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Recapitulation of cell-like KRAS4b membrane
dynamics on complex biomimetic membranes

Rebika Shrestha,’? De Chen,' Peter Frank,’ Dwight V. Nissley,” and Thomas J. Turbyville!*

SUMMARY

Understanding the spatiotemporal distribution and dynamics of RAS on the
plasma membrane (PM) is the key for elucidating the molecular mechanisms of
the RAS signaling pathway. Single particle tracking (SPT) experiments show
that in cells, KRAS diffuses in at least three interchanging states on the cellular
PM; however, KRAS remains monomeric and always shows homogeneous diffu-
sion on artificial membranes. Here, we show for the first time on a supported lipid
bilayer composed of heterogeneous lipid components that we can recapitulate
the three-state diffusion of KRAS seen in cells. The use of a biologically relevant
eight-lipid system opens a new frontier in the biophysical studies of RAS and
other membrane associated proteins on a biomimetic system that recapitulates
the complexity of a cellular PM.

INTRODUCTION

RAS proteins are membrane-localized molecules that initiate signaling pathways such as the mitogen-acti-
vated protein kinase (MAPK) pathway that are essential for cell survival, proliferation, and migration (Ste-
phen et al, 2014). Oncogenic mutations in RAS constitutively turn on core pathways, leading to
uncontrolled cell proliferation, and eventually oncogenesis. RAS proteins are small GTPases that toggle
between the GDP-loaded inactive, or "off" state, and the GTP-loaded active, or "on" state. RAS is only
capable of activating its effectors when it is tethered to the membrane via its post-translational modified
(prenylated) C-terminus. When it is in the on-state it binds to its effectors, such as RAF1, and activates
downstream signaling cascades. The precise mechanism of the activation step is not fully understood,
but it is thought to involve dynamic conformational changes in the effector binding G-domain of RAS
(Ilversen et al., 2014). The cancer research community has been targeting this "undruggable" protein for
over 30 years, and it was not until recently, with the advent of KRASG12C covalent inhibitors, that targeting
RAS seemed possible (Lito et al., 2016). However, the G12C inhibitors target only some of the cancer-
causing mutant alleles of KRAS and understanding the complex and dynamic relationship between RAS
and membrane could open new frontiers in targeting RAS. The four major isoforms of RAS: HRAS,
NRAS, and two splice variants KRAS4a and KRAS4b share 95% homology in their G-domain but vary in
the membrane associated C-terminal hypervariable region (HVR). The HVR contains isoform specific post-
translational modifications which targets the proteins to distinct membrane microdomains leading to
different signaling outputs (Hancock, 2003).

Unlike other RAS isoforms, KRAS4b association with the membrane is mediated by two features in the HVR:
(i) farnesylation of cysteine 185 and (ii) six positively charged lysine residues in the HVR (Banerjee et al.,
2016; Gillette et al., 2015). The positively charged lysines are suggested to form a combinatorial code to
recognize or recruit dynamically, negatively charged phospholipids such as phosphatidylserines (PS) (We-
iseetal., 2011; Zhou et al., 2017). Studies suggest that lipid-specific interactions drive KRAS4b organization INCI RAS Initiative, Cancer
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interactions. Together, they orchestrate highly dynamic and transitory substructures, such as lipid rafts,
protein and lipid complexes and nanoclusters. The actin cytoskeleton is thought to further compartmen-
talize lipid domains existing within the PM creating an organizational platform for protein localization,
effector binding, and signal transduction (Kusumi et al., 2010, 2012). Therefore, it is imperative to learn
how signaling proteins are regulated by these transient membrane domains ranging from nanoscale to
mesoscale, in order to gain mechanistic insights on protein-membrane biology and to determine whether
it can be exploited for therapeutic purposes.

The lipid composition of the inner leaflet PM is highly complex and closely regulates the spatial and tem-
poral organization of KRAS4b on the membrane (Zhou and Hancock, 2015). Single-particle tracking (SPT)
experiments revealed that KRAS4b predominantly exists as freely diffusing molecules on the PM and, upon
activation, assembles into slower moving nanoclusters of signaling complexes linking membrane mobility
to activation (Lommerse et al., 2006; Murakoshi et al., 2004). This model was recently improved upon by
Goswami et al. (Goswami et al., 2020) and Nan et al. (Lee et al., 2019) when they identified three diffusion
states for KRAS4b-a fast, intermediate, and slow state. However, in a study by Chung et al., KRAS4b re-
mained monomeric and showed homogeneous diffusion over a wide range of surface densities and mem-
brane compositions, including over 20% negatively charged phosphatidylserine (PS) (Chung et al., 2018).
Although the in vivo and in vitro studies suggest a more significant role of the membrane heterogeneity
in RAS organization and recruitment into signaling complexes, the exact molecular mechanism is yet to
be elucidated.

In this work, we captured a cellular PM-like environment on a glass coverslip and investigated how het-
erogeneous lipid composition regulates the spatiotemporal organization of KRAS4b on model mem-
branes. We implemented a bottom-up approach where we built up the membrane complexity starting
from a simple two lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS) bilayer and compared this system to a complex eight-lipid
bilayer, including the most abundantly found lipid species in the inner leaflet of the PM (Cooper, 2000,
Ingolfsson et al., 2021). We performed total internal reflection fluorescence (TIRF)-SPT experiments to
track single molecules of purified full-length KRAS4b, both farnesylated and methylated, as it diffuses
along the 2D plane of the supported lipid bilayer, and utilized atomic force microscopy (AFM) to char-
acterize the lipid bilayers. We provide the first direct evidence of a cell-like three-state diffusion of
KRAS4b on any reconstituted membrane system. We characterize a fast state composed of freely
diffusing KRAS4b, an intermediate state containing membrane mediated KRAS4b multimers, and a
slow state representing large nanoclusters. Using atomic force microscopy, we show that the eight
different lipids altogether lead to a heterogeneous membrane structure which collectively regulates
the spatial and temporal distribution of KRAS4b on the membrane and is independent of the nucleotide
state. We hypothesize that membrane microdomains containing slow moving KRAS4b molecules provide
an initial platform for effector engagement. Together, our data suggests that modulation of RAS spatio-
temporal dynamics on the PM by perturbations in membrane heterogeneity could be an alternative
approach to targeting RAS therapeutically.

