SOS’s catalytic domain (including both REM and CDC25) was used in
order to maximize SOS action in the absence of autoinhibition, simulating an overactive state.
Fluorescent signals were used to monitor SOS interactions with Ras (Fig 4.1).

When exposed to a Ras bilayer in the absence of nucleotide, SOS binds to Ras, begins the
catalytic process, and is trapped stabilizing the nucleotide-free state®. Fluorescent intensity was
used to determine the amount of time-integrated SOS recruitment (Fig 4.1a). As compared to a
control with DCAL, there was a 40% decrease in SOS recruitment in the presence of 250uM
DCAI (Fig 4.1b). This held both in wild type (WT) Ras and in Ras-Y64A, a mutation which
abolishes SOS binding to the catalytic site. As expected, the overall recruitment of SOS to Ras-
Y64A bilayers is much less than to WT bilayers, since the catalytic site contributes to SOS
recruitment in the wild type case; this mutation then suggests the lower limit of sensitivity of this
assay. Titrating the concentration of DCAI reproduces the effect curve that was previously
reported*®, suggesting that the reduced binding between SOS and Ras is the main mechanism of
DCAI inhibition. DCAI also modulates the membrane bilayer itself (Figs 4.4-4.6), potentially
complicating the interpretation of live-cell measurements—but more importantly, setting the
expectation for spontaneous transport through the cell membrane.
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Even though the overall level of SOS recruitment to Y64A Ras is quite low, SOS binding is
decreased further in the presence of DCAI. The preservation of the DCAI-mediated reduction of
SOS recruitment to catalytically-incapable Ras would seem to indicate that DCAI primarily
targets the Ras-SOS allosteric interaction. However, given the structural evidence that DCAI
impedes SOS binding to the catalytic site'®, the simplest interpretation is likely misleading. It is
well understood that both catalytic and allosteric sites are required for robust SOS
activation®**®13* One possible explanation of these results is that the Y64A mutation allows for
some small amount of SOS binding even at the catalytic site, which is further reduced by the
presence of DCAI in an additive way. Alternatively, it is also possible that DCAI has an effect
on allosteric binding that is not predicted by structural studies, and that inhibition of SOS binding
at both sites plays an important role in the loss of activity caused by DCAL.

In order to assess the impact of DCAI directly on SOS in live cells, MDAMB231 cells were
transfected with full length SOS-GFP and were exposed to DCAI. Recruitment of SOS to the
membrane is decreased with increasing DCAI concentration (Fig 4.2), consistent with the in
vitro measurements. After EGF exposure, the fluorescent EGF can be seen bound to the cell
membrane and colocalized with SOS-GFP (Fig 4.2b, yellow arrows). The degree of EFG
binding was not significantly perturbed by DCAI-mediated membrane disruption (Fig 4.7). This
strongly suggests that recruitment is the key mechanism of DCAI action even in the more
complex live cell environment. Further, this demonstrates that DCAI has an impact on full-
length SOS; the additional membrane interacting domains on SOS, and the full activating
complex with GRB2, are not able to compensate for the inhibition of allosteric Ras-SOS binding.
As in the in vitro measurements, DCAI has a notable impact on the lipid membrane of the cell,
resulting in a phenotype of less adhesion and a pocked surface appearance, likely due to a
changed membrane tension (Fig 4.8). The impact of DCAI in live cells matches that in vitro (Fig
4.2¢). This supports a model of receptor-mediated SOS recruitment that includes a verification
step, where SOS is stably localized at the membrane only after binding to Ras.

An activation lag-time between SOS binding to GRB2 and Ras activation (unpublished result)
permits SOS to respond to a Ras drug even in the presence of the Ras activating cascade. Such a
proofreading step provides an explanation of the efficacy of DCAI on preventing SOS
recruitment of even full-length SOS in a live-cell environment. A reduction of SOS binding to
Ras at the catalytic site, with potential reduction at the allosteric site in addition, would prevent
activation by modulating the SOS binding Kinetics, likely leading to a failure to overcome the
necessary wait-time check-point (Fig 4.3c). As SOS allosteric binding and membrane
localization leads to a built-in positive feedback loop upon the relief of autoinhibition®,
preventing SOS recruitment could stop a signaling cascade by interfering with this positive
feedback (Fig 4.3d). A drug that can halt the recruitment of the effector SOS to Ras could have a
significant impact in clinical settings. The mechanism of interaction utilized by DCALI, blocking
the recruitment of SOS to the membrane, could provide a novel way of targeting Ras-driven
disease states.
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Supported lipid bilayers have been widely used in the academic context, but could also provide
utility in industry in combination with live cell measurements, as demonstrated here. The SLB
platform provides a straight-forward technique to uncover the mechanism of drugs and effector
proteins in a physiologically relevant membrane environment, and when used in combination
with single-cell imaging, can provide a complete picture of a drug’s mechanism in a signaling
pathway.

METHODS

Protein purification and labelling

H-Ras®% 81 (residues 1-181 with a Cys addition for coupling to the bilayer), called Ras
throughout, and SOS-Cat Cys-lite (residues 198-1049 with four mutations: C838A, C615A,
C980S, and E718C) were expressed and purified as previously reported®. SOS was labelled by
incubating with Atto 647N-meleimide for 2h at room temperature, and non-reacted dye was
removed using a PD10 column purchased from GE Healthcare as previously reported™>*.

Ras-functionalized supported lipid bilayers

Bilayers were made from Egg-PC — 99% purity (93.99%), DOPS (3%), MCC-DOPE (3%), and
TR-DHPE (0.01%). All lipids were purchased from Avanti Polar Lipids (Alabaster, Alabama).
Lipids were mixed in a piranha-etched round bottom flask and the chloroform was evaporated
using a rotovap with a 40°C bath for 30 minutes, and then was put under nitrogen for at least 10
minutes. Lipids were then rehydrated with ultra-pure water, sonicated with a Sonics Vibra-Cell
to achieve single unilamellar vesicles (SUVs), and spun down at 15000rpm at 4°C for at least 20
minutes in an Eppendorf Centrifuge 5424 R. #1.5 glass slides were etched with piranha for 10
minutes within an hour of bilayer assembly and attached to an Ibidi sticky-Slide V1% (Cat#
80608) chamber. Lipids were mixed with concentrated PBS stock to achieve a 1x PBS final
concentration, and added to the chamber for a 30 min incubation. Defects in the bilayer were
blocked with 2.5mg/mL casein for 10 minutes, and then Ras was attached to the bilayer using
maleimide chemistry. 0.5mg/mL Ras was incubated on the bilayer for 2.5 hours. Unreacted
maleimide lipids were reduced with 10mM BME for 10 minutes. Dark nucleotide was provided
in excess (at least 10uM) overnight to allow for Ras nucleotide exchange. All measurements
were made in Reaction Buffer (40mM HEPES, 100mM NaCl, 5mM MgClI, pH 7.4, 10mM
BME).

SOS recruitment assay

Ibidi chambers were connected with tubing, male and female luer-lock connectors, and valves,
ensuring no bubbles entered the chamber. Using an additional length of tubing, a syringe was
connected to the valve and attached to a syringe pump (Harvard Apparatus 11plus, Cat# 70-
2208) to maintain a steady, consistent flow profile during the experiment. All tubing connections
were kept the same length in all experiments. 200uL of a desired concentration of SOScat was
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injected into the Ibidi chamber well using a valve and a 1mL luer lock syringe. SOS injected
occurred while data was being collected, to ensure the capture of the initial time point
measurements. The SOS pulse was followed with 1ImL flow at a ImL/min flow rate. During
imaging, 20 frames were captured at any location before stepping down one frame-width to
minimize the effects of photobleaching and other photo-effects. All injections were diluted into
Reaction Buffer (composition listed above).

Cell transfection

Four days before imaging, MDAMB231 cells were plated on TC-treated 6-well dishes at around
50% confluency. The next day, the cells were transiently transfected with a full-length SOS
plasmid with GFP attached at the C-terminus (FL-SOS-GFP). Cells were either transfected with
lug of FL-SOS-GFP DNA with either 4 ug of PEI in OptiMEM or with 5 uL of Lipofectamine
2000. Transfection efficiency and cell health looked similar in both conditions. After 5-6 hours,
the media was changed to fresh DMEM. The following day, the transfected cells were replated
on #1.5 glass slides. The day before imaging, cells were starved with DMEM - serum overnight.

Cell imaging

Cells were imaged in a 37C imaging chamber. Multiple cells were found on each glass side;
TIRF images were taken before adding DCAI or a DMSO control, after a 10-minute incubation
period, and during stimulation with a final concentration of 100ng/mL of EGF-Atto647. The
concentration of DCAI or DMSO was kept consistent in all steps after the initial image, ranging
from QuM — 250uM DCA.

TIRF microscopy

Images were taken on a Nikon microscope (Nikon Eclipse Ti (Ti HUBC/A), Technical
Instruments, Burlingame, CA)with a Nikon Apo TIRF 100x/ 1.49 oil objective and an Andor
EM-CCD camera (iXon ultra 897, Andor Inc., South Windsor, CT), as controlled by micro-
manager2. Coherent’s OBIS lasers were used (488, 561, and 647), along with Chroma emission
filters for each matching line. A Nikon Intensilight C-HGFIE lamp was used for RICM and
bright field imaging.

