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A B S T R A C T   

KRas4b is a membrane-bound regulatory protein belonging to the family of small GTPases that function as a 
molecular switch, facilitating signal transduction from activated membrane receptors to intracellular pathways 
controlling cell growth and proliferation. Oncogenic mutations locking KRas4b in the active GTP state are 
responsible for nearly 85% of all Ras-driven cancers. Understanding the membrane-bound state of KRas4b is 
crucial for designing new therapeutic approaches targeting oncogenic KRas-driven signaling pathways. Extensive 
research demonstrates the significant involvement of the membrane bilayer in Ras-effector interactions, with 
anionic lipids playing a critical role in determining protein conformations The preferred topology of KRas4b for 
interacting with signaling partners has been a long-time question. Computational studies suggest a membrane- 
proximal conformation, while other biophysical methods like neutron reflectivity propose a membrane-distal 
conformation. To address these gaps, we employed FRET measurements to investigate the conformation of 
KRas4b. Using fully post-translationally modified KRas4b, we designed a Nanodisc based FRET assay to study 
KRas4b-membrane interactions. We suggest an extended conformation of KRas4b relative to the membrane 
surface. Measurement of FRET donor - acceptor distances reveal that a negatively charged membrane surface 
weakly favors closer association with the membrane surface. Our findings provide insights into the role of 
anionic lipids in determining the dynamic conformations of KRas4b and shed light on the predominant 
conformation of its topology on lipid headgroups.   

1. Introduction 

Ras mutations are drivers in nearly 30% of all human cancers [1,2]. 
Of the four Ras isoforms, KRas4b is the most frequently mutated isoform 
[3–5], and is found in about 95% of pancreatic cancer, 45% of colorectal 
cancer and 35% of lung cancer [6]. Ras proteins are small GTPases that 
function as molecular switches in signal transduction pathways and 
regulate cell growth, proliferation, and differentiation [7–9]. Their ac
tivity is regulated by guanine exchange factors (GEFs) which convert the 
inactive GDP-bound state to the active GTP-bound state, and GTPase 
activating proteins (GAPs) which catalyze the hydrolysis of GTP effec
tively converting Ras to the inactive state. The localization of Ras pro
teins to the plasma membrane is required for their ability to activate 
downstream effectors, such as RAF kinase and phosphoinositide 3-ki
nase (PI3K) [10–12]. Ras isoforms consist of a highly conserved “glob
ular domain” (G-domain) and a disordered “hypervariable” region 
(HVR). Upon GTP binding, the two loops in the G-domain (residues 
30–40 which form Switch 1 (SW1) and residues 60–70 for Switch 2 