RESULTS

KRAS shows free diffusion on a simple two-lipid bilayer

We performed single-particle tracking experiments of JF646 (Grimm et al., 2015) labeled KRAS4b on a sim-
ple two-lipid bilayer composed of 87% POPC and 13% POPS to validate our experimental and data analysis
methods. The negatively charged head group of PS is essential for the localization and nanoscale spatial
organization of KRAS4b on the plasma membrane (Goswami et al., 2020; Zhou et al., 2017). Afew examples
of the representative tracks are displayed in Figure 1A. To extract statistical information on the diffusion
behavior of KRAS4b, we first performed a mean square displacement (MSD) analysis of the thousands of
trajectories obtained for KRAS4b. MSD analysis is an ensemble calculation that provides information on
the average mode of diffusion that a particle has undergone and is evaluated by the degree of bend in
the MSD curve (Matysik and Kraut, 2014; Michalet, 2010). A straight line indicates free diffusion, whereas
a bent line represents confinement. In our homogeneous two-lipid supported lipid bilayer, the MSD plot
yielded a straight line—evidence of simple Brownian-like free diffusion for KRAS4b (Figure 1B). We next
calculated the cumulative probability distribution (CPD) curve and a single component yielded the best
fit. No further improvement was seen upon increasing the number of components in the fit model, as shown
in Figure 1C.
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Figure 1. KRAS4b diffusion on a simple POPC/POPS (87:13) bilayer (Video S1)

(A-C) (A) Single molecule tracks, (B) Ensemble mean square displacement (MSD) plot, and (C) Cumulative probability
distribution plots of the tracks obtained for full-length KRAS4b labeled with JF646 reconstituted on a simple POPC/POPS
bilayer. The inset in (C) represents the MSD plot of the one-component identified by CDP analysis. Data are represented
as mean +/— standard deviation.

Furthermore, the MSD plot obtained for the single component fit in the CPD analysis also displayed a
straight line (Figure 1C inset). This further substantiates the finding that KRAS4b undergoes free diffusion
on a simple two lipid bilayer with an average diffusion coefficient of ~3.2 um?/s. Our data is consistent with
previous diffusion studies on KRAS4b that were performed on a planar supported lipid bilayer using fluo-
rescence based techniques such as fluorescence recovery after photobleaching, fluorescence correlation
spectroscopy (Chung et al., 2018), and single-particle tracking (Chung et al., 2018). However, we do not
observe the cell-like three-state diffusion on this simple two lipid bilayer. Therefore we hypothesize that
the widely used membrane mimetic systems composed of either two or three lipids lack the membrane
complexity and thus the RAS dynamics were observed on the cellular PM (Goswami et al., 2020; Lee
et al., 2019).

KRAS4b shows confined, 3-state diffusion on a complex eight-lipid bilayer

To recapitulate the complexity of a biological plasma membrane, we introduced additional components
into our reconstituted membrane to generate cell-like heterogeneity. Recently, a joint partnership be-
tween the US Department of Energy and National Cancer Institute launched the JDACSAC and Pilot 2 pro-
gram with the goal to advance exascale development through cancer research. The campaign primarily
focused on understanding RAS behavior on the membrane at microscale length and nanosecond time-
scales. In a collaboration involving five different national labs, scientists performed an extensive automated
multi-scale simulation of KRAS4b nestled on a biologically relevant PM model (Ingolfsson et al., 2021). The
in silico PM model was composed of an asymmetric eight-lipid mixture of cholesterol, phosphatidylcho-
lines (PC), phosphatidylethanolamines (PE), phosphatidylserine (PS), phosphatidylinositol bisphosphate
(PIP2), and sphingomyelin (SM). The lipid classes represent the most abundant lipid species in the inner
leaflet of the PM. Each type of lipid has a different head group, acyl chain length, and saturation. A detailed
characterization of the eight-lipid bilayer including diffusion properties of individual lipid types can be
found in (Ingolfsson et al., 2021). This computational simulation revealed a dynamic rearrangement of lipid
composition, especially increased PIP2 and decreased cholesterol, creating a local lipid fingerprint that
induced lateral segregation of KRAS4b into multimers and suggested a greater role for lipid patterning
in effector recruitment and downstream signal transduction. In this study, we utilized the same eight-lipid
composition to prepare supported lipid bilayer and perform single particle tracking studies of laterally-
diffusing, fluorescently labeled KRAS4b. The molecular structure and mole percent of each lipid type are
described in detail in Table S1. To isolate the effect of membrane complexity from the electrostatic effect,
we maintained the overall charge of the lipid composition at —13 to match the negative charge of the pre-
viously described POPC/POPS bilayer. Figure 2A shows examples of the representative tracks. Here, unlike
the simple two-lipid bilayer, the tracks are non-uniform and display occasional confinement. The ensemble
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Figure 2. KRAS4b diffusion on a complex eight-lipid bilayer, explained in Table S1, Video S2

KRAS4b diffusion on a complex eight-lipid bilayer, explained in Table S1.

(A-C) (A) Single molecule tracks, (B) Ensemble mean square displacement (MSD) plot, and (C) Cumulative probability
distribution plots of the tracks obtained for full length KRAS4b labeled with JF646 reconstituted on an eight-lipid bilayer.
The inset represents the MSD plots of the three-components identified by CPD analysis. Data are represented as
mean +/— standard deviation.

MSD plot obtained from KRAS4b tracks is bent, indicating that average KRAS4b diffusion is more confined
in the more complex system, as shown in Figure 2B. The lipids displayed a brownian like free diffusion as
indicated by a straight line MSD plot in Figure S1. CPD analysis of the square displacements also showed a
three-component best fit, unlike the one-component best fit in the simple two lipid bilayer (Figure 2C). The
corresponding MSD curves of the three components (Figure 2C inset) showed that KRAS underwent free,
confined, and confined diffusion in each state, respectively.