Imaging analysis

All images were analyzed using FIJI software from the ImageJ software family. For SLB data,
an initial average shade correction was applied to all images, and then the peak intensity was
found. The average intensity from that peak recruitment timepoint was then calculated, avoiding
DCAI defects when relevant. For live cell data, the cell outline was found. Then, the total area of
membrane surface with SOS recruitment above that threshold was integrated both before and
after EGF activation, and the final level of SOS recruitment was divided by the initial level of
SOS present on the membrane to control for transfection efficiency variance. High-expressing
cells were excluded. 14 cells were imaged with both OuM DCAI and 250uM DCAI; 6 cells were
imaged with 125uM DCAI (shown in supplement).
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Figure 4.1. Output information of the SOS recruitment assay. DCAI reduces SOScat recruitment
to Ras in the lipid membrane context. This platform enables recruitment and activation
measurements of lipid-interacting enzymes, such as SOS to Ras. (a) Recruitment of SOS to the
membrane can be measured upon flowing in SOS to a Ras-decorated bilayer using a controlled
pulse of protein and buffer through the chamber. (b) Recruitment data for a titration of DCAI
exposures. Ras-Y64A has a catalytic site mutation that permits only allosteric SOS binding.
DCAI reduces SOS recruitment by about 40%, with confidence of P > 0.05. Altering [DCAI]
produces a titration curve of SOS recruitment.
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Figure 4.2. DCAI suppresses SOS recruitment in starved, activated MDAMB231 cells. a/b
RICM and TIRF imaging of cells MDAMB231 cells transfected with full length SOS-GFP
before and after activation with fluorescent EGF. Top row: SOS-eGFP; middle row: EGF;
bottom row: RICM. Cells were starved overnight and exposed to DMSO or the stated
concentration of DCAI for 10 minutes prior to stimulation. Cells were exposed to (a) DCAI; (b)
DMSO. c After/before EGF stimulation ratio of SOS recruitment to the membrane of activated
MDAMB231 cells. Each circle represents one independent cell measurement. SOS recruitment
was measured by identifying integrating SOS intensity on the cell membrane.
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Figure 4.3. Schematic depiction of the two modes of Ras activation by SOS, with the
perturbations caused by DCAI. Ras/SOS signaling in an activated cell. There are two modes of
SOS recruitment: (a) one through the signaling cascade leading up to Grb2-mediated recruitment
of SOS through the PR domain; and (b) a second through direct SOS binding to Ras through
positive feedback, once a pool of Ras-GTP has been formed through receptor-mediated
activation or other GEF activity. (c/d) DCAI reduces recruitment to the allosteric binding site,
reducing Ras activation at both steps. (c) SOS recruitment is reduced even in the presence of
upstream effectors, suggesting that SOS binding to Ras is an important stabilization step in
receptor-mediated recruitment. Further, combined catalytic and allosteric binding of Ras to SOS
is required for full activation of SOS, so even through receptor-mediated recruitment, reduced
binding to either site would reduce catalysis. (d) The positive feedback loop of SOS activation
would be reduced in cells by alleviating SOS recruitment to either the catalytic site or the
activating allosteric site, as both are required for processivity.
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Figure 4.5. DCAI interacts with the bilayer. DCAI-caused tubules are diffusively distinct (top),
and are themselves mobile (bottom).
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membrane effect, not by Ras.
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Figure 4.7. DCAI suppresses SOS recruitment in starved, activated MDAMB231 cells. (a)
Distribution of intensity ratios for TIRF SOS channel after/before stimulation with EGF. Note
that the distributions are distinct for all three DCAI concentration conditions (with DMSO as the
control). Cells were starved overnight and exposed to DMSO or the stated concentration of
DCAI for 10 minutes prior to stimulation. (b) Distribution of EGF intensity after stimulation for
all measured cells. Note that the distribution of EGF intensity is not distinct for the DCAI
conditions. Therefore, even though DCAI does perturb cell morphology, EGF has equal binding
access to cells in all conditions.
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Figure 4.8. Membrane perturbations caused by DCAI are clearly visible in cells. Note here a
typical cell that dramatically shrinks its adherent zone after DCAI addition, and even more so
after the addition of EGF with more DCAI. This is likely caused by a change in membrane
tension.

EGF (15 min)
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ABSTRACT

While Ras oncogenesis is widely understood to be caused by modulations of hydrolysis and
intrinsic nucleotide exchange, secondary impacts of Ras oncogenic mutations on SOS activity
have not been deeply explored. Here, we quantitatively measure the impact of oncogenic Ras
mutations on time-integrated SOS recruitment and SOS-mediated Ras nucleotide exchange rates.
We demonstrate that SOS recruitment is increased to Q61L-Ras and to G13R-Ras, while the
catalytic rate of nucleotide exchange is decreased to both Q61L-Ras and G12V-Ras. This
suggests that SOS activity is modulated by Ras mutations, and provides insight into new
mutation-specific therapeutic drug targets.
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INTRODUCTION

The GTPase Ras is a highly regulated signaling hub whose activation leads to a wide range of
cell responses, including cell growth and proliferation®®. Ras binds to the nucleotides GTP and
GDP with picomolar affinity®’. The nucleotide state results in shifts in the Switch 1 and Switch 2
regions of the protein (Fig 5.1a), causing conformational states that can be sensitively detected
by Ras effectors. The GTP-bound state of Ras is active, recruiting downstream signaling
proteins, while the GDP-bound state is inactive. Once activated, Ras behaves as a “loaded
spring” that can deactivate via GTP hydrolysis*®. Deactivating pressures in an inactivated cell

keep a majority of the Ras population GDP-bound, preventing spurious activation*®.

As the intrinsic rates of Ras hydrolysis and nucleotide exchange are low, Ras depends on
signaling partners to catalyze both of these reactions and to properly regulate its nucleotide state.
Guanine nucleotide Exchange Factors (GEFs) catalyze the release of bound nucleotide for
exchange with cytosolic GTP, while GTPase Activating Proteins (GAPS) catalyze the hydrolysis
of the bound GTP***#1%1 Many structural features are preserved among the many existing GEFs
and GAPs. GEFs stabilize the nucleotide free confirmation of Ras by replacing the bound Mg**
and shifting the switch regions*®’. GAPs provide charge stabilization of the hydrolysis transition
state to dramatically increase the slow rate of native Ras hydrolysis. A GAP “arginine finger”
inserts into the Ras catalytic site and complexes with the negatively charged cleaved phosphate

intermediate!®?.

If Ras experiences an over-activating mutation, then oncogenesis is likely. Ras mutations cause
30% of human cancers and are especially prevalent in colorectal and pancreatic cancers™".
Unsurprisingly, Ras and its regulatory partners are prime targets for drug-discovery research.
While some drug strategies have garnered preliminary enthusiasm, Ras has been deemed
“undruggable” and no Ras drug has yet survived to market™. It is probable that a combination of
drugs will be required to impede the growth of Ras tumors, as this protein regulates many
interconnected pathways'®.

Oncogenic Ras mutations perturb its signaling switch behavior such that the GTP-bound
population of Ras is increased. These mutations either increase nucleotide exchange or decrease
GTP hydrolysis, leading to over-activation of the proliferatory pathway. The most common
oncogenic Ras mutations occur at codons 12, 13, and 61°*. Mutations at all three sites lower
hydrolysis rates, but G13 is notable for its role in nucleotide exchange (Fig 5.1b). Q61 aids in
charge stabilization of the y-phosphate of GTP as it is hydrolyzed. Additionally, Q61 hydrogen
bonds with the GAP arginine finger such that the transition-state mimic is formed. The Q61L
replacement both fails to mitigate negative charge during intrinsic hydrolysis and prevents GAP-
mediated rate enhancement during GTP hydrolysis>. Similarly, mutations of both G12 and G13
can interfere with GAP activity, as both codons come into close contact with the arginine finger.
Some residues at these locations — including G12V and G13R - clash with the arginine finger,
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reduce GAP binding, and are GAP-insensitive™*%. More importantly for G13 mutations,
however, is the drastic increase in nucleotide exchange. In a solution-based NMR study, intrinsic
nucleotide change was 15-fold faster for the highly active G13D, but only 2.4-fold faster for
Q61L, and reduced by 1.8-fold for the G12V mutation®?,

In addition to the main mechanisms of oncogenesis just described, Ras interactions with other
regulatory proteins — such as GEFs — might also be perturbed by these mutations. Understanding
secondary reactions that contribute to Ras deregulation could yield important insights in the
discovery of clinically successful drug cocktails.

The most studied Ras GEF is Son of Sevenless (SOS). SOS binds two Ras molecules in its
allosteric and catalytic sites. Binding at the catalytic site exchanges the Ras-bound nucleotide for
one in the cytosol — which, due to its higher concentration, is likely GTP. The allosteric site
binds stably to Ras, allowing the catalytic site to processively activate all of the Ras in the
vicinity. Without free nucleotide in solution, SOS will become trapped on the membrane, unable
to complete nucleotide exchange®*. Our time-integrated SOS recruitment utilizes this fact to
quantify varying amounts of SOS catalytic engagement for different Ras mutations (Fig 5.1c).

The allosteric site of SOS has a higher affinity for Ras-GTP than Ras-GDP, creating a positive
feedback loop in which catalytic activity of SOS on Ras leads to more SOS recruitment. The
most common SOS-Ras interaction is short-lived (unpublished result), but the long-lived events
lead to the activation of thousands of Ras molecules, caused by a stably recruited, highly
processive SOS molecule'*®. These behaviors may contribute to the ability of Ras to integrate
analog signal input to a switch-like digital signal output™.

To prevent spurious Ras activation, SOS is highly autoinhibited. It binds Ras by its catalytic
core, which consists of the REM and CDC25 domains, together known as SOS®. Its N-terminal
domains, the Dbl homology (DH), pleckstrin homology (PH), and histone-fold (HF) domain are
involved in the autoinhibition of SOS. The histone packs against the PH-Rem linker to occlude
the allosteric binding site®*. However, the PH and histone domains can have their autoinhibition
relieved by contact with PIP, and charged lipid, respectively®; in fact, these membrane
interactions result in upregulation of signaling*®*. The C-terminal PR domain also plays a role in
autoinhibition®®. As SOS interacts with Ras only at the catalytic core REM and CDC25 domains,
oncogenic mutations are expected to have no impact on SOS autoinhibition. Therefore, the SOS
used herein consists only of the catalytic core of the protein, SOS®®, and is referred to as SOS
throughout.