(SW2)) adopts a conformation that facilitates effector binding [13]. The 
HVR contains a membrane targeting motif, which in KRas4b consists of a 
farnesylated and carboxymethylated terminal cysteine residue and a 
stretch of lysine residues that form a polybasic domain (PBD) [14–16]. 
The insertion of the farnesyl tail and association of the lysine rich PBD 
with anionic lipids anchor KRas4b to the plasma membrane [17,18]. 
Using molecular dynamic (MD) stimulations, it has been suggested that 
KRas4b can adopt two predominant membrane proximal orientation 
states (OS1 and OS2), in which the G-domain makes direct contact with 
the membrane [14,19–22]. It has also been demonstrated that the HVR 
of KRas4b adopts distinct conformational states that mediate specific 
engagements with anionic lipids on the membrane, but the topology of 
KRas4b and orientation remain inadequately defined [18,20,22,23]. 
Previous modeling studies have suggested that KRas4b exists primarily 
on the membrane surface and is highly dynamic [18,19,23,24]. In 
contrast, recent findings from neutron reflectivity measurements have 
suggested a membrane distal conformation where the KRas4b G-domain 
is displaced from the membrane [25]. This extended conformation was 
proposed to aid recruitment of signaling proteins, via binding and 
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bringing the complex to the surface. The specific role of lipid headgroups 
and their charge in modulating KRas4b′s association with the membrane 
surface also remains incompletely characterized. It is unclear whether 
the charge or lipid headgroups play any significant role in modulating 
KRas4b height above the bilayer. To help address these lacunae, we 
designed a fluorescence resonance energy transfer (FRET) system to help 
reveal the topology of KRas4b on a lipid bilayer (Nanodisc). We 
measured FRET by monitoring the change in lifetime of labeled KRas4b 
bound to labeled Nanodiscs with varying anionic lipid concentrations 
and different lipid headgroups. Our results demonstrate that KRas4b is 
primarily populated in an extended conformation, aligning with the 
neutron reflectivity measurements and the proposed “fly-casting model” 
of KRas4b on the membrane surface [25]. Our findings indicate that the 
negative charge on the membrane surface favors a somewhat closer 
approach to the membrane. As presented here, we used farnesylated and 
methylated KRas4b, representing the authentic version of mammalian 
protein, to investigate the role of anionic lipid headgroups in deter
mining the overall topology of KRas4b on the membrane surface. By 
elucidating the conformational preferences of KRas4b and its interaction 
with the membrane surface, these measurements not only provide in
sights into the biology of KRas4b-membrane interactions but also sheds 
light on the role of lipid headgroups and the control of affinity 
contributing to a more comprehensive understanding of the dynamic 
behavior of membrane protein interactions. 

2. Methods 

2.1. Materials 

Phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 
1,2-dimyristoyl-sn-glycero-3-phospho-l-serine (DMPS) and brain phos
phatidylinositol 4,5 bisphosphate (PIP2) were purchased from Avanti 
Polar Lipids. Tetramethyl rhodamine-5 C2 maleimide (TAMRA) was 
purchased from Anaspec. Alexa Fluor™ 488C5 Maleimide was purchased 
from Thermofisher. Fully processed KRas4b (farnesylated and methyl
ated) was generously provided by Frederick National Laboratory for 
Cancer Research (FNLCR). KRas4b-FME expression and protein produc
tion methods have been described in Ref. [26]. 

2.2. Purification and labeling of MSP1 D73C 

Membrane scaffold proteins (MSPs) were purified as previously 
described [27–29]. Labeling of MSP1D1 D73C was carried out by the 
addition of Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) to 
MSP1 D73C in 20 mM Tris pH 7.4, 100 mM NaCl and incubated for 15 

min to reduce any disulfide bonds that may have formed. Powdered 
TAMRA was dissolved in dry DMSO, and a 5-fold molar excess of dye 
was added dropwise to the protein solution while stirring or mixing. 
Reactions were covered in foil and incubated at room temperature for 4 
h while rotating or shaking gently, followed by overnight incubation at 
4 ◦C. The reaction was quenched by adding 14.3 M β-mercaptoethanol 
(BME) stock (final concentration of 0.2 M) and rotated for another 10 
min. Reactions were then incubated for 1 h at 4 ◦C with Amberlite XAD 
hydrophobic beads to remove excess dye. The protein was purified using 
Sephadex G25 column equilibrated in 20 mM Tris pH 7.4100 mM NaCl. 
Labeling efficiency and protein concentration was calculated using ε 280 

nm = 21 mM− 1 for MSP, ε 557 nm = 60 mM− 1, and A280 correction factor 
of 0.17 for TAMRA. Final dye to protein ratios were calculated to be 
>90%. 