Although CPD analysis correctly predicts the nature of the underlying diffusion states, it cannot precisely
calculate the diffusion parameters. For example, CPD analysis only fits the linear region of the MSD plot
and incorrectly defines the diffusion coefficient for the non-linear or bent curves (Matysik and Kraut, 2014).
To overcome this mathematical limitation, we next employed Hidden Markov Modeling (HMM) analysis using
Variational Bayes for Single Particle Tracking (vbSPT) software to extract quantitative information on diffusion
parameters, such as diffusion coefficients, state occupancy percentages, dwell times in individual states, and
the probability that a molecule will transition from one state to another (Persson et al., 2013). HMM analysis
corroborated our CPD analysis results, and yielded three diffusion states for KRAS4b; fast, intermediate, and
slow with diffusion coefficients of Dy = 3.9 pum?/s, D, = 0.87 um?%/s and D3 = 0.10 um?/s, respectively (repre-
sented by green, orange, and red circles in Figure 3A) (Table S2). The fast diffusion resembled the diffusion
of the freely moving KRAS4b on simple artificial lipid bilayer reported earlier in this paper and in various other
in vitro experiments (Chung et al., 2018). The intermediate and the slow diffusion rates were closer to the diffu-
sion rates obtained on cellular PM (Goswami et al., 2020; Lee et al., 2019; Murakoshi et al., 2004).

A further advantage of HMM analysis is that it characterizes the dynamics of the states by yielding the
percent occupancy in each state, the time a molecule spends in an individual state and the probability
that molecules will transition between states. KRAS4b showed highest occupancy in the intermediate
state, ~ 58%, followed by the fast, ~29%, and the slow state, ~13%. The transition probabilities between
states indicate that KRAS4b is most likely to transition from the fast state to the intermediate state and vice
versa and rarely transitions to other states. Similarly, in terms of dwell time in the individual states, the fast
state is very short lived (t = 0.03s), followed by the intermediate state (t = 0.07s), and longest for the slow
state (t = 0.14s). Taken together, the results suggest an order of assembly that once KRAS is bound to the
membrane, it diffuses freely in the fast state and then quickly transitions into the intermediate state where
molecules slow down and occasionally assemble into a relatively stable slow-moving state. This diffusion
behavior of KRAS4b is different from a single component Brownian diffusion observed on simple POPC/
POPS bilayer and resembles the complex three-state diffusion on the PM of living cells.
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Figure 3. The three-state diffusion model for KRAS4b on supported lipid bilayer yielded by the Hidden Markov Modeling (HMM) analysis using
vbSPT software

(A) KRAS4b loaded with GDP on eight-lipid bilayer.

(B and C) (B) KRAS4b loaded with GppNHp on simple POPC/POPS (87/13) bilayer (C)) KRAS4b loaded with GppNHp on eight-lipid bilayer. D1 (green), D2
(orange), and D3 (red) represent the fast, intermediate, and slow state, respectively. The circle represents the fractional occupancy of each state, 7;
represents the dwell time in each state and the arrows represent transition between states. The diameter of the circle and the width of the arrows are drawn in
proportion to their relative values.

KRAS4b dynamics is independent of nucleotide state

RAS activation from GDP-loaded “off” state to GTP-loaded state “on” by guanine exchange factors (GEFs)
is a crucial step in effector recruitment and signal transduction. Understanding how the on and off states of
KRAS4b interact with the membrane could yield insights into how KRAS4b binds to the effector partners
including the RAF protein. Here, we investigated if KRAS4b membrane dynamics are dependent on its
nucleotide state. For imaging purposes, we utilized Alexa 647-labeled KRAS4b loaded with GppNHp, a
non-hydrolysable GTP analog and allowed it to laterally diffuse on the supported lipid bilayer. The diffusion
behavior of GTP-loaded KRAS4b was similar to the diffusion of GDP-loaded KRAS4b on both the POPC/
POPS and eight-lipid bilayers. HMM analysis of the single molecule tracks yielded mostly fast diffusion
(~93%) for KRAS4b on the simple POPC/POPS bilayer with a diffusion coefficient of 3.0 um?/s (Figure 3B),
whereas a distinct three-state diffusion was observed on the eight-lipid bilayer (Figure 3C) (Table S2). The
intermediate state had the highest fractional occupancy of ~59%, consistent with GDP-loaded KRAS4b
(Figure 3A), followed by the slow and then fast state.

Phase separation of the membrane components promotes the intermediate state and slow
state

To further characterize what biophysical properties of the eight-lipid bilayer facilitate the three-state
diffusion of KRAS4b, we performed atomic force microscopy (AFM) experiments on supported lipid bilayer
prepared on a freshly cleaved mica surface. AFM is a label-free microscopy technique with sub-atomic res-
olution that provides information on the topography of the sample surface (Frederix et al., 2009). AFM has
been widely used in membrane biology and biophysics to visualize and characterize the phase separation
process in model membranes, as well as cellular plasma membranes (Connell and Smith, 2006; Johnston,
2007). In this study, we imaged lipid bilayers made by collapsing both eight-lipid and two-lipid vesicles on
mica. AFM images of the eight-lipid bilayer, shown in Figure 4A, exhibited phase separation into two
different domains with a height difference of ~10 angstroms, whereas no phase separation was visible in
a simple POPC/POPS bilayer (Figure S2).