Herein, we utilize a time-integrated SOS recruitment assay and a SOS-mediated catalytic
exchange rate assay to explore the impact of oncogenic Ras mutations on SOS binding and
activity. Ras is covalently tethered to a supported lipid bilayer (SLB) and SOS molecules are
introduced in solution (Fig 5.1c, Methods). In the absence of free nucleotide in solution,
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molecules of SOS become trapped in the nucleotide-free Ras/SOS transition state, unable to
complete the nucleotide exchange. This allows us to effectively integrate SOS recruitment over
time, as each catalytic Ras/SOS binding event is preserved, with the readout of increased
fluorescence intensity (Fig 5.6a). Moreover, we observe the catalytic rate of SOS by pre-loading
Ras with fluorescently labelled nucleotide, and watching the signal decay over time upon the
addition of SOS (Fig 5.6b). In order to prevent the GTPase activity of Ras from cleaving the vy-
phosphate, the non-hydrolyzable analog GppNp was used (referred to as GTP throughout). These
assays were reproduced for WT, G12V, G13R, and Q61L Ras mutations.

RESULTS

Bilayer mobility was confirmed for each sample (Fig 5.5). As fluorescently-labelled SOS was
added to the Ras-tethered supported lipid bilayers under continuous flow of buffer, the
concentration of SOS in the chamber changes over time. This was quantified with Epi-
fluorescence, as this imaging technique images all fluorophores in solution. In contrast, TIRF
imaging focuses only on those fluorophores at or near the surface, within 100-200nm. The SOS
pulse profile was quantified using Ras-free bilayers (Fig 5.2). In the conditions used, the
chamber was exposed to high concentrations of SOS for approximately 20 seconds. In the
absence of Ras, minimal SOS persists after the initial flow, verifying that the SOS surface
interaction is Ras dependent. The recruitment assay is focused on the success of an initial
encounter between SOS and Ras, which artificially traps SOS in the transition state. All SOS not
stably bound to Ras through the allosteric site, or trapped in the middle of its catalytic exchange,
is removed with the buffer flow®**3,

This bulk recruitment assay is able to distinguish between the GDP and GTP bound states of WT
Ras (Fig 5.3a). This is consistent with our current understanding of SOS activation: SOS first
interacts with the bilayer through allosteric sampling, and an engagement with Ras-GTP at the
allosteric site opens up the catalytic pocket for a Ras engagement at the active site. This
activation process is completed in seconds. Ras-GDP spurs some catalytic activity of SOS, but
only approximately half of that to Ras-GTP. This modulation of Ras-SOS interaction in a GDP-
dependent fashion is consistent with previous structural and quantitative binding results®*%2,
Note further that SOS has greater-than-baseline activation to apo-Ras (nucleotide free), but this
recruitment is substantially less than the even non-activating Ras-GDP case — only about a
quarter of that to Ras-GTP (Fig 5.3a).

SOS recruitment to oncogenic mutations at the three most prevalent codons were explored with
this assay, and mutation-specific SOS-binding sensitivities were discovered. Time-integrated
SOS recruitment is highest for Q61L, similar to WT for G12V, and much decreased to G13R
(Fig 5.3b,c). These trends held for both GTP and GDP. However, the G12V mutation might
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decrease allosteric sensitivity of SOS to the nucleotide state; note that the G12V-GDP recruits
SOS slightly more than the WT case, while G12V-GTP recruits slightly less than the WT case.

Accurate interpretation of G13R Ras recruitment requires a careful consideration of this
construct’s nucleotide state. As has previously been demonstrated, G13 mutations undergo rapid
intrinsic exchange (Fig 5.1b). Such rapid exchange has been confirmed herein, as any loaded
fluorescent nucleotide is quickly washed away, making the catalytic exchange assay impossible.
G13R binds anomalously little SOS, about 10-fold less than wild type Ras; however, much of
this trend is likely due to G13R being in the apo state, which recruits substantially less SOS even
in the WT case (Fig 5.1a). However, its fast nucleotide release rate does not completely explain
its lack of affinity for SOS, because — assuming total absence of nucleotide in both cases — SOS
recruits to G13R 2.5-fold less than to WT. This result is especially surprising, as G13R is not
considered to play a role in Ras/SOS binding.

The catalytic rate of SOS on these Ras mutations (excepting G13R) was also measured. In this
assay, the concentration of SOS was lowered and was kept consistent throughout data collection.
The photobleaching of fluorescent nucleotide while imaging at one position was assessed, along
with the intrinsic exchange rate of Ras when exposed to dark nucleotide in the absence of SOS
(Fig 5.4a). This data shows the baseline sensitivity of this assay for WT Ras. As seen in time-
integrated SOS recruitment, SOS showed higher catalytic activity for Ras-GTP than for Ras-
GDP. Q61L Ras shows catalytic exchange rates comparable to wild type Ras despite a
demonstrated increase in time-integrated SOS recruitment. G12V Ras on the other hand shows
decreased catalytic activity, despite comparable SOS recruitment for this Ras mutation (Fig
5.4b). This shows that SOS binding and SOS catalytic rates are both independently impacted by
SOS mutations. Individual traces are shown in Fig 5.7.

DISCUSSION

The combination of time-integrated SOS recruitment and catalytic rate assays provide a complete
picture of the interaction of SOS with Ras. In the absence of nucleotide, each SOS-mediated Ras
activation event is trapped and captured, as this protein pair is locked in a nucleotide-free
transition state. While this first assay enables us to account for every Ras/SOS interaction, the
time integration inherently prevents assessment of the catalytic rate. Therefore, a second assay
using a smaller concentration of SOS in the presence of nucleotide in a steady-state measurement
can fill in the kinetic gaps.

While the mechanisms of Ras oncogenicity are well understood to be mediated by decreased
hydrolysis, insensitivity to GAP, and increased nucleotide exchange'®®, SOS might also play a
unique role in modulated Ras activity in these disease state. Structurally, Q61 is within the
Switch 2 region, part of the GEF binding interaction (Fig 5.1b). Therefore, an impact of Q61L
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on SOS would be predicted. In contrast, as G12V and G13R are far from the GEF binding
interaction, any impact on SOS recruitment is surprising. The minimal shift of G12V in SOS
recruitment is therefore expected, but the dramatic impact of G13R requires some deep structural
thought. It is possible that this mutation impacts Ras orientation on the membrane in such a way
that SOS binding is somewhat occluded™****. Further exploration of the impact of mutation-
impacted membrane orientation is required.

Furthermore, the distinction between time-integrated SOS recruitment and catalytic rate is
intriguing. This indicates that, upon SOS interaction with Ras, the rate of catalytic exchange has
yet to be determined. Whether the differences in catalytic rate are caused by modulated
probability of entering a highly active state, or changes in the rate of each catalytic event, has yet
to be determined. However, given the rapid rate of each catalytic exchange event in comparison
to the relative slow Ras/SOS interaction step, it is easier to imagine that modulation of catalysis
occurs through a decreased probability of entering the highly active state. The fact that catalytic
rate for both G12V and Q61L is slower than what might be expected opens the possibility that
both of these mutations are less likely to promote SOS into its highly activated state. Since both
of these mutations reduce intrinsic hydrolysis, perhaps a transition state of SOS with a
hydrolyzing GTP at the allosteric site is the structural cause of highly activated, trapped SOS.

Although the exact mechanisms remain ambiguous, it is clear that oncogenic Ras has a distinct
impact on SOS binding and catalytic rate. Such differences should be considered in future
rational drug design.

METHODS

Protein purification and labeling

H-Ras®8 €18 (residues 1-181 with a single exposed cysteine for coupling to the bilayer), called
Ras throughout, and SOS-Cat-Cys-lite (residues 198-1049 with four mutations: C383A, C615A,
C980S, and E718C) were expressed and purified as previously reported®. SOS was incubated
with Alexa647N-maleimide for 2 hours at room temperature, and non-reacted dye was removed
with a PD10 column purchased from GE Healthcare as previously reported™**.

Cleaning

Round bottoms flasks used for lipid preparation were rinsed with isopropyl alcohol immediately
after use and stored in a 50/50 mixture of isopropyl alcohol/water. Flasks were sonicated in this
isopropyl alcohol/water mixture for 30 minutes and rinsed thoroughly with MilliQ water. Flasks
were then piranha etched for 30 minutes, rinsed thoroughly with MilliQ water, and stored in a
drying oven.
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Ibidi chambers were soaked overnight in acetone to remove adhesive and the attached glass
slide. The chambers were then sonicated for 30 minutes in each of the following solutions:
acetone, 1% Hellmanex (Fischer, Cat# 14-385-864), isopropyl alcohol, isopropyl alcohol/water,
and water. The chambers were rinsed thoroughly with MilliQ water between each sonication step
and after the last step, were stored in MilliQ water in a beaker covered in parafilm (Heathrow
Scientific, Cat# 152-68322-368).

Valves were rinsed thoroughly with isopropyl alcohol and then sonicated for 30 minutes in each
of the following solutions: isopropyl alcohol, isopropyl alcohol/water, water. VValves were rinsed
thoroughly with MilliQ between each sonication step and after the last step, were stored in
MilliQ water in a beaker covered in parafilm.

Ends of tubing were rinsed well with isopropyl alcohol. Tubing was rinsed with flow of 5SmL of
isopropyl alcohol and 5mL MilliQ water. Tubing was spun dry before storage.

Glass slides are prepared for use by sonication in isopropyl alcohol for 30 minutes. Then slides
are rinsed thoroughly in MilliQ water, piranha etched for 10 minutes, and rinsed again in MilliQ.

Ras SLB preparation

Lipids were prepared by mixing 93.990 mol% Egg PC lipids, 3 mol% MCC-DOPE lipids, 3
mol% DOPS, and 0.01 mol% Texas Red lipids in chloroform. All lipids were purchased from
Avanti Polar Lipids (Alabaster, Alabama). The chloroform was evaporated on a Rotovap for at
least 30 minutes and under flow of nitrogen gas for another 10 minutes. The lipids were
rehydrated in MilliQ water with a vortexer. Small unilamellar vesicles (SUVSs) were created by
sonication with a Sonics Vibra-Cell on ice with a pulse of 20s on, 59s off for 100s total
sonication. The SUVs were then spun down in a Eppendorf Centrifuge 5424R at 15000 rpm at
4°C for 30 minutes. 10X PBS (Mediatech In, Cat# 46-013-CM) was then added to the lipids for a
final 1X concentration.