2.3. Labeling of KRas4b- FME T127C118S 

KRas4b- FME T127C118S protein was concentrated using a 
concentrator (Amicron Ultracel 10 k), and bench top centrifuge and then 
buffer exchanged to the labelling buffer (20 mM Hepes, 300 mM NaCl, 5 
mM MgCl2, 2 mM TCEP). After buffer exchange, a 5-fold molar excess of 
Alexa Fluor™ 488C5 Maleimide dissolved in dry DMSO was added 
dropwise to the protein solution with stirring. Samples were wrapped 
with aluminum foil and incubated in the cold room for 2 h while gently 
rotating the sample. The reactions were quenched by adding BME (final 
concentration = 0.2 M) and rotated for another 10 min. The samples 
were centrifuged to remove precipitated excess dye and the supernatant 
was collected. The labeled protein was purified using the Superdex® 200 
Increase 10/300 GL with the running buffer 20 mM HEPES, 300 mM 
NaCl, 5 mM MgCl2. The elution profile and protein concentration were 
calculated by measuring absorbance of protein at 280 nm and sub
tracting the absorbance of the dye at 280 nm. The protein was further 
concentrated using Amicron ultracel 10 K concentrators as required and 
stored at − 80 ◦C until further use. 

2.3.1. Activity of KRas4b- FME T127C118S 
A double mutant of farnesylated and methylated KRas4b was 

generated by introducing mutations at sites T127 and C118. The C118S 
mutation was introduced to remove the sole cysteine residue present on 
the protein surface, ensuring selective labeling at site T127 for subse
quent experiments. To facilitate labeling of KRas4b at T127, the threo
nine residue at position 127 was mutated to cysteine. To validate the 
activity of the double mutant KRas4b- FME T127C118S, the release of 
soluble phosphate was monitored following the GTP hydrolysis using 
the Phosphate Senor assay (ThermoFisher). Specifically, 3 μM of KRas4b 
was incubated with 4.5 μM phosphate sensor protein in 50 mM HEPES, 
pH 7.3; 150 mM KCl, 1.5 mM MgCl2, 5 mM DTT. The increase in fluo
rescence was measured with an excitation of 430 nm and an emission of 
450 nm. The intrinsic GTPase activity of KRas4b was determined, and its 
rate was found to be 0.005 min− 1, which is consistent with the previ
ously published data on wild-type KRas4b [26]. This observation in
dicates that the protein is well folded, and the introduced mutations do 
not induce significant conformational changes that would affect the 
activity of the double mutant KRas4b. 

2.4. Nanodiscs preparation 

The methods of Nanodisc self-assembly have been described previ
ously in numerous literature [29–32]. Briefly, lipids dissolved in chlo
roform were dried under vacuum overnight and then solubilized in 200 
mM sodium cholate. TAMRA labeled MSPD1 D73C is added to get 95:1 
lipid to protein ratio and incubated for 15 min at room temperature. 
Amberlite XAD hydrophobic beads were added to remove the detergent 
and start the disc assembly. The mixture was incubated overnight and 
then purified by passing over an S200 increase size exclusion column 
(GE Healthcare) equilibrated in 20 mM HEPES pH 7.3150 mM NaCl. 

Abbreviations 

HVR Hypervariable Region 
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
DMPS 1,2-dimyristoyl-sn-glycero-3-phospho-l-serine 
GDP Guanosine diphosphate 
GTP Guanosine triphosphate 
MSP Membrane Scaffold Protein 
PIP2 phosphatidylinositol 4,5 bisphosphate 
FRET fluorescence resonance energy transfer 
TAMRA Tetramethyl rhodamine-5 C2 maleimide 
SW1 Switch 1 
SW2 Switch 2 
OS1 Orientation state 1 
OS2 Orientation state 2 
GEFs Guanine exchange factors 
GAPs GTPase activating proteins  
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2.5. FRET- Lifetime measurements 

All Fluorescence resonance energy transfer (FRET) experiments were 
performed using ISS (Urbana, IL) K2 phase fluorometer equipped with a 
circulating water bath for temperature control using a 486 nm excitation 
laser and emission collected at 510 nm using a 10 nm band pass filter. 
Typically, 50 nM Alexa Fluor™ 488 labeled KRas4b was titrated into 10 
μM TAMRA labeled Nanodisc solutions in buffer containing 20 mM 
HEPES pH 7.3150 mM NaCl, 1 mM MgCl2 at 20 ◦C. To ensure complete 
binding of KRas4b to the Nanodiscs, a 200-fold excess of Nanodiscs was 
utilized. This excess favorably promoted a stoichiometry of one protein 
per disc, ensuring the formation of well-defined KRas4b-Nanodisc 
complexes. These concentrations were used to prevent multiple KRas4b 
molecules binding per Nanodisc surface. After mixing, samples were 
allowed to equilibrate, and the lifetimes were measured after 3–5 min. 
FRET Efficiency is calculated using the following equation: 