We know from previous biophysical studies that different molecular affinities and immiscibility among
different classes of lipids create raft domains in the plasma membrane that are predominantly enriched
in cholesterol and sphingolipids (Connell and Smith, 2006; Kusumi et al., 2012). Similarly, highly charged
phosphoinositides, such as PIP2, are distinguished by their propensity to form electrostatic-based clusters
on model and biological membranes (Bilkova et al., 2017; Wen et al., 2018). To identify the molecular mech-
anism of this phase separation phenomenon in our experiments, we modified the lipid composition in two
different ways: (1) 7-lipids without PIP2 and (2) 6-lipids without sphingomyelin and cholesterol, while main-
taining the total negative charge at 13% in both cases. AFM results, shown in Figures 4B and 4C show that
the deletion of PIP2 did not have any effect on the domain formation, whereas eliminating cholesterol and
sphingomyelin completely abrogated the phase separation process, respectively.
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Figure 4. Biophysical characterization of the complex lipid bilayer

(A-C) Atomic force microscopy topography images of (A) eight-lipids, (B) 7-lipids without PIP2, and (C) 6-lipids without cholesterol and sphingomyelin
deposited on mica sheets. The height information is represented with different shades of brown. The dark brown represents the exposed mica and the

lighter shades represent the height of the lipid bilayer. The line graph at the bottom corresponds to the height information along the blue line drawn in their
corresponding images above. The green arrows represent the difference between different domains and the red arrows represent the difference between

bare mica and lipid bilayer.

SPT studies on these two modified lipid bilayers revealed striking differences in the lateral mobility
patterns of KRAS4b. The results are shown in Figure 5 for 7-lipid without PIP2 (A and C) and for
6-lipid bilayer without sphingomyelin and cholesterol (B and D). Careful analysis of the tracks
revealed that excluding PIP2 from the original eight-lipid composition had minimal effect on the
diffusion. For example, both CPD and HMM analysis predicted a three-state model with similar
properties to that of the eight-lipid bilayer, i.e., three-state diffusion with the intermediate state as
the most prominent state. But when cholesterol and sphingomyelin were removed from the lipid
composition, the CPD analysis of KRAS4b tracks on the é-lipid bilayer showed only a 2-component
system. The MSD plots of the two components suggested that the majority of KRAS4b underwent
free diffusion, and only a minor population showed anomalous diffusion. In addition, HMM analysis
showed that most KRAS4b exhibited fast diffusion (76% occupancy), resembling diffusion on a
POPC/POPS bilayer.

Artificial multimerization of KRAS4b slows diffusion and enhances intermediate and slow
diffusion states

Next, we interrogated the correlation between KRAS4b multimers and the slower diffusion states. Pre-
vious FCS experiments indicated that the diffusion coefficient of artificially induced KRAS4b dimers
fused to a Leucine zipper dimer molecule on a simple POPC/POPS bilayer is approximately 2.3 um?/
s (Chung et al., 2018). The intermediate and the slow diffusion coefficients measured in our experiments
are lower than the reported dimer diffusion coefficient and hint toward large scale multimerization.
However, in a two-dimensional (2D) diffusion experiment, one cannot infer a proportional relationship
between particle size and lateral mobility based on the Stokes-Einstein diffusion model. The 2-D diffu-
sion coefficient is much more complex, and the drag coefficient is convoluted with the effects of protein
structure, lipid environment, and protein-lipid interaction (Ziemba and Falke, 2013). Hence, it is more
conclusive to extract the diffusion parameters based on experimental work, rather than using theoret-
ical calculations using the Stokes-Einstein diffusion equation.
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Figure 5. KRAS4b diffusion on the modified eight-lipid bilayer

(A-D) Cumulative probability distribution (CPD) and Hidden Markov Modeling (HMM) analysis of KRAS4b tracks obtained
on (A and C) 7-lipids without PIP2 and (B and D) é-lipids without cholesterol and sphingomyelin. The insets represent the
mean-square displacement (MSD) plots of the individual components identified by CPD analysis.

To examine the effect of large scale multimerization on the mobility states of KRAS4b, we introduced arti-
ficial multimers of KRAS4b into our system using the crosslinker molecule disuccinimidyl sulfoxide (DSSO).
DSSO is capable of forming crosslinks between primary amines that are within 20 angstroms of each other
and should impact lateral diffusion either by slowing down or by enhancing molecule clustering (Kao et al.,
2011). For this study, we used a simple POPC/POPS lipid bilayer and investigated how increasing concen-
trations of DSSO affect KRAS4b dynamics. We calculated the ensemble MSD plots and fitted the tracks to
three diffusion states using vbSPT HMM analysis. The MSD plots in Figure 6A clearly show systematic in-
crease in confined diffusion with increasing concentrations of DSSO. The diffusion rates of all three states
decreased after addition of DSSO at all concentrations as shown in Figure 6B. In case of fractional occu-
pancy, the fast state gradually declined while the intermediate and slow states increased steadily (Fig-
ure 6C) with higher DSSO concentration. Most intriguingly, at the highest concentration of 10 mM
DSSO, the fractional occupancy of the slow state surpassed both the fast and the intermediate states.
The steady increase in the fractional occupancy of the slow state with increasing DSSO concentration con-
firms a direct correlation between the cluster size and the slow diffusion state. Hence, this result corrobo-
rates our hypothesis that the slow diffusion state is comprised of KRAS4b clusters that are mediated by the
interaction between complex lipids and RAS on an eight-lipid bilayer.

DISCUSSION

KRAS4b traverses across a multi-tiered, hierarchical membrane environment that leads to multi-compo-
nent, highly transitory, and dynamic sub-diffusion states. The fact that RAS engagement to the membrane
is necessary for the MAPK signaling and the finding that RAS molecules slow down upon EGFR activation,
make this an important area of research. Recently, using high spatial and temporal resolution techniques,
Goswami et al. and Nan et al. demonstrated a unique, isoform specific three-state model of KRAS4b diffu-
sion on the plasma membrane of live cells, and related it to KRAS4b signaling and membrane recycling
(Goswami et al., 2020; Lee et al., 2019). However, because of the limitations of the techniques and the com-
plex cellular environment, the exact molecular mechanism behind the three-state diffusion model of
KRAS4b is unclear. Here, we aimed to unravel the molecular mechanism behind the diffusion of membrane
tethered KRAS4b by comparing its mobility on simple two lipid bilayer to one composed of eight lipid
mixture that closely mimics the most abundant lipid classes in the inner leaflet of the plasma membrane.
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Figure 6. Effect of DSSO on KRAS diffusion on POPC/POPS bilayer

(A) Mean-square displacement (MSD) analysis of KRAS4b tracks before DSSO and after addition of DSSO at
concentrations ranging from 1 pM up to 10 mM.