#1.5 glass slides were freshly etched before bilayer preparation and attached to an Ibidi sticky-
Slide VI°* (Cat# 80608) chamber. The chamber was hydrated with 1mL 1X PBS before 100uL
of SUVs are flowed into the chamber and allowed to deposit for 30 minutes to self-assemble a
SLB. Between each subsequent step the chamber was washed with 1mL 1X PBS. Defects in the
SLB were blocked with 100uL 2.5mg/mL Casein for 10 minutes. Then, the SLB was
functionalized with 100uL 0.5mg/mL Ras, which was incubated for 2.5 hours to allow the Ras to
covalently link to the MCC lipids via maleimide chemistry. The MCC lipids were then quenched
with 100uL 10mM BME for 10 minutes.

Samples were left overnight at 4°C. Chambers were washed with 40mM HEPES, 100mM NacCl,
pH 7.4 (no MgCl,). The nucleotide bound to Ras was removed with 100uL (conc.) EDTA for 20
minutes and washed with stripping buffer. The buffer was exchanged to 40mM HEPES, 100mM
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NaCl, 5mM MgCl,, pH 7.4, as the Mg”* allows the Ras to bind a new nucleotide. Then, 100uL
Atto488-GppNp (in a range of 1-10uM) was flowed into the chamber and allowed to bind for at
least an hour. Ras loading is not dependent upon GppNp concentration in this range (unpublished
data).

Time-integrated SOS recruitment assay

All imaging was performed with the sample in 40mM HEPES, 100mM NaCl, 5mM MgCl,, pH
7.4, 10mM BME, 0.25mg/mL Casein. Lengths of tubing, valves, male and female luer-lock
connectors, and Ibidi chamber were attached containing imaging buffer such that there were no
air bubbles in the sample. An additional length of tubing was used to connect a 10mL syringe of
imaging buffer to the valve. Just prior to imaging, the sample was rinsed with 1mL of imaging
buffer by hand to remove free nucleotide. Imaging was started before the injection of SOS. 10
images in 647 channel and 1 image in 488 channel were acquired before moving down one frame
width to minimize effects of photoeffects and photobleaching. This protocol was repeated at 20
positions. After the first frame was imaged, 200uL of 45nM SOScat, diluted in imaging buffer,
was injected into the valve using a ImL luer-lock syringe, followed by 1mL imaging buffer at a
rate of ImL/min using a syringe pump (Harvard Apparaturs 11plus, Cat# 70-2208) to ensure a
consistent SOS pulse profile.

SOS catalytic rate assay

Immediately prior to imaging, samples were washed with 1ImL imaging buffer by pipette in 5-
200uL washes. Imaging was started before injection of SOS. 1 image in 647 channel and 1 image
in 488 channel were acquired before moving down one frame width to minimize photoeffects
and photobleaching. This protocol was repeated at 50 positions at an interval of 15 seconds.
After the first frame was imaged, 200uL of 2nM SOS cat and 120uM dark nucleotide diluted in
imaging buffer were injected by pipette.

TIRF microscopy

Images were taken on a Nikon microscope (Nikon Eclipse Ti (Ti HUBC/A), Technical
Instruments, Burlingame, CA) with a Nikon Apo TIRF 100x/1.49 oil objective and an Andor
EM-CCD camera (iXon ultra 897, Andor Inc., South Windsor, CT), as controlled by micro-
manager2. Coherent’s OBIS lasers were used (488, 561, and 647), along with Chroma emission
filters for each matching line.

Imaging analysis

All images were analyzed using FIJI software from the ImageJ software family. For SOS images
(imaged in 647), Gaussian blur of background intensity before the injection of SOS was
subtracted from the sample acquisitions. A shade correction was applied to all images. The
average intensity inside a square at the center of the image was taken to create the recruitment
traces. The average of all frames after equilibration of SOS recruitment channel was then
calculated, average with other samples, and used to create a schematic trace for clarity (Fig 5.3).
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For nucleotide images (imaged in 488), a shade correction was applied to all images. The
average intensity inside a square at the center of the image was taken to create the decay traces.
The traces were normalized to the starting intensity and fit with exponential decay curves. The
average exponential fit was calculated, and the exponential curve with this fit is displayed in Fig

5.4.
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Figure 5.1. Oncogenic Ras mutations perturb nucleotide exchange and hydrolysis rates. (a)
Domain sequence schematic and crystal structure of GTP- and GDP- bound forms of wild type
Ras. Mutated residues G12, G13, and Q61 are highlighted as green, black, and red respectively;
switch 1 and switch 2 regions are highlighted as blue and orange respectively (PBD: 4EFL,
3KUD). (b) Schematic showing main mechanism of oncogenic behavior: either decrease in GTP
hydrolysis rate, resulting in longer-lived activating signals as compared to wild type (G12V,
Q61L), or faster nucleotide release rate, yielding increased spurious activation of Ras (G13R).
See Ref *3. (c) Diagram of SOS®® activation of Ras. Ras (grey) is covalently attached to a
supported lipid bilayer. SOS stably recruits through the allosteric site (green) and catalyzes the
exchange of Ras-bound nucleotide from GDP to GTP at its catalytic site (blue), which is the
activated signal output.
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Figure 5.2. Characterization of the pulse of SOS through an imaging chamber. Epi-fluorescence
imaging assess the concentration of SOS in the chamber, while TIRF images surface-localized
SOS molecules within 100-200nm of the lipid bilayer. Combined, Epi-fluorescence allows for
quantitation of SOS exposure, while TIRF allows for measurement of SOS interaction at the
bilayer during time-integrated recruitment. Shown is a SOS recruitment to a Ras-free bilayer,
allowing for quantification of the SOS pulse.
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Figure 5.3. SOS recruits to Ras in a mutation-specific manner in the time-integrated recruitment
assay. (a,b) Idealized depictions of SOS recruitment to lipid bilayers in the absence of nucleotide
and under flow, based on the average recruitment values of six independent samples in most
cases. (c) Bar graph showing average recruitment for each case tested, with error bars showing
the standard deviation. (a) SOS binding to membranes is highly Ras-specific, and is nucleotide-
specific. SOS recruits the least to apo-Ras, and the most to Ras-GTP, highlighting allosteric
sensitivity. (b/c) SOS recruitment varies based on Ras mutations. SOS recruits the highest to
Q61L Ras, and the least to G13R. Although recruitment to G12V Ras is similar, the level of
allosteric sensitivity is declined in this mutation.
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Figure 5.4. Rates of SOS-catalyzed nucleotide exchange are impacted by Ras mutations. Each
trace is an exponential fit. An average of six independent samples is shown in most cases (see
Fig 7 for individual tracles). (a) Control traces for WT, highlighting the resolution of the
measurement. For the photobleaching curve, imaging was performed at the same position for the
entire trace. In the absence of SOS exchange, dark nucleotide was added without SOS. These
demonstrates the amount of photobleaching and base-level nucleotide exchange of the
fluorescently labelled nucleotide. (b) Exponential fit of nucleotide exchange of Ras mutations in
the presence of SOS and dark nucleotide.
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Figure 5.5. Characterization of mobility of lipid bilayer using FRAP. (a) Line intensity profile
across photobleached region before (red) and after (black) recovery. (b) Texas red lipids were
bleached with 561 laser in a small region of the bilayer. (c) After one minute of recovery, lipids
have recovered to uniform fluorescence (with the exception of defects).
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Figure 5.6. SOS recruitment and nucleotide exchange. Montage of SOS recruitment over time
(a) and GTP exchange (b) on lipid bilayers functionalized with WT Ras. Images are shade
corrected.
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Figure 5.7. Normalized kinetic traces of nucleotide exchange on Ras mutations show
reproducible results between independent samples. The top figures with solid lines show
exchange of GTP-loaded Ras (a-c) and the lower figures with dashed lines show exchange of
GDP-loaded Ras (d-f). The mutations used are depicted as follows: WT on the left, blue (a,d);
Q61L in the center, red (b,e); and G12V on the right, green (c,f).
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CHAPTER 6.

ARF ACTIVATION IS MEDIATED THROUGH A MEMBRANE-ASSOCIATING
INTERMEDIATE AND RELIEF OF GEF AUTOINHIBITION
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ABSTRACT

Arf proteins are a class of a small GTPases that have diverse functions in the regulation of the
composition and morphology of membranes. Arf proteins have an unusual signaling cycle where
the inactive GDP form is solution soluble, but the activated GTP form is membrane-bound. The
signals required for robust Arf activation aren’t fully understood, in part because previous
explorations have lacked the spatial or temporal resolution necessary to resolve key features in
the membrane associative dynamics of these proteins. Here, we show diffusion data of both Arf-
GTP and Arf-GDP for the first time, providing direct evidence of a membrane-associating Arf-
GDP intermediate. Further, the basal (GEF-free) activation rates of Arf are characterized for
different membrane charges and the convolution between Arf association with GTP and Arf
binding to the membrane is explored. Finally, the kinetic impact of the GEF ARNO and its
truncations is measured, providing direct measurements that confirm an autoinhibitory role of the
PH domain and its release by PIP3.
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INTRODUCTION

Arf proteins, a class of the Ras family of small GTPases, broadly function in the regulation of
membrane identification, lipid trafficking, and membrane morphology: Arf proteins are
membrane regulators. They function to identify organelle identity™®, engage in lipid trafficking
and membrane transport*, lead to membrane budding**, and cooperate to regulate the
morphology — and possibly the destination — of the ERGIC (ER-Golgi Intermediate
Compartment)*’, in addition to other diverse roles in the Golgi complex and in celia formation®.
Arf has been speculated to play a crucial role in both sensing and defining membrane curvature.
Arfl, the most highly studied Arf protein, is known to play a role in COPII vesicle budding from
the golgi complex. It is hypothesized that Arfl, at high enough concentration, causes tubulation
of membranes at high concentrations and has been speculated to dimerize, leading to membrane
scission*®"'*®, The creation of positive curvature is likely through changing the tension after the
addition of the myristoyl group to the membrane. Arfl has been seen to play a role in tubulation
from the Golgi, likely playing an important role in the secretory pathway'*. Intriguingly, Arfs
can play a role in disease pathologies. Invading pathogens can trigger Arf activation in the host
cell, leading to cell ruffling (a feature of Salmonella infection) and pathogen uptake through
macropinocytosis®®’. One particular strain of Salmonella contains a GEF, SopE, that can
modulate Arf activation in tandem with host GAPs, leading to cyclical activation patters and
create micopinisomes for pathogen infection®”. Bacterial cells can use Arf-like domains to use
“identity theft” to mimic a benign cell compartment and to direct the secretory pathway'®®. As
antibiotic resistance continues to spread, deep insight into the Arf pathway might suggest a novel
way of combating bacterial infection. In addition to its role in pathogen uptake, Arf is also
speculated to play a role in cancer invasion and metastisis>"2.