E= 1 −
τ
τ0

(1)  

where τ0 is the lifetime of Alexa Fluor™ 488 labeled KRas4b bound to 
unlabeled Nanodiscs in the absence of an acceptor and τ is the lifetime in 
the presence of an acceptor i.e., TAMRA labeled Nanodiscs. The data was 
generated in terms of change in phase and modulation as the frequency 
is swept from 5 MHz to 150 MHz. Each sample was measured 10 times 
and the average was fitted using a standard discrete fitting model. 

2.6. Förster distance determination 

The Förster’s radius (R0) for TAMRA Alexa Fluor™ 488 donor 
acceptor pair was determined using the following equation: 

R0 = 0.211
κ2φDJ(λ)

n4 (2)  

Here κ2 represents a constant that relates the orientation of the transi
tion dipoles of the donor and acceptor. We assume κ2 to have the 
averaged value of 2/3 due to the local motion of the label. φD denotes 
the quantum yield of the donor Alexa Fluor® 488 which is 0.92 in so
lution (available at www.thermofisher.com) while n represents the 
refractive index of the solution, 1.34. J(λ) is the overlap integral of the 
donor’s emission spectrum and the acceptor’s absorbance spectrum, and 
it can be calculated from: 

J(λ)=
∫ ∞

0
εA(λ)λ4FD(λ)dλ (3)  

Where εA(λ) represents the absorption spectrum of the acceptor, 
measured in units of M− 1 cm− 1, and FD(λ) corresponds to the emission 
spectrum of the donor, normalized to a unit area. The fluorescence 
emission spectra of Alexa Fluor® 488 were measured using 493 nm 
excitation and subsequently normalized to an area of 1. The absorbance 
spectra of TAMRA-labeled MSP1D1 D73C were measured and normal
ized to an extinction coefficient of 90,000 M− 1 cm− 1 at 572 nm. The 
software tool “a |e − UV–Vis-IR Spectral Software” (available at www. 
fluortools.com) was employed to calculate the overlap integral from 
the normalized spectra. By utilizing equations (2) and (3), we deter
mined the R0 value to be 58 Å for the TAMRA- Alexa Fluor™ 488 dye 
pair. 

2.7. FRET-distance calculation 

The efficiency of energy transfer for a single donor–acceptor pair at a 
fixed distance is calculated using the standard formulae: 

E =
R0

6

R0
6 + r6

(4)  

Where R0 is Förster’s radius, E is the FRET efficiency calculated using 
the lifetimes of donor and donor-acceptor pair and r is the distance 
between donor and acceptor. 

2.8. Mathematical modeling of FRET distances 

In order to derive the height of the FRET donor over the Nanodisc 
bilayer, we calculated the FRET efficiency as a function of this height H, 
assuming the random distribution of KRas4b on the Nanodisc surface. 
First, we generated 480 random points distributed along the surface of 
the disc. Then for each of 480 randomly selected distance coordinates on 
the Nanodisc surface, representing potential binding sites for KRas4b, 
the distance ri (i = 1 … 480) from the FRET donor to the acceptor 
covalently bound to the MSP was calculated using the following 
equation:  

ri
2 = (H+1.5)2+Di

2,                                                                          (5) 

Where 1.5 nm is the distance along the normal to the Nanodisc surface 
from the bilayer surface to the position of acceptor on the MSP1 helix, 
and Di is the distance from the i-th point to the acceptor in the XY plane 
of the Nanodisc. The diameter of one MSPD1 helix is assumed to be 1 nm 
and the width of Nanodisc is taken to be 4 nm. Each helix lies 1.5 nm 
away from corresponding nearby phosphate surface. The presence of the 
second acceptor on another MSP1 helix was taken into account by 
repeating the same procedure, except the distance to the second 
acceptor was calculated using the following equation:  

ri
2 = (H+2.5)2+Di

2,                                                                          (6) 

Where the position of the acceptor on the second helix adds 1 nm to the 
vertical projection of. 