(B) Diffusion coefficients of fast (D1, green), intermediate (D2, orange), and slow (D3, red) calculated from HMM analysis
before (filled) and after (unfilled) addition of DSSO.

(C) Fractional occupancy of fast (D1, green), intermediate (D2, orange), and slow (D3, red) calculated from HMM analysis in
presence of DSSO. Data are represented as mean +/— standard deviation.

In the simple POPC/POPS bilayer, we observed free diffusion that was best fit by a single component
(Figure 7). In the eight-lipid bilayer, however, KRAS4b showed complex diffusion with three components
and three rates: fast, intermediate, and slow (Figure 7). Using CPD analysis, we found that the fast state
showed Brownian type free diffusion, whereas RAS molecules in the intermediate and slow states show
anomalous and confined diffusion, respectively. We hypothesize and later deduce that first, the fast
diffusing KRAS4b molecules are monomeric, primarily based on their Brownian motion and the diffusion
coefficient values previously reported for monomeric KRAS4b on artificial membranes (Chung et al.,
2018); second, the intermediate diffusion is from KRAS4b molecules that are intermittently interacting
with heterogeneous membrane structures (such as phase separation); and third, the slow diffusion comes
from relatively stable KRAS4b nanoclusters supported by the crosslinking experiment.

Although the diffusion model presented in this work resembles the diffusion model observed in live cells,
there are differences in the diffusion parameters. For example, the diffusion coefficients (D1 = 3.9 pm?/s,
and D, = 0.87 um?/s) retrieved for the fast and intermediate state on the supported lipid bilayer is faster
than diffusion constants measured on live cells (D1 = 0.9 pm?/s and D, = 0.35 um?/s, respectively (Goswami
et al., 2020; Lee et al., 2019)). Our model membrane still lacks biological moieties such as transmembrane
proteins, ion channels, and sterols that make the plasma membrane more viscous and present barriers to
free diffusion. This may explain why we observe faster diffusion on supported lipid bilayer compared to the
cellular plasma membrane.

Similarly, in the in vivo experiments, the state occupancy of the fast state was highest followed by the in-
termediate and the slow states, whereas in our in vitro experiments, the intermediate state was the most
populated state despite the eight-lipid composition. To explain their cellular results, Nan et al. proposed
a non-equilibrium steady state (NESS) model in which KRAS4b is continuously depleted from the plasma
membrane via the slow state and replenished back into the membrane from the cytosol via the fast state
(Lee et al., 2019). This cellular recycling mechanism helps maintain the highest fractional occupancy of
KRAS4b in the fast state. In our artificial system, there is no active recycling or internalization of KRAS4b
to and from the membrane. However, the system still maintains a steady-state equilibrium where KRAS4b
can freely transition between different diffusion states. As suggested by HMM analysis, KRAS4b instanta-
neously transitions into the intermediate state once its membrane is bound and thus accumulates the most
in the intermediate state. This suggests an alternative interpretation of why the fractional occupancy of the
fast state in the reconstituted bilayer is smaller compared to the live cells.
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Figure 7. Schematic representation of KRAS4b diffusion on POPC/POPS lipid bilayer (left) and eight-lipid bilayer
(right).

KRAS4b shows a single component free diffusion on a two-lipid bilayer but a 3-state diffusion with confined behavior on
an eight-lipid bilayer.

Upon membrane binding, as previously shown by electron microscopy, KRAS4b assembles into transient,
non-random, and functional nanoclusters to build a platform for the construction of signaling complexes
(Weise et al., 2011; Zhou et al., 2018). The exact molecular mechanism behind the formation of RAS nano-
clusters is unclear. Researchers have proposed the dimerization of RAS as an underlying step in forming a
functional nanocluster (Chen et al., 2016; Prior et al., 2003; Zhou and Hancock, 2015). However, RAS dimer-
ization is exceptionally transient, and to date, we lack direct experimental evidence of a stable protein-pro-
tein interaction interface. Most experiments using model membranes used artificially forced RAS dimers
(Guldenhaupt et al., 2012; Inouye et al., 2000) and some were biased by the resolution of the experimental
techniques (Lee et al., 2020; Nan et al., 2015). For example, in a supported lipid bilayer-based diffusion
study, Chung et al. created controlled artificial KRAS4b dimers by binding it to RAS binding domain
(RBD) of C-Raf fused to a leucine zipper molecule, which forms a constitutive dimer (Chung et al., 2018;
Lin et al., 2014). Using FCS, they measured the diffusion of this leucine zipper dimer complex and found
it to be slower, ~ 2 pm?/s, than the diffusion of KRAS4b monomer, ~ 4 um?/s. In our experiments, even
though we observed multiple-state diffusion for KRAS4b on a complex membrane, none of the diffusion
coefficients matched with the apparent diffusion coefficient of KRAS4b dimer. According to our results,
KRAS4b either exists as a monomer, indicated by fast state diffusion of ~4 um?/s, or complex larger
than dimer, indicated by the slower diffusion rate of ~0.87 um?/s and ~0.1 um?/s (Chung et al., 2018; Li
et al.,, 2018; Weise et al., 2011). Also, in a separate experiment, we crosslinked KRAS4b molecules using
DSSO, and under these conditions observed multiple state diffusion of KRAS4b on a simple two lipid sys-
tem. The amount of DSSO added in the experiments correlated to the fractional occupancy of the slow and
intermediate state. This provided evidence that RAS nanoclusters, enhanced by higher concentration of
DSSO, are indeed responsible for the slower diffusion rates. Nevertheless, it is quite possible that transient
dimerization occurs at a timescale beyond the time resolution of SPT experiments and hence are only
detectable by an ultra-sensitive technique, such as paramagnetic relaxation enhancement (PRE) NMR
(Lee et al., 2020). Similarly, intermediate-sized oligomers including trimers, tetramers and pentamers
have also been estimated in live cells expressing GFP-tagged wild-type and mutant KRAS4b determined
by molecular brightness analysis (N&B analysis) on the fluorescent intensity images obtained through raster
image correlation spectroscopy (RICS) and supported by MD simulation (Sarkar-Banerjee et al., 2017). Still,
the diffusion coefficient of these intermediate-sized oligomers are yet faster (2.19 pm?/s) than the diffusion
obtained in our intermediate state. We also believe that these discrepancies come from the differences in
the limit of resolution of different fluorescence techniques employed to measure diffusion and the field can
benefit from an improved image analysis pipeline that facilitates better particle localization and particle
tracking if one hopes to directly link diffusion to particle size.