Arf shares many features with the other members of the Ras family, such as the shifting
conformation of the Switch 1 and Switch 2 regions based on the identity of the bound guanine
nucleotide (either GDP or GTP) (Fig 6.1b), and its interactions with GEFs and GAPs*. Arf also
depends on lipidation — the attachment of a myristoyl group — for proper function, including
sufficient nucleotide exchange®®® and membrane localization®*. One distinct feature of the Arf
sub-family is the specific localization of Arf to membranes only when in the activated GTP-
bound state. Arf has a B-sheet that serves as an “interswitch toggle” that shifts upon GTP
binding, occluding the myristoyl binding pocket, and thus freeing the methylated myristoyl
group to bind to membranes®® %’ (Fig 6.1b). Thus, Arf-GDP is solution soluble, but Arf-GTP is
specifically localized to membranes*’, While some evidence supports a transient, myristoyl-
dependent interaction between Arf-GDP and membranes®®, this has never been directly
visualized. The necessity of membranes in order to achieve Arf activation has been speculated to
be caused by interactions between Arf’s positively charged N-terminus and negatively charged
bilayers®®, although no direct measurement of this interaction has been made.
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Different Arf GTPases recruit specifically to different membranes™®, even though all species
share the myristoyl group as the main driver of membrane localization. It is poorly understood
how Arf membrane specificity occurs, but has been speculated GEF activity plays a role?®®, and
indeed, even that GEF interaction persists until a GAP releases the Arf from the bilayer®.
Several Arf-GEFs exist, including Cytohesinl-4, EFA6A-D, PSD1-4, and BRAG1-3. All have
the catalytic Sec7 domain, flanked by a PIP-lipid sensing pleckstrin homology domain®#°. The
Sec7 domain activates Arf by causing the release of the bound nucleotide through an a
hydrophopic interaction with the switch region, in addition to the insertion of a Sec7 glutamate
into the Arf nucleotide binding pocket. The nucleotide exchange causes the shift of the B-sheet
“interswitch toggle”, which in turn displaces the myristoylated N-terminus®®>2%". Many of the
Arf-GEFs are predicted to engage in allosteric activity through cooperativity of their PH
domains®%?!! and even through the Sec7 dislocation of the myristoyl switch upon nucleotide
exchange®*?. Subtle differences between the Arf switch regions and the GEF Sec7 domains has
been shown to be sufficient to change the preference between protein interactions in vesicle
studies??, Structural studies including a membrane mimic suggest the potential for flexible
adaption in binding modes, allowing a myriad of Arf effector proteins to have possible binding
sites that are not occluded by the membrane.?*

One of the most studied Arf-GEFs is ARNO. In ARNO, the Sec7 domain is flanked by a N-
terminal coiled-coil region and a c-terminal PH domain, with a concluding poly-cationic region
(sometimes referred to as the C-domain)**>?*® (Fig 6.1a). While the ARNO PH domain can be
activated by PIP22%, the activation is highest for PIP3%°. Cell studies that Arf6 and ARNO
colocalize on cell membranes®®#". Structural and mutational analysis have indicated that the
cytohesin Grpl has an autoinhibited form that is relieved by binding to Arf6*'*. A similar process
has been proposed for ARNO; mutational studies looking at the K336A mutation — a residue
ARNO’s PH domain that is crucial to a suspected Arf6 binding site — in reduces Arf activation
on membranes without impacting ARNO’s membrane association®'®. Further, vesicle studies
show that the initial rate of ARNO exchange of Arf increases with an increasing initial pool of
Arf1-GTP?'8, Despite the marked progress in our understanding of GEF activation of Arf
proteins, there are many open questions about the spatiotemporal regulation of this process.

As the Arf signaling cycle is inherently meshed with membrane association, any exploration of
Arf signaling needs to include a membrane substrate. Glass supported lipid bilayers (SLBs)
provide an excellent membrane mimic that can be used in conjunction with TIRF microscopy
and singlefarticle tracking (SPT) to explore the kinetics of protein diffusion, association, and
desorption®'®. To our knowledge, this is the first exploration of Arf signaling on the SLB
platform, and the first use of SPT on this protein system.

Previously, it has been shown that Arf modifications — especially at the C-terminus — can have
dramatic impact on Arf activity’”®. Given that many published works fail to make the form of
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Arf used fully explicit, some confusion exists in the field in regards to the true activity of Arf.
Herein, we attempt to explore the impact of any experimentally necessary modifications of Arf.

RESULTS

Assessing Arf diffusion when bound to GDP and GTP

Supported lipid bilayers were used as a platform to image myr-hArfl-Alexa488 or —Alexa 647
(referred to generically as Arf, or as Arf-Alexa488/Arf-Alexa647 throughout). Activity of the
protein was found to be comparable to that of unlabeled myr-hArfl (Fig 6.7). For initial
diffusion experiments, Arf exposed to GDP and exposed to GTP were added at low
concentrations so that single molecule particles could be distinguished and tracked. Based on the
step size data, diffusion information was calculated (Fig 6.2). Arf-GTP and Arf-GDP have
similar diffusive states, although Arf-GTP has substantially longer dwell times (Fig 6.3). Also
note that adding in a high concentration of dye labelled with the other fluorophore made no
significant impact on the diffusion rates. All data was poorly fit by a one-component Brownian
diffusion model (Fig 6.6); this suggests that Arf engages with membranes in two distinct
conformations: one with deeper engagement with the lipids, and one with a less association into
the bilayer.

Note that, although the diffusion values are consistent, the fraction of Arf in the slower diffusive
state is increased in the Alexa488 labelled protein as compared to the Alexa647 protein. This
suggests that the fluorophore is slightly altering the protein behavior, with Alexa488 increasing
the chance for deeper engagement into the bilayer. As fluorophores are widely known to have
varying degrees of membrane binding, this could most easily be understood as an interaction
between Alexa488 and the bilayer slightly increasing the partitioning into the slow state.
Additionally, high-density Arf SPT data was obtained by doping in a large amount of Arf in the
alternate channel (Fig 6.2b,e). Although some reports of Arf dimerization have been made
before, we were unable to determine any change in the diffusion rate for Arf at the
concentrations explored. It is possible that dimerization would be apparent at higher densities
(about 20 particles/pum?).

Further, given the amount of Arf in solution in both cases (250pM for GDP), we can make an
estimate of the fraction of Arf that is membrane associating. For GDP, the order of 0.001% of
Arf —GDP proteins are membrane associating at any given moment. Although this represents a
very small fraction of Arf, is it notable for its consistency and reproducibility.

Basal activation of Arf in the absence of GEF

In subsequent measurements, Arf was added at a constant concentration under a variety of
conditions and the kinetics of membrane interactions were observed. As the rate of reaction was
very slow and did not reach equilibrium within an hour, the off-rates were explored by
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introducing a buffer flow to remove detached protein and prevent re-association with the
membrane. There is a clear difference in the interaction between Arf-GTP and Arf-GDP and
membranes, as Arf-GDP immediately comes to an equilibrium where tiny amounts of the protein
are membrane associative. Additionally, Arf membrane binding and nucleotide exchange are
inherently twined, as Arf isn’t able to bind to GTP in a stable way when not exposed to the
membrane environment (Fig 6.3a,b). If Arf was able to bind to GTP during a solution pre-
incubation step, then Arf in the pre-GTP incubation condition would be expected to have a
higher initial level of Arf-GTP association. Instead, Arf pre-incubated with GTP has no head-
start. Some GTP remains in solution even after dilution and addition to the bilayer sample, but at
a limiting concentration (100nM), explaining the slower kinetic on-rate for this condition. This
result was also confirmed via spectrophotomer readings of protein in solution with and without
vesicles present (Fig 6.11). The implication of this is that protein activation (nhucleotide exchange
to GTP) and recruitment to the membrane and inherently convoluted.

When exposed to GTP, Arf, even in the absence of GEF, exhibits notable recruitment to
negatively charged 10% DOPS bilayers (Fig 6.3a,c). In contrast, the interaction of Arf-GTP with
positively charged 10% DOTAP bilayers was substantially less, with on-rates 20% of the DOPS
case, and off-rates around 400% of the DOPS condition (Table 6.1). Although Arf responds
differently to positively and negatively charged bilayers, Arf doesn’t appear to be sensitive to
differences in the magnitude of negative charge (Fig 6.10). Further, Arf-membrane interaction
isn’t solely charge mediated, as Arf can in fact activate to DOTAP bilayers in the presence of
GTP; this indicates that nonpolar interactions also play a key role in Arf-membrane localizations.
Arf interaction with positively charged bilayers is also less for constructs bound to GDP;
although the protein doesn’t recruit over time, the number of protein engagements with the
membrane is much less (Fig 6.2a,c). Desorption rates are similar for all conditions (Fig 6.2b),
showing extremely long dwell times even in the absence GEF. In contrast to GTP bound Arf
constructs, Arf-GDP does not dwell on the membrane under flow, but instead is immediately
washed away (Fig 6.3b,c).