The distance vector ri. 
Using equations (5) and (6), we calculated the donor-acceptor dis

tances for both acceptors. The FRET efficiency Ei was then calculated 

Fig. 1. Calculated dependence of average FRET efficiency between donor and 
acceptor (dashed curve, open circles) as a function of KRas4b height above the 
membrane bilayer, (see methods). The experimentally measured FRET effi
ciencies, indicated as red squares, obtained through FRET-lifetime measure
ments (Table 1). This graph then allows correlating the FRET efficiency with an 
average height above the membrane surface of Nanodiscs. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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using the calculated distance ri between donor and acceptor, and Ro =
5.8 nm, the Förster’s radius:  

Ei = Ro6 / (Ro6 + ri
6)                                                                       (7) 

To generate a graph that correlates the experimentally measured 
FRET efficiency with height above the bilayer, the averaged FRET effi
ciencies <Ei> for all the 480 possible distance coordinates of KRas4b on 
the Nanodisc surface were calculated for each of two acceptors (using 
equation (7)) on two MSP molecules per Nanodisc to obtain the total 
FRET efficiency for every given H which ranges from 4 nm to 6 nm. As 
depicted in Fig. 1, open circles with dotted lines represent the average 
calculated FRET efficiency of 480 positions on the disc surface to both 
acceptors upon changing the height. Upon overlaying the experimen
tally measured FRET efficiencies (red squares) on this mathematical 
model, each experimentally measured FRET efficiency value corre
sponds to an average height of KRas4b on the bilayer. Using this method, 
we modeled all the potential donor acceptor distances, at different 
heights and different positions. 

3. Results and discussion 

KRas4b adopts an extended conformation and negative charge favors 
membrane interaction. Anionic lipids have long been known to play an 
important role in KRas4b interactions with negatively charged bilayers, 
yet the role of charged bilayers in determining the topology of KRas4b 
on the membrane surface has been incompletely understood. Defining 
the topology of KRas4b bound to the membrane is crucial to under
standing its effector interactions. Previously, using a combination of 
fluorescence anisotropy decay experiments and molecular dynamics 
(MD) simulations, we predicted the role of a specific lipid head group on 
the affinity and orientation of KRas4b and identified residues on the 
protein that interact with the lipid surface [17,33]. Using 
frequency-domain anisotropy decay measurements, we measured the 
dissociation constants of KRas4b to Nanodiscs with different lipids on 
the membrane. We reported that the dissociation constants of fully 
processed KRas4b from the membrane depend significantly on the 
anionic lipid content [17]. The results of MD stimulations showed that 

the KRas4b-GDP protein displays a wide range of configurations and 
exhibits a relatively loose association when the membranes contain only 
DMPS as the anionic lipid. On the other hand, when PIP2 is present, 
there are long lived interactions, resulting in a more localized posi
tioning of KRas4b as the initial contact configuration [17,33]. Therefore, 
the frequency of transitions between different orientations is signifi
cantly reduced with PIP2 compared to DMPS. The G-domain has direct 
interactions with the bilayer through multiple surfaces and in various 
orientations. Within microsecond timescales, two of these orientations 
are highly prevalent [19,22,23]. In one orientation, the canonical switch 
regions SW1 and SW2 are accessible for potential interactions with other 
proteins (OS1). However, in the alternative orientation, these switches 
are partially or completely occluded (OS2) [16,22,23,34]. KRas4b forms 
stable complexes at the membrane upon binding to different effector 
proteins and chaperones. For instance, PI3K is one of the major down
stream effectors activated by KRas4b at the membrane surface, further 
phosphorylating PIP2 [35]. There are several other downstream effec
tors of Ras that interact at the membrane surface, most importantly the 
RAF kinase, which activates the MAPK pathway [36]. The bilayer plays 
an important role in stabilizing and activating these signaling com
plexes, but there is a lack of understanding of how the lipid bilayer in
teracts with KRas4b and dictates its topology on the surface to form 
stable signaling complexes with other Ras binding partners. To under
stand specific lipid headgroups and charge dependence, in this study we 
utilized Nanodiscs and their ability to precisely control lipid composi
tion to determine the conformation dynamics of KRas4b when bound to 
Nanodiscs. 