RAS activation by GEFs is believed to be at the apex of the signaling cascade in the MAPK pathway.
Previously, researchers have used diffusion as a tool to understand the order of events during a signal trans-
duction process (Murakoshi et al., 2004; Nussinov et al., 2019). Particularly, KRAS4b has been shown to sub-
stantially slow down or immobilize on the plasma membrane upon activation with growth factor stimulation
in cells (Murakoshi et al., 2004). These results suggest the cooperative formation of large, activated RAS-
signaling complexes, which are transient and membrane microdomain specific. Here, we evaluated the
role of SOS- mediated GTP loading of KRAS4b on the spatiotemporal distribution of KRAS4b by tracking
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the “on" state KRAS4b that are loaded with GppNHp, a non-hydrolyzable GTP analog, on both simple and
complex membrane systems. In the absence of downstream effector molecules, KRAS4b did not show any
significant difference in diffusion behavior between the GDP-loaded "inactive" state versus the GppNHp-
loaded "active" state. Our results confirm that the “on” and “off” states defined solely by the nucleotide
state does not affect the mobility of KRAS4b. Hence, the nucleotide exchange step in the signal transduc-
tion pipeline does not initiate clustering and slows down KRAS4b, but possibly orients KRAS4b in the cor-
rect conformation suitable for effector binding (Fang et al., 2018).

Lastly, this work highlights the importance of reconstituting a physiologically relevant lipid environment in
model membranes when studying membrane-protein interactions. Biological membranes are a crowded
3D mixture of membrane proteins and lipids and their geometrical (membrane thickness, curvature, and
protein size), mechanical (elastic moduli, viscosity), and chemical properties (electrostatic, chemical compo-
sition) affect the lateral mobility of membrane proteins. Most model membranes used in biophysical studies
are oversimplified, and hence, the results are often inconsistent with live-cell studies. We created an artificial
lipid bilayer with complex lipid composition that recapitulated the intrinsic heterogeneity of the plasma
membrane. Using this novel eight-lipid membrane mimetic, we were able to recreate cell-like diffusion of
KRAS4b on reconstituted membrane and gain insight about the molecular mechanisms of the early steps
in the signaling pathway. For example, earlier studies have suggested that it is GTP-loading that leads to
RAS immobilization and assembly (Murakoshi et al., 2004). However, here we showed that KRAS4b diffusion
is indifferent to its nucleotide state and itis in fact the lipid-protein interaction that leads to RAS partitioning
into slow moving and clustered states. This study successfully demonstrates the importance of KRAS4b-
membrane interaction in the assembly of a signaling platform and emphasizes lipid composition as a
therapeutictarget. Our future studies include the usage of eight-lipid composition in biophysical assays tar-
geting RAS nanoclusters, as well as examining RAS interactions with its downstream effectors including RAF.

Limitations of the study

Although single particle tracking studies allow visualization of single molecules of proteins, the size of the
point spread function is diffraction limited; therefore, the size of the bright spots cannot be directly corre-
lated to the size of the protein. In addition, to visualize single molecules, the number of labeled proteins is
kept at minimum and so many proteins are invisible (dark matter). To overcome this limitation, we collect
thousands of trajectories, yet we do not fully capture all the protein-interactions. In our study, we observed
that, as in cells, KRAS4b diffuses in three different diffusion states on complex lipid membranes. We pro-
pose and later deduce from the crosslinker experiment that the slower diffusing states come from KRAS4b
nanoclusters. However, it is difficult to establish the size of the cluster. We are working toward an improved
image analysis pipeline that will improve the localization precision and identify merge and split events. By
keeping track of how many molecules come together before merge and split events, we hope to gain
insight into the cluster size. Lastly, we acknowledge that our complex 8-lipid mixture captured the
complexity of the lipid environment in the plasma membrane; however, we still lack many other cellular
components including actin filaments, transmembrane proteins, and other complex sterols that are vital
to structure, function, and dynamics of membrane proteins including RAS. We continue to pursue our
goal to recreate a cell-like complex membrane environment on the bench-top to share with the scientific
community.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

1-palmitoyl-2-oleoyl-glycero-3- Avanti Polar Lipids Inc. Cat#850457C
phosphocholine

1-palmitoyl-2-arachidonoyl-sn-glycero-3- Avanti Polar Lipids Inc. Cat#850459C
phosphocholine

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L- Avanti Polar Lipids Inc. Cat#840034C
serine (sodium salt)

1-palmitoyl-2-oleoyl-sn-glycero-3- Avanti Polar Lipids Inc. Cat#850757C
phosphoethanolamine

1,2-dilinoleoyl-sn-glycero-3- Avanti Polar Lipids Inc. Cat#850755C
phosphoethanolamine

N-palmitoyl-D-erythro- Avanti Polar Lipids Inc. Cat#860584P
sphingosylphosphorylcholine

1-palmitoyl-2-arachidonoyl-sn-glycero-3- Avanti Polar Lipids Inc. Cat#840061C
phospho-L-serine (sodium salt)

1-stearoyl-2-arachidonoyl-sn-glycero-3- Avanti Polar Lipids Inc. Cat#850165P
phospho-(1'-myo-inositol-4',5'-bisphosphate)