GEF-mediated Arf activation confirms autoinhibitory role of PH domain

The activation rate of Arf binding to membranes is greatly increased in the presence of GEF at
high concentrations (1uM). Here, the impact of the GEF ARNO and its truncations, Sec7-PH and
the Sec7 catalytic domain, were explored. Herein, the full length protein is referred to as ARNO;
the ARNQSEC7-PH-polyeationic i afarred to as Sec7-PH, and the catalytic domain only (ARNOS®7) is
referred to as Sec7 (Fig 6.1a). All three GEF constructs have dramatically faster activation rates
than Arf without GEF (Table 6.1). As compared to the no-GEF case, ARNO increases Arf
activation by a factor of 10; the removal of the coiled-coil domain nearly doubles the activation,
as Sec7-PH increases activation over the no-GEF condition by a factor of about 19; and the
Sec7-PH activation is almost doubled by the inclusion of 4% PIP3 lipids; and Sec7 increases the
activation of Arf by a factor of around 70, regardless of lipid composition. Sec7 (the catalytic
domain only) has the fastest exchange rate, which is independent on PIP3 lipids (as would be
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expected). The addition of PIP3 does relieve autoinhibition of the Sec7-PH domain, but not
entirely to un-autoinhibited (Sec7) levels (Fig 6.4). Although PIP3 does release some of the
autoinhibition of the Sec7-PH domain, the rate appears to be slower than the Sec7 domain alone,
suggesting that further activation signals — such as higher concentrations of Arfl, or the presence
of Arf6%'® — are required to achieve full activation. The off-rates, however, were more consistent
for all cases, although suggest the possibility that Sec7-PH stabilizes Arf to remain on the
membrane longer (Table 6.1). (Desorption data for ARNO could not be calculated, as the protein
didn’t achieve equilibrium during the allotted time.)

DISCUSSION

The Arf-GDP state has a crucial membrane-interacting conformation that allows for engagement
with GEF (Fig 6.5a), which is visible in the similar diffusive membrane states for both Arf-GTP
and Arf-GDP. This state is likely made possible by the flexible linker (Fig 6.1b) that enables the
myristol group and the N’-helix of Arf to release from the binding pocket and associate (in a
transient way) with the bilayer. The Arf-GDP diffusion data is, to our knowledge, the first direct
measurement of a membrane-associating Arf intermediate. The comparison between Arf-GDP
and Arf-GTP diffusion also provides insight into the similarity of the membrane interaction
between these species, and suggests that the movement of the interswitch toggle shifts the
equilibrium of an already-flexible linker to favor bilayer association much more strongly. Given
the transience of the Arf-GDP interaction with membranes, supported lipid bilayer (SLB) assays
or others like it are necessary to resolve this state.

Even though the membrane-associating diffusive states of Arf-GDP and Arf-GTP are similar, the
distinct differences in the kinetics of membrane dissociation provide a clear distinction between
how these two constructs engage with membranes. Arf alone is sensitive to membrane charge,
and has much greater interaction with negatively charged membranes. However, Arf can still
bind to positively charged bilayers, indicating that the hydrophobic residues work in tandem with
positively charged residues to bind to membranes. Arf-GDP also appears to have less interaction
with DOTAP bilayers, consistent with the hypothesis that Arf-GDP interaction is caused by
spurious engagement with the Arf flexible linker. In both cases, all of Arf-GDP is removed upon
washing.

Additionally, the exploration of Arf pre-incubated with GTP demonstrate the negligible amount
of activation that can occur without the presence of membranes. Arf can’t engage in to
membranes without GTP, and Arf can’t bind to GTP without membranes (Fig 6.5¢,f). Therefore,
Arf membrane binding and nucleotide exchange are inherently twined. A membrane imaging
assay, such as is made possible by the SLB platform, is necessary to be able to meaningfully
distinguish between Arf localization and Arf activation.

95



In the absence of PIP lipids, Sec7 can interact with Arf to activate it, despite some degree of
autoinhibition (likely by the PH domain occluding the Arf binding pocket) (Fig 6.5d). Arf is then
converted to a more stably associating form, where the myristoyl group can’t rebind due to the
relocation of the interswitch toggle. In the presence of PIP lipids, autoinhibition of ARNO is at
least partially relieved, allowing for more robust activation of Arf. It seems likely that another
signaling component, such as a secondary activating Arfl or Arf6, or perhaps membrane
curvature, is required to achieve full activation of the Arf pathway, as has been previously
suggested.

The presence of Arf-GDP on membranes could play a key role in the initiation of Arf signaling
pathways, as Arf-GEFs have distinct membrane associative domains that tether that would likely
pre-localize them to the membrane. An Arf-GDP membrane associating intermediate would be
more likely to encounter a GEF and be activated.

METHODS

Purification and labelling of myristoylated Arfl

The construct [LFASK]-Arf1(C159S, S147C) was co-expressed with yeast N-
myristoyltransferase by using a BL21* E. coli cell line competently expressing NMT.
Antibiotics and 1% glucose was added to TMP media in 50mL flasks, and flasks were inoculated
with single, medium-sized colonies. Cultures were grown to an OD of 3 before inoculating 8- 1
liter TPM fernbach flasks to a starting OD600= 0.05. Cultures were grown at 37°C until OD600=
0.6. 50uM sodium myristate was added from a 1000x stock prepared in methanol, and growth
was continued for an additional 20-30min before the inducing with 0.1 mM IPTG. Protein was
expressed for 3 hours at 37°C before harvesting. Cells were resuspended in 20 mM Tris-HCI (pH
8.0 @4°C), 100 mM NaCl, 1 mM MgCl,, 1 mM BME, 1 mM PMSF, DNAse, and were lysed
using a microfluidizer. Lysed material was centrifuged at 45,000 rpm (207,871 x g) for 45 min in
a pre-chilled Beckman Ti70 rotor at 4°C. Ammonium sulfate was added gradually over 20
minutes to reach a final concentration of 35% (209 g/L), and was stirred an additional 20 min,
keeping cool throughout. The sample was spun down again in the Beckman Ti70 rotor at 9,000
rpm (8315 x g) for 20 min at 4°C. The pellet was resuspended in 20 mM Tris-HCI (pH 8.0 at
4°C), 100 mM NaCl, 1 mM MgCl,, 1 mM DTT, 10% Glycerol, and then dialized in 4L of this
buffer overnight. The sample was spun down again at 45,000 rpm (207,871 x g) for 45 minin a
pre-chilled Beckman Ti70 rotor at 4°C and filtered with a 0.45um and 0.22um filter to remove
cloudiness. Sample was applied to a DEAE Sepharose Fast Flow (GE Healthcare, Cat# 17-0709-
01) column, and eluent was collected. The sample was buffer exchanged into 10 mM MES
pH5.7, ImM MgCI2, ImM DTT, 10% Glycerol using a HiPrep 26/10 desalting column (GE
Healthcare, Cat# 17-5087-01). The sample was then applied to a 1ImL MonoS (5/50 GL) cation
exchange column (GE Healthcare, Cat# 17-5168-01) equilibrated with the low-salt buffer, and
was eluted using a linear salt gradient (0-500 mM NacCl) into buffer containing 500mM NaCl
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over 50 CV (50 mL total); the protein eluted between 130 and 170mM NacCl. The protein was
combined and concentrated using a 5 kDa MWCO Vivaspin 6 (GE Healthcare, Cat# 28-9322-
94), and then applied to a Superdex75 (10/300 GL, GE Healthcare, Cat# 17-5174-01)
equilibrated in 20mM Tris [pH 8.0], 200mM NaCl, ImM MgCl,, 0.5mM TCEP, 10% glycerol.
Protein was collected and snap-frozen with liquid nitrogen, and purity was confirmed by SDS-
PAGE gel. Protein was thawed on ice, and 2x fresh dye dissolved in DMSO (either Alexa647- or
Alexa488-maleimide) was added to protein and let sit for at least 10 min before quenching with
DTT. Sample was diluted to 5mL and concentrated with 5 kDa MWCO Vivaspin 6 to remove
free dye before re-running over superdex75. Concentrated with 5 kDa MWCO Vivaspin 6 again
before snap freezing in liquid nitrogen.

Purification of [A17]-Arfl-his6

[A17] - hArfl - his6 was expressed in BL21* (DE3) E. coli cells. Cells were resuspended in 50
mM Na,HPO, [pH 8.0], 400 mM NaCl, 0.4 mM BME, 1 mM PMSF, DNase and were lysed
using a microfluidizer. Lysed material was spun at 16,000 rpm (35,172 x g) in a Beckman JA-17
rotor chilled to 4°C for 60 minutes at 4°C. Supernatant was recirculated over a 5 mL HiTrap
Chelating column (GE Healthcare, 17-5166-01) charged with 100 mM CoCl; for 1 hour that was
equilibrated in the lysis buffer. The protein was eluted off of this column using a 500mM
imidazole buffer. Protein was dialyzed into 20mM Tris [pH 8.0], 100mM NaCl, 1mM MgCl.,
0.5mM TCEP, 10% glycerol overnight. To remove cloudiness, sample was spun at 7000rpm for
10 min at 4C, and filtered through 0.22 um filter. Loaded cleared sample onto Superdex75
(10/300 GL) column (GE Healthcare, Cat# 17-5174-01). Protein was concentrated with a 5kDa
MWCO Vivaspin 6 column (GE Healthcare, Cat# 28-9322-94) before snap freezing with liquid
nitrogen. Sample purity was verified with SDS-PAGE gel.