In this Nanodisc based FRET assay, we used Alexa Fluor™ 488 
labeled KRas4b as donor and TAMRA labeled MSP as acceptor, having 
two acceptors per Nanodisc. Using lifetime measurements, we calcu
lated the distance between FRET donor and acceptor at varying anionic 
lipid concentrations of 10%, 30%, and 50% of DMPS, with DMPC as 
background (Table 1). All lifetime measurements were carried out in a 
buffer with an ionic strength that will not alter the approach of G- 
domain to bilayer, because the salt effectively shields the effect of charge 
on protein and the negative charge of Alexa FluorTM 488 label [37]. 
KRas4b- FME T127C118S was labeled with Alexa FluorTM 488 and the 
activity of the double mutant was confirmed using a GTPase assay, 
providing further validation of its functionality in the experimental 
setup. 

To understand the FRET efficiency in terms of the topology of 
KRas4b bound to Nanodiscs, we developed a mathematical model 
implemented in MATLAB (The MathWorks, Natick, MA) to calculate the 
average distance of the FRET donor from the acceptor. Using VMD, we 
modeled a fully processed KRas4b on the Nanodisc surface with the 
farnesyl buried in the bilayer and calculated the height of donor label 
(residue T127) on the G-domain to the membrane phosphates. The OS1 
and OS2 PDB coordinates enabled us to estimate the vertical height for 
KRas4b OS1 and OS2 conformations on the membrane surface. The 
calculated height for a “standing up” model is 5 nm and the height for 
OS1 and OS2 conformations are 1.5 nm–3.5 nm respectively. Using the 
crystal structure of KRas4b in a fully upright conformation on the 
Nanodisc surface (H = 5 nm), the average FRET efficiencies for these 

Table 1 
Lifetime Measurement of Alexa 488 labeled KRas4b-FME using a FRET-based Nanodisc system (n = 3). The lifetime of the donor (Alexa 488 labeled KRas4b-FME) is 
measured when KRas4b-FME is bound to unlabeled Nanodiscs with anionic lipids and no FRET is observed. The lifetime of the donor-acceptor pair is measured when 
labeled KRas4b-FME is bound to TAMRA labeled Nanodiscs with anionic lipids and FRET is observed. Average FRET efficiency calculated using Donor and Donor - 
Acceptor pair measured lifetimes. The distance is calculated using equation (4) with R0 = 5.8 nm. Average G-domain height above the bilayer surface is calculated from 
our mathematical model using experimentally determined FRET efficiencies.  

Anionic Lipid Concentration Donor Lifetime (ns) Donor + Acceptor Lifetime (ns) Avg. FRET Efficiency Average G- Domain Height Above Bilayer (nm) See Fig. 1 

10% DMPS 3.8 ± 0.01 3.13 ± 0.01 0.178 ± 0.001 5.10 
30% DMPS 3.8 ± 0.01 3.03 ± 0.01 0.202 ± 0.002 4.87 
50% DMPS 3.8 ± 0.01 2.91 ± 0.01 0.241 ± 0.001 4.55 
2.5% PIP2 3.9 ± 0.01 3.19 ± 0.01 0.18 ± 0.005 5.09 
10% PIP2 3.9 ± 0.01 3.11 ± 0.01 0.203 ± 0.003 4.86  
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models were calculated to be 0.119 and 0.068 for the two acceptors on 
the Nanodisc belt. By summing the modeled FRET efficiencies, we 
determined the distance between donor on KRas4b and acceptor on 
Nanodisc (see methods). The averaged total FRET efficiencies for all the 
480 possible distance coordinates of KRas4b on the Nanodisc surface 
was plotted as a function of height above the bilayer (Fig. 1). 