(ammonium salt)

Cholesterol Avanti Polar Lipids Inc. Cat#700100P
Atto550 DOPE Atto-tec Gmbh Cat#AD 550-161
2-Mercaptoethanol Sigma-Aldrich CAS:60-24-2
Gppnhp-tetralithium salt Jena Bioscience Cat#NU-401-50
Janelia Fluor 646, Maleimide Tocris Cat#6590
Alexa Fluor 647 C2 Maleimide ThermoFisher Scientific Cat#A20347
alkaline phosphatase beads Millipore Sigma Cat# P0762
beta-cyclodextrin Millipore Sigma Cat# C4767
KRAS (Hs.KRAS4b (Ac-2-185-FMe) Messing et al., 2021 https://doi.org/10.1007/978-1-0716-1190-6_6
GG-Hs.KRAS4b(2-185-FMe) S106C/C118S This paper N/A
GG-Hs.KRAS4b(2-185-FMe) C118S/S171C This paper N/A

Deposited data

Single particle tracking movies Mendeley data https://doi.org/10.17632/4x6hy98krb. 1

Experimental models: Cell lines

Trichoplusia ni Tni-FNL insect cell line

Talsania et al.

https://doi.org/10.3390/genes 10020079

Software and algorithms

Image J
Localizer

Graph Pad Prism
Gwyddion

NIS Element Viewer

Track Art
vbSPT HMM analysis

Schneider et al., 2012
Dedecker et al., 2012

Necas and Klapetek, 2012
N/A

Matysik and Kraut, 2014

Persson et al., 2013

https://imagej.net/software/fiji/

https://www.graphpad.com/
http://gwyddion.net/

https://www.microscope.healthcare.nikon.

com/products/software/nis-elements/viewer
https://sourceforge.net/projects/trackart/

https://sourceforge.net/projects/vbspt/
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Rebika Shrestha (rebika.shrestha@nih.gov).

Materials availability

e This study did not generate unique reagents.

Data and code availability

® Single particle tracking data have been deposited at Mendeley Data and are publicly available as of the
date of publication. Accession numbers are listed in the key resources table.

® No original code was created as a part of this work.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine (POPS), 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (PAPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 1,2- dilinoleoyl-sn-glycero-3-phosphoethanolamine (DIPE),
N-stearoyl-D-erythro-sphingosylphosphorylcholine  (DPSM),  1-palmitoyl-2-arachidonoyl-sn-glycero-3-
phosphatidylserine (PAPS), L-a-phosphatidylinositol-4,5-bisphosphate (Brain PI(4,5)P2) and Cholesterol
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL) and used without further purification. Janelia
Fluor 646 Maleimide was purchased from Tocris Bioscience, a Bio-techne brand (Minneapolis, MN).
Alexabé47 Maleimide and DSSO were purchased from Thermo Fisher Scientific.

Vesicle preparation

Small unilamellar vesicle (SUV)s were prepared using the sonication technique. Briefly, desired amounts of
lipid species were aliquoted in a clean glass vial. The choloroform was evaporated under a gentle stream of
Argon gas and further dried in a freeze vacuum overnight. The dried lipids were resuspended in 1 mL
of 20 mM Hepes, 200 mM NaCl, pH 7.4 at room temperature for 1 hour, vortexed at maximum strength
for 5 minutes and then freeze-thawed for a minimum of ten cycles. The mixture was then sonicated in a
bath sonicator at the highest power for at least 1 hour or until the mixture turned clear from a milky solution.
All vesicle samples were stored at room temperature and centrifuged at 15000 rpm for 15 minutes prior to
use to remove any large aggregates or residuals.

Supported lipid bilayer preparation

The supported lipid bilayers (SLB) were prepared using the vesicle fusion technique (Cremer and Boxer,
1999)in a Bioptech’'s FCS2 flow cell chamber. The implement used #1.5, 40 mm borosilicate glass coverslips
which were cleaned rigorously in 1% (v/v) Hellmanex Il solution followed by the plasma cleaner. 2 pL of the
prespun vesicle samples were deposited on a clean glass coverslip, incubated for 30 minutes at room tem-
perature and washed with 10 mL of 20 mM Hepes, 200 mM NaCl, pH 7.4. For RAS imaging experiments,
700 plL of 500 nM wild type KRAS4b plus 50 nM of KRAS4b S106C /JF646 or Alexabd7 was added to the
flow cell chamber using a 1 mL syringe, incubated for 30 minutes and buffer exchanged with 10 mL of im-
aging buffer containing 20 mM Hepes, 300 mM NaCl, 5 mM beta-mercaptoethanol (BME) at pH 7.4. BME
was necessary to prevent any crosslinking of proteins via photosensitized oxidation (Chung et al., 2016). For
DSSO experiments, 400 pL of desired concentration of DSSO prepared in Hepes buffer was flowed through
the SLBs containing RAS. No difference was observed in images taken before and after washing.

Protein preparation

Wild type, native N-terminus (minus 1Met, acetylated on 2Thr), prenylated KRAS (Hs.KRAS4b (Ac-
2-185-FMe)) was cloned, expressed, and purified following previously published protocols
(Messing et al., 2021). Mutated prenylated KRAS proteins, GG-Hs.KRAS4b(2-185-FMe) S106C/C118S and
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GG-Hs.KRAS4b(2-185-FMe) C118S/5171C were cloned, expressed, and purified following previously pub-
lished protocols (Gillette et al., 2019).