Purification of ARNO

Three constructs (his6-MBP-N10-TEV-GGGGG-ARNO(1-400aa) — referred here as ARNO-FL,
his6-MBP-N10-TEV-GGGGG-ARNO(51-400aa) — referred here as Sec7-PH, and his6-MBP-
N10-TEV-GGGGG-ARNO(51-252aa) — referred here as Sec7) were expressed in BL21* (DE3)
E. coli cells in 2 liters of TB per construct at 18°C overnight. Bacteria was lysed using a
microfluidizer into 50 mM Na;HPO, [pH 8.0], 400 mM NaCl, 0.4 mM BME, 1 mM PMSF,
DNase. Lysed material was spun at 16,000 rpm (35,172 x g) in a Beckman JA-17 rotor chilled to
4°C for 60 minutes at 4°C. Lysate was flowed over a 5 mL HiTrap Chelating column (GE
Healthcare, 17-5166-01) charged with 100 mM CoCI2 for 1 hour that was equilibrated in 50 mM
Na;HPO, [pH 8.0], 400 mM NaCl, 0.4 mM BME. Protein was eluted a buffer containing 500
mM imidazole. TEV protease was added. Protein was dialyzed into 4 L of 50 mM Na,HPO, [pH
8.0], 400 mM NaCl, 0.4 mM BME, and TEV was cleaved overnight. Cleaved protein was
recirculated over a HiTrap (Co+2) column (5 mL) for about 1 hour. Protein was applied to G25
Sephadex desalting column to buffer exchange into 10mM HEPES [pH 7.0], ImM DTT
(ARNO-FL and Sec7) or a 20 mM Trip [pH 8.0], ImM DTT (Sec7-PH). Protein was then
applied to a ImL MonoQ (5/50 GL) anion exchange column (GE Healthcare, Cat# 17-0409-03),
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and was eluted with a linear gradient (0.05 — 1M NacCl) into the buffer containing 1 M NaCl.
ARNO-FL and Sec7-PH eluted over 90 CV, Sec7 eluted over 50CV. Then, protein was applied
to a Superdex75 (10/300 GL) column (GE Healthcare, Cat# 17-5174-01) column equilibrated in
20 mM HEPES [pH 7.0], 150 mM NacCl, 10% glycerol, 0.5 mM TCEP. Protein was concentrated
with a 30kDa MWCO Vivaspin 6 (GE Healthcare, Cat# 28-9323-17) (ARNO-FL, Sec7-PH) or
with a 5kDa MWCO Vivaspin 6 column (GE Healthcare, Cat# 28-9322-94) (Sec7) before snap
freezing with liquid nitrogen.

Supported lipid bilayer platform

Bilayers were made from DOPS (10%), DOTAP (10%), or PIP3 (4%), and TR-DHPE (0.01%)
with the remaining lipids Egg-PC — 99% purity. All lipids were purchased from Avanti Polar
Lipids (Alabaster, Alabama). Lipids were mixed in a piranha-etched round bottom flask and the
chloroform was evaporated using a rotovap with a 40°C bath for 30 minutes, and then was put
under nitrogen for at least 10 minutes. Lipids were then rehydrated with ultra-pure water to a
density of 1mg/mL, sonicated with a Sonics Vibra-Cell to achieve single unilamellar vesicles
(SUVs), and spun down at 15000rpm at 4°C for at least 20 minutes in an Eppendorf Centrifuge
5424 R. #1.5 glass slides (Ibidi, Cat # 10812) were sonicated in IPA for 30 min, rinsed in MilliQ
water, and then were etched with piranha for 10 minutes within an hour of bilayer assembly and
attached to an Ibidi sticky-Slide VI°* (Cat# 80608) chamber. Lipids were mixed with
concentrated PBS stock to achieve a 1x PBS final concentration, and added to the chamber for a
30 min incubation. Defects in the bilayer were blocked with 2.5mg/mL casein for 10 minutes.
Bilayers were either imaged immediately, or were stored at 4°C overnight.

Arf kinetic measurements

All measurements were made in BME + casein reaction buffer (40mM HEPES, 100mM NacCl,
5mM MgCI, pH 7.4, 10mM BME, 0.25mg/mL casein). For Single Particle Tracking (SPT) data,
oxygen scavenging buffer was used, including 20 mM glucose + 2 mM Trolox (UV treated) +
320 pg/mL glucose oxidase + 50 pug/mL catalase, kept on ice, and with the glucose added 5-10
minutes before imaging. Immediately prior to the experiment, samples were brought to room
temperature (if stored overnight) before buffer exchanging to HEPES buffer, and a FRAP of the
Texas Red lipids was performed to assess bilayer quality.

Single Particle Tracking

Background images of 1 frame in the channel used for Single Particle Tracking (SPT) at 50
positions were collected to assess the potential for contamination. These positions were saved for
later measurements. (Moving through multiple positions during imaging reduces the potential for
photoeffects impacting protein behavior.) Before addition of Arf, an acquisition of 10 frames 488
TIRF and 647 TIRF with a 200ms interval was started in order to assess the recruitment level of
Arf. Imaging buffer containing 10pM Arf (for GTP case) or 250pM Arf (for GTP case) (labelled
consistent with the channel chosen for SPT), 1uM Sec7, and 1uM nucleotide (either GDP or
GTP) was added after the first position was imaged, and the acquisition was aborted once the
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density level was appropriate for SPT (around 50 bright particles per field of view — around 5-10
minutes incubation under these conditions). Streaming data of 250-1000 frames per position was
then collected in the not-yet-imaged saved positions until at least 2000 SPT frames of data was
acquired. To assess any indication of changing diffusion rate upon higher concentrations of
protein, a large amount of Arf protein with the other label was then added into the sample. As
before, an acquisition of 10 frames of each channel over 50 positions was started to assess Arf
recruitment. Imaging buffer containing 50nM Arf with the bulk label, 250pM Arf with the SPT-
level label (only in the GDP case — for GTP, the addition of new protein isn’t sufficient to
remove an appreciable amount of protein associated with the membrane so no more protein in
the SPT channel is added), 1uM Sec7, and 1uM nucleotide was then added. As before, streaming
data in the SPT channel was taken in new positions for a total of 2000 frames. All streaming data
was collected in the presence of oxygen scavenging buffer.

Recruitment and Desorption

After the initial sample images, 50 positions of 1 frame 488 TIRF, 1 frames 647 TIRF with a
200ms interval was collected as a background readout. These 50 positions were saved for later
imaging. Before the addition of Arf (with or without GEF), the next acquisition was started (the
same 50 positions with 10 frames in each channel). For the condition with pre-incubation with
nucleotide, 1uM of Arf-Alexa647 and 1uM of Arf-Alexa488 were left with 33.9uM of GTP for
at least 30 minutes (with no lipids present). This stock was then diluted down to a final
concentration of 10nM each Arf construct and 100nM nucleotide in solution exposed to the lipid
bilayer. (Note that this concentration of GTP appears to be limiting.) For all other protein preps,
10nM Arf-Atto647, 10nM Arf-Atto488, and 1uM nucleotide was added, with our without 1uM
GEF. If GEF was added, then it was added at a 1uM concentration. (Note that without GEF,
single particles can be resolved per frame using these concentrations. With GEF, the recruitment
is greatly increased, so much so that the EM gain was reduced by a factor of 10 to avoid
overexposure.) Protein was added during the acquisition. For desorption measurements, the same
imaging conditions as before were used. Before starting imaging, the sample was briefly washed
to remove protein still in solution and a syringe pump (Harvard Apparatus 11plus, Cat# 70-2208)
was attached to the sample. The acquisition was then started, and after the first position was
imaged, a steady flow (0.5mL/min, 10mL total) was maintained over the sample.

TIRF microscopy

Images were taken on a Nikon microscope (Nikon Eclipse Ti (Ti HUBC/A), Technical
Instruments, Burlingame, CA)with a Nikon Apo TIRF 100x/ 1.49 oil objective and an Andor
EM-CCD camera (iXon ultra 897, Andor Inc., South Windsor, CT), as controlled by micro-
manager2. Coherent’s OBIS lasers were used (488, 561, and 647), along with Chroma emission
filters for each matching line. Single Particle Tracking (SPT) data was taken with 20ms exposure
time, streaming; all other data was taken with at least a 200ms delay to minimize photobleaching
and photoblinking.
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Imaging analysis

Single Particle Tracking

All images were analyzed using F1JI software from the ImageJ software family. The TrackMate
pluggin®®* was used for Single Particle Tracking (SPT). Particles were found using the DOG
detecter, and an estimated spot size of 0.5uM was used, with a threshold ranging between 90-300
for different fluorophores. About the top 50% of particles were kept, based on quality. The max
linking distance was 1.5 pm, and the max frame gap was 1. To exclude immobile tracks and
inaccurately linked tracks, tracks with the lowest displacement were excluded, as well as tracks
below the mode mean velocity, and the top fraction of mean velocity traces. Traces with the
lowest average quality were also excluded. Tracks from multiple positions and multiple
independent samples were used to calculate diffusion rates using Matlab code written by Jean
Chung.

Recruitment and Desorption

A calibration curve was found by counting the number of particles per frame using TrackMate,
and then fitting this against the fluorescent intensity to find the linear relationship between
particle count and intensity read-out. Recruitment and desorption data was background-
subtracted from the initial data collected at the same position. Each line is the average of 3-5
replicates, excepting the Sec7 on 4% PIP3 bilayers where duplicate data sets were used. Kinetic
fits were performed using a unimolecular mass action kinetic model. For samples that did not
reach equilibrium, the k; (for recruitment data) or the k¢ (for desorption data) was set to 0. All
data was put into units of picomole and seconds for kinetic analysis, assuming 30uL of volume
within the Ibidi chamber. Kinetic constants are reported in units of s,

Cleaning

Round-bottom flasks for lipid preparation were immediately rinsed in IPA 5 times, and stored in
isopropyl alcohol/MilliQ water. Flasks were bath sonicated in isopropyl alcohol/MilliQ water for
30 minutes, well rinsed in MilliQ water, and then piranha etched for 30 minutes. Flasks were
well rinsed in MilliQ water before storing in the oven to keep try.