We overlayed the experimentally measured FRET efficiencies to this 
model and calculated the height of KRas4b over the Nanodisc. According 
to this model, the height of KRas4b over the Nanodisc bilayer ranged 
from 5.10 nm to 4.55 nm as anionic lipid concentration increases, which 
clearly indicates a charge dependence of KRas4b topology on the 
Nanodisc surface (Table 1). These measured average heights correspond 
to an extended conformation of KRas4b on the nanodisc surface and not 
to the membrane proximal conformations (OS1 and OS2), as depicted in 
Fig. 2. Therefore, we propose that the extended conformation of KRas4b 
is the predominant topology compared to other membrane proximal 
positions. To understand specific lipid headgroup dependence, we used 
PIP2 lipids in Nanodiscs which is known to be important for Son of 
Sevenless recruitment to the plasma membrane and also a substrate for 
PI3K, which is a downstream effector for activated KRas4b [38]. To 
investigate further the role of PIP2 in determining the topology of 
KRas4b on the membrane surface, we used the FRET-based assay to 
measure the distance between donor and acceptor and extract the height 
of the G-domain from the membrane surface. The measured distances for 
2.5% PIP2 and 10% PIP2 with DMPC background on Nanodiscs correlate 
to the distances measured with the similar charged DMPS Nanodiscs. As 
shown in Table 1, the measured height of KRas4b from the membrane 
surface indicates a small, but significant, anionic lipid concentration 
dependence that is similar for PIP2 and PS headgroups. The two orien
tation states previously discussed, OS1 and OS2, have rapid transitions 
on the membrane surface and were predicted to occur at a sub - 
microsecond timescale [18,19,22,23]. Since it is evident that these 
conformations are dynamic on the surface, it justifies the averaging 
method we used in this study to understand the topology of KRas4b on 

Nanodiscs. At the timescale of these measurements, the average FRET 
efficiencies includes the ensemble of the dynamic interconversion of 
KRas4b on the Nanodisc surface. Our results suggest that KRas4b is 
predominantly populated in a membrane-distal state when anionic 
lipids are present, with multiple orientations to facilitate effector bind
ing. Additionally, the measured FRET efficiencies show that negatively 
charged membrane surface favors membrane proximal conformations 
and reorients the ensemble average configuration closer to membrane, 
suggesting membrane interactions. Interestingly, the subtle change in 
FRET represents a re-distribution of these configurations in the presence 
of anionic lipids and does not depend significantly on the specific lipid 
headgroups. The slope depicted in Fig. 2 cannot definitively determine 
whether the observed changes in FRET efficiency are primarily driven by 
the HVR’s proximity to the bilayer or the orientation changes involving 
the G-domain. These ensemble configurations imply that the lipid 
headgroup composition may not be the sole determinant of KRas4b to
pology. Our study, employing a FRET-based Nanodisc assay, observed 
differences in FRET efficiency between Nanodiscs with similar charges 
but distinct lipid headgroups which highlights the complexity of 
protein-membrane interactions and suggest the involvement of other 
factors. Specifically, the results of our FRET assay involving 10% PIP2 
Nanodiscs, which have similar charge properties to 30% DMPS Nano
discs, suggest that charge and not lipid head group identity is the major 
influence on the average distance of KRas4b from the membrane. 
Anionic lipids on the membrane surface increases the affinity of KRas4b 
to the membrane surface [17]. Therefore, the distribution of the distal vs 
proximal population is dependent on the anionic lipids. Overall, these 
results demonstrate that anionic lipids influence the proximal or distal 
population of KRas4b. 
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