Nucleotide exchange

The following was added, in order, to 4.9 mL of 130 uM KRAS4b (2-185) S106C/C118S FMe: 128 mL of
50 mM GppNHp (dissolved in 0.5 mM HEPES, pH 7.4), 0.366 mL of buffer (20 mM HEPES, pH 7.4,
150 mM NaCl, 1 mM TCEP), 6 pL of 100 mM ZnCl,, 600 pL of 2 M ammonium sulfate. The ammonium sulfate
is added last and mixed quickly to avoid localized areas of high concentration. Final reaction conditions
were 107 uM protein, 1.07 mM GppNHp, 0.1 mM ZnCl,, and 200 mM ammonium sulfate. To the reaction
was added 55 pul alkaline phosphatase beads (Millipore Sigma, cat# P0762) and the reaction rotated slowly
for 2 hr at room temperature (~21°C). The reaction tube was centrifuged at 1000 x g for 1 minute, the su-
pernatant removed to a fresh tube, the reaction adjusted to 5 mM MgCl,, additional GppNHp added
(128 pL of 50 mM GppNHp dissolved in 0.5 mM HEPES, pH 7.4), and the reaction incubated at room tem-
perature for 2 hr then overnight at 4°C. To prevent substantial loss of prenylated KRAS4b to the desalting
column used to buffer exchange the protein, non-exchanged KRAS4b(2-185) S106C/C118S FMe was used
to precondition the desalting column. This was achieved by passing 1.6 mg of protein over the desalting
column, collecting the eluted protein and repeating the process twice. The column was washed with 20 col-
umn volumes of 20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM MgClI2, 1 mM TCEP. To further reduce protein
loss to the column, the exchanged protein was amended with 1 mM beta-cyclodextrin. The conditioned
column was then used as per the manufacturer’s protocol to buffer exchange the GppNHp-exchanged pro-
tein into a final buffer of 20 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM MgCl,, 1 mM TCEP. The collected
protein was then dispensed into 0.25 mL aliquots, snap frozen in liquid nitrogen, and stored at -80°C.
HPLC analysis (not shown) indicated the protein was 99.5% exchanged to GppNHp.

For imaging experiments, the mutant proteins were labeled with Janelia Fluor 646 (JF646) maleimide fluo-
rophore. Briefly, the protein was buffer exchanged to the labelling buffer, 20mM Hepes, 150 mM NaCl,
5 mM MgCl, and 1 mM TCEP, pH 7.4. The labelling reaction was initiated by adding 30 pL of 10 mM
JF646 dye and ran for 2 hours at 4°C protected from light. The reaction was quenched by adding 10 pL
of BME. The free fluorophores were separated from the protein-bound fluororphores by passing through
a Superdex S-75 column (GE healthcare). The proteins were concentrated to ~1.6 mg/mL concentration,
flash-frozen in liquid nitrogen and stored at -80°C. The labelling was confirmed using native mass spec-
trometry. For labelling active KRAS4b, the wild type GDP loaded KRAS4b was first nucleotide exchanged
to GppNHp, a non-hydrolyzable GTP analog, and then labelled with Alexa647 maleimide dye following the
above described procedure.

METHOD DETAILS

SPT experiments

Single particle tracking experiments were carried out on a Nikon NStorm Ti-81 inverted microscope. The
samples were loaded onto a stage and imaged with a 100x 1.49 N.A. oil immersion TIRF objective (Nikon,
Japan) and a Andor iX EMCCD camera with 16 um pixel size (Andor technologies, USA). Prior to recording,
the sample was first photobleached with high intensity laser power to isolate any immobile fluorophores
stuck to the glass surface. For imaging the lipids, 561 nm laser from an Agilent laser module was used at
10% power and for KRAS4b, and the 647nm laser also from the Agilent laser module was used at 20% power
setting. The Alexab47-labeled, GppNHp loaded KRAS4b was imaged with 647 nm laser using 10% laser po-
wer. The samples were illuminated under TIRF mode by changing the illumination angle to 2980 through
the Nikon TIRF box controlled by the NIS-Element AR 4.4 by Nikon. Time-lapse images were acquired un-
der continuous illumination with 10 ms exposure time and zero-time delay between two subsequent
frames. For each experiment, a minimum of three samples with 15 TIRF movies per sample and 5000 frames
per movie were acquired.

AFM experiments

Atomic force microscopy (AFM) experiments were performed on an Asylum Cypher VRS Video Rate AFM
(Oxford Instruments Asylum Research, Santa Barbara, CA). The SLB samples were prepared by
depositing ~50 pL of SUVs on a freshly cleaved mica surface, incubated for 60 min followed by careful
rinsing with ~2 mL of 20 mM Hepes, 200 mM NaCl, pH 7.4 buffer. The samples were maintained under
aqueous conditions throughout the preparation and experimental procedures. AFM images were
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obtained under the tapping- mode in Hepes buffer using a Biolever mini silicon nitride tip (BL-AC40TS)
(Oxford Instruments Asylum Research) with a spring constant of 0.09 N/m and tip-sample force
of <100 pN. The topography images were analyzed using an open source software, Gwyddion (Necas
and Klapetek, 2012).

Data processing

Single particle tracking movies collected in NIS-Element AR 4.4 were first converted into tif files using Im-
age J (Schneider et al., 2012) and then processed using the Localizer plug-in available in the Igor Pro soft-
ware (Dedecker et al., 2012). Single particles in each frame were localized as spots based on the eight-way
adjacency particle detection algorithm with generalized likelihood ratio test (GLRT) sensitivity of 10, point
spread function (PSF) of 1.3 pixels and smooth factor of 5. A symmetric 2D Gaussian fit function was used to
estimate the position of PSF in each frame. Any localized particles persistent for more than é frames were
then linked between the subsequent frames into tracks with a set of criteria. The particles were allowed a
maximum jump distance of 5 pixels and at least one frame blinking.

Mean square displacement (MSD) and Cumulative probability distribution (CPD) analysis of the trajectories
were performed on a Matlab based TrackArt software (Matysik and Kraut, 2014). Single molecule tracks
from several movies were organized and combined into a single matlab file before input into the TrackArt
and vbSPT for HMM analysis. The iteration steps and bootstrapping were fixed at 250 for HMM analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single particle tracks were collected from at least 15 movies composed of 5000 frames per movie for each
experiment. 3 replicates of each experiments were performed. Figures 1, 2, 3, 4, and 5 represent results
from one representative experiment. Table S2 shows the mean and the standard deviation for all
experiment.
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