Ibidi chambers were soaked overnight in acetone to remove tape. After removing bulk de-
adhered tape pieces, chambers were bath sonicated in acetone for 30 min to remove more tape.
Chambers were rinsed in MilliQ water, and then left in microwave heated 1% Hellmanex
solution (Fisher, Cat# 14-385-864) for an hour. Chambers were rinsed before each of the
following 30 min bath sonication steps: isopropyl alcohol, isopropyl alcohol/MilliQ water,
MilliQ water. Chambers were rinsed with MilliQ water a final time before storing in MilliQ
water under parafilm (Heathrow Scientific, Cat# 152-68322-368).
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Figure 6.1. Depictions of Arf and ARNO proteins. (a) ARNO with key domains colored in a
linear and crystal structure schematic. The N-terminal domain of ARNO includes a coiled-coil
(fuchsia; representative coiled coil shown is not from ARNO, but is the key example of the
domain class: PDB 1ZIK). The Sec7 domain (purple: PDB 4Z21) is the catalytic core of the
protein. The PH domain (blue: PDB 1U27) binds to PIP3 lipids with high specificity, and can
also interact with PIP2 lipids. (These domains have not been co-crystalized, but are simply
displayed in proximity.) (b) Arf with key domains colored in both linear and crystal structures
(GDP: PBD 2K5U, GTP: PDB 2KSQ). The N-terminal region of Arf is membrane associating,
and is bound to a myristoyl group (coral). The flexible linker (dark red) that connects this
domain to the remainder of the protein allows for the N’ helix and the myristoyl group to dock in
the GDP form, but to associate with the membrane in the GTP form. The Switch I and Switch 11
regions (yellow and light green, respectively) shift dramatically between the two structures, as is
common for all small GTPases. In Arf, these two switch domains are linked by an Interswitch
Toggle (dark green) that is instrumental in dislocating the membrane-associative group in the
GTP form, resulting in membrane binding. GDP is shown in grey, and GTP in red. (c) The Sec7
domain in complex with Arf1-GPD and Brefeldin A (PDB 1R8Q), shown in two orientations,
and falsely colored as in (a) and (b).
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Figure 6.2. Diffusion traces of Arf from Single Particle Tracking (SPT) data in 6 different
conditions: GDP nucleotide with myr-hArf1-Alexa488, at low (a) and high (b) density, and with
myr-hArfl-Alexa647 (c), and also GTP nucleotide with myr-hArfl-Alexa488, at low (d) and
high (e) density, and with myr-hArfl-Alexa647 (f). Note that the two dye constructs show
slightly different diffusion rates, but that nucleotide state and protein density doesn’t
substantially effect diffusion Kinetics.
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Figure 6.3. Recruitment and desorption of Arf to supported lipid bilayers with differing lipid
compositions (either 10% DOPS or 10% DOTAP) without GEF, and when pre-incubated with
GTP in solution. (a) Recruitment of myr-hArfl-Alexa488; (b) desorption of myr-hArfl-
Alexa488; (c) recruitment of myr-hArfl-Alexa647; (d) desorption of myr-hArfl-Alexa647. Each
trace is the average of at least three independent samples. Note the distinct different in
recruitment and desorption for GDP and GTP in all cases: the amount of Arf-GTP on the bilayer
increases linearly over time and is washed out gradually, whereas the amount of Arf-GDP is
stable, and is washed out immediately. Further note that negatively charged bilayers are required
to activate Arf, and that pre-incubation with GTP does not lead to a head start in recruitment
values. Even with negatively charged bilayers, Arf is not able to achieve equilibrium within the
15-minute allotted time.
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Figure 6.4. Recruitment and desorption of Arf to supported lipid bilayers with differing lipid
compositions (either 10% DOPS or 4% PIP3) with GEF (ARNO, Sec7-PH, or Sec7). (a)
Recruitment of myr-hArfl-Alexa488; (b) recruitment of myr-hArfl-Alexa647. Each trace is the
average of at least three independent samples (excepting the Sec7-PIP3, which is the average of
duplicate samples). Sec7 (the catalytic domain only) has the fastest exchange rate, which is
independent on PIP3 lipids (as would be expected). The addition of PIP3 does relieve
autoinhibition of the Sec7-PH domain, but not entirely to un-autoinhibited (Sec7) levels. Note
that Arno has the slowest activation rate, near that of the Sec7-PH domain, and only about
double the rate of Arf activation without GEF.
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488 647

k; Ratio k, Ratio k; Ratio k, Ratio

o GEF DOPS| 1.81E-08 1 0.00116 1 6.30E-09 1 0.0012 1
DOTAP| 3.41E-09 0.19 | 0.00542 4.67 |1.73E-09 0.27 0.00462 3.85

ARNO DOPS| 1.79E-07 9.89 0 6.24E-08 9.89 0

Sec7-PH DOPS| 3.40E-07 18.8 | 0.00121 1.04 |1.17E-07 18.6 | 0.00106 0.88

PIP3| 5.87E-07 32.5 | 0.00139 1.2 |2.23E-07 354 0.0012 1
Sec? DOPS| 1.28E-06 70.9 | 0.00253 2.19 |4.68E-07 /4.2 0.00249 2.08
PIP3| 1.24E-06 68.4 | 0.00258 2.22 |4.30E-07 68.2 0.00244 2.03

Table 6.1. The Kkinetic activation rates (forward and reverse) for Arf in all conditions, calculated
using a unimolecular mass action model, with units of s™. Note that positively charged bilayers
have only about 20-30% of the basal activation rate of negatively charged bilayers, while the
desorption rate is increased by around a factor of 4. As compared to the no-GEF case, ARNO
increases Arf activation by a factor of 10; the removal of the coiled-coil domain nearly doubles
the activation, as Sec7-PH increases activation over the no-GEF condition by a factor of about
19; and the Sec7-PH activation is almost doubled by the inclusion of 4% PIP3 lipids; and Sec7
increases the activation of Arf by a factor of around 70, regardless of lipid composition.
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Figure 6.5. Schematic of Arf activation by ARNO in the presence or absence of PIP3.
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required for robust activation of myristoylated protein.
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CHAPTER 7.
CONCLUSIONS

In vitro membrane mimics, in combination with live cell measurements, provide a powerful tool
to gain a deeper understanding about the activity and regulation of GTPases.

The kinetics of SOS activation of Ras was explored in three main ways. Firstly, a nanofabricated
platform that incorporated liposome reaction chambers was developed to assess the kinetic
activity of single SOS molecules with single nucleotide turnover resolution. This assay provides
proof-of-concept for high-resolution exploration of other membrane-bound systems. Secondly,
the measurement of SOS motility and localization in live cells contributed to an understanding of
SOS regulation through a stable membrane-associated active state, resulting in SOS endocytosis.
This clarifies the role of SOS in B-cell triggering. Thirdly, a small molecule inhibitor (DCAI)
was shown to impact SOS activation of Ras through decreasing SOS® binding to Ras, both on
membranes in vitro and in live cells transfected with FL-SOS-GFP. A similar recruitment study
was also performed to assess the impact of oncogenic mutations on SOS, showing that these Ras
mutations do in fact modulate effector binding. Additionally, the catalytic exchange rate for
these mutations can also be lower than that of the WT case. These results can provide insight for
future rational drug design targeting oncogenic Ras.

Finally, the kinetics of Arf-GTP and Arf-GDP membrane association were explored for the first
time, and a SLB-based assay for GEF-mediated Arf recruitment studies was developed. Arf-GDP
was shown to have a well-definable, but transient, interaction with a lipid membrane. Both Arf-
GDP and Arf-GTP were shown to have a preference for binding to negative membranes over
positive membranes. Also, the presence of GEF was shown to have a dramatic increase in the
levels of Arf activation, particularly with the removal of autoinhibitory domains.

Directions for future study

High-throughput, membrane-based high-resolution techniques have yet to be developed.
Although the nanofabricated platform used here (ZMWs) have been prepared for high-
throughput in the industry setting by corporations like Pac Biosciences, inclusion of membrane
mimics in high-throughput assays has proven more complex. One advantage of a liposome-based
system as explored here is the reduced need to make SLBs, which can be technologically
challenging at the high-throughput level. Since liposomes remain in solution until the last step,
they could be dramatically easier to work with in a scaled-up setting. Using a high-throughput
ZMW!/liposome assay, other GTPases, or even membrane transport proteins, could be embedded
into the SUVs and explored.

The impact of DCAI on SOS-mediated Ras catalytic rate is an interesting question that is still
unanswered. While some data (unpublished) is suggestive that the catalytic rate is not impacted
by DCALI, this is hard to reconcile with structural data that show a clear inhibition between Ras

113



and SOS at the catalytic site in the presence of DCAI. Higher-resolution data is needed to assess
this.

While the impact of Ras oncogenes on SOS recruitment and activation has been studied at the
bulk level, greater resolution of this process could be gained by using a Ras Binding Domain
(RBD) assay to assess the difference between basal activation (activation of Ras by SOS in
solution) and burst activation (where SOS is trapped and engages in a highly processive state).
Either of these rates could be impacted by Ras mutations. Additionally, the probability of SOS
engaging in the highly activated state could be altered. Further, exploration of the newly-
suggested SOS mutations that are cancer-associated or cancer-causing using the recruitment and
activation assay could be of great interest.

Given that the SLB assay demonstrated here can resolve both the transient Arf-GDP and stable
Arf-GTP interactions with membranes, this assay introduces an exciting new platform for the
exploration of the Arf system. Adding in Arf6, or increased concentrations of Arfl to GEF
activation assay with and without PIP3 would be quite interesting, to see if autoinhibition could
be further relieved. Additionally, making more measurements with the full-length ARNO protein
in comparison to the Sec7-PH domain could lead insight into the potential autoinhibitory role of
the coiled-coil domain. Adding in fluorescently labelled fluorophore would allow for the Arf-
GDP, Arf-GTP, and Arf-apo states to be distinguished, providing further resolution of the spatial
and temporal regulation of Arf activation. In the presence of differing GEFs, Arf has been
postulated to preferentially bind to areas of different curvature. This could be experimentally
tested in a self-contained SLB assay on a micro- or nano-fabricated substrate that included both
curved and planar regions.
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