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A B S T R A C T   

K-Ras nanoclusters (NCs) concentrate all required molecules belonging to the extracellular signal-regulated ki-
nase (ERK) mitogen-activated protein kinase (MAPK) pathway in a small area where signaling events take place, 
increasing efficiency and specificity of signaling. Such nanostructures are characterized by controlled sizes and 
lifetimes distributions, but there is a poor understanding of the mechanisms involved in their dynamics of 
growth/decay. Here, a minimum computational model is presented to analyze the behavior of K-Ras NCs as 
cooperative dynamic structures that self-regulate their growth and decay according to their size. Indeed, the 
proposed model reveals that the growth and the local production of a K-Ras nanocluster depend positively on its 
actual size, whilst its lifetime is inversely proportional to the root of its size. The cooperative binding between the 
structural constituents of the NC (K-Ras proteins) induces oscillations in the size distributions of K-Ras NCs 
allowing them to range within controlled values, regulating the growth/decay dynamics of these NCs. Thereby, 
the size of a K-Ras NC is proposed as a key factor to regulate cell signaling, opening a range of possibilities to 
develop strategies for use in chronic diseases and cancer.   

1. Introduction 

Cells, through signaling pathways, are able to sense, integrate, and 
process extracellular information through the plasma membrane, 
generating robust high-fidelity responses [1,2]. Many of the actors 
involved in processing and transmitting signals in living cells (signaling 
proteins, transmembrane receptors, scaffolding proteins, related en-
zymes, and regulators) are arranged into clusters within, or attached to, 
cell membranes or the cytoskeleton [3,4]. Some examples are G-protein 
clusters, integrin clusters, ion channel clusters, and heparan sulfate 
glycomimetic clusters, among others. These clusters present a versatile 
structure, which can consist of homo- or hetero-oligomers, or they can 
be arranged by scaffolding proteins that join proteins together [4–6]. 
Furthermore, the clusters are dynamic structures that vary over time and 
space and are organized on length scales from nanometers to micro-
meters [7,8]. In detail, nanoclusters (called from now on as NCs) 
concentrate signaling events in a delimitated small area, increasing the 

efficiency and specificity of the signaling pathway [2,9–12]. Each type 
of nanocluster receives different inputs and provides specific outputs [4, 
13]. 

Ras NCs are a type of G-protein clusters that constitute finite and 
transient signaling nanoplatforms that are made up of linked Ras pro-
teins, distributed along the plasma membrane [2,11], which trigger the 
cell signal transduction process [14–16]. These NCs are found in the 
extracellular signal-regulated kinase (ERK) mitogen-activated protein 
kinase (MAPK) signaling pathways, where the signal transduction pro-
cess starts when growth factors activate receptor tyrosine kinases (RTKs) 
on the cell membrane and the further G-proteins Ras, triggering a 
cascade of activations of three kinases: Raf, MEK-1/2 and ERK-1/2 [14, 
15,17–39]. These three kinases drive extracellular signals across the 
plasma membrane and to the inner of the cell. Upon stimulation with the 
epidermal growth factor (EGF), the double phosphorylated ERK-1/2 
(ppERK-1/2) is delivered to the cytosol and reaches the nucleus of the 
cell, collaborating in the regulation of the cell activity [24–27,40,41]. 
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Each type of Ras isoform (H-, N- and K-Ras) is associated with a 
different type of Ras NC, with specific characteristics, such as controlled 
lifetimes and sizes. In the case of K-Ras NCs, which are the focus of the 
present study, they present lifetimes experimentally measured between 
0.1 s and 1.0 s (describing a distribution with its maximum at 0.5 s), and 
sizes ranged between 5 and 10 Ras molecules (although the most pre-
dominant values are 6–7 K-Ras proteins) [4,6,11–13,42]. 

K-Ras NCs present a rather ultrasensitive stimulus/response 
behavior, which is used by cells to convert analog extracellular stimuli 
into digital intracellular responses [2,11,12]. Such behavior is the result 
of combining signaling events spatially distributed within NCs and 
birth/death dynamics dependent on the local NC production 
(ppERK-1/2). Thus, a robust and high-fidelity response is provided 
without invoking sophisticated cascade structures or a mesh of regula-
tory feedback/feedforward loops between the elements of the pathway 
[2]. 

The time response of a K-Ras NC (mainly its duration and amplitude) 
influences cell fate and production [2]. And considering that uncon-
trolled signaling transduction leads to cell disorders and diseases, such 
as the proliferation of tumors [43–46], modulating the time pattern of 
K-Ras NCs (i.e., the distributions of sizes and lifetimes of activated K-Ras 
NCs) can help in developing strategies to fight against cellular disorders. 
Some advances made recently help to understand the formation and the 
spatial organization of these nanostructures, and some mechanisms 
involved in their activity. Unfortunately, there is an unknown in the 
mechanisms that drive their structural regulation, and their size and 
lifetime distributions [6,47]. 

Ras NCs are considered structures where activation and conforma-
tional changes of the stimulated molecules promote cooperativity, 
increasing the sensitivity of neighboring molecules and resulting in 
efficient signal transduction [3,15,48,49]. The formation and growth of 
clusters are modulated by cooperative binding, meaning that molecular 
affinity within a cluster increases with cluster size [4,49]. Indeed, with 
sufficient binding cooperativity, binary signaling (understood as the 
possibility of switching rapidly between a low “off” and a high “on” 
states or levels) is triggered in Ras NCs and, thereby, the signal fidelity 
increases as a function of the cluster size [12]. Improvements in mo-
lecular dynamics studies show that bidirectional cooperativity (coop-
erative binding and dissociation) regulates the dynamics of these 
nanodomains, where the number of available neighboring molecules 
modulates both binding and dissociation probabilities. 

A model approach to the growth/decay dynamics of the EGF\K-Ras 
\ERK-1/2 MAPK signaling pathway was proposed to shed light on the 
regulation of the size and lifetime distributions of K-Ras NCs. The most 
novel aspect that the model provides is to define the NCs as dynamic and 
cooperative structures with the speeds of their growth and decay re-
actions dependent on their sizes, without fixing any kinetic value. Here 
we provide computational evidence that K-Ras NCs promote their own 
growth and local production positively dependent on their current sizes, 
whilst their lifetime is inversely proportional to their sizes. Furthermore, 
the cooperativity induces oscillations in their size distributions, keeping 
sizes and lifetimes bounded between controlled values, for a wide range 
of kinetic parameters. Therefore, the obtained results suggest K-Ras NCs 
as signaling nanostructures that self-regulate their growth/decay dy-
namics through controlled sizes, proposing this regulation as a strategy 
to modulate the MAPK response and the cell fate decision. 

2. Methods 

2.1. Model 

The proposed model of reference corresponds to a simplified version 
of the three-step EGF\K-Ras\ERK-1/2 MAPK cascade [14,15], consid-
ering the different signaling processes, from their activation upon EGF 
stimulation to the production of the ppERK-1/2 output response, car-
rying out the recruitment and the activation/deactivation processes of 

the intermediate signaling messengers (Raf-1 and MEK-1/2), but orga-
nized in K-Ras NCs (Fig. 1A). Basically, the model consists of spatially 
distributed and dynamic signaling nanoplatforms of clustered K-Ras 
proteins along the plasma membrane, where signaling events are trig-
gered independently within each NC (Fig. 1B). The EGF stimulus acti-
vates the fraction of K-Ras monomers capable of forming NCs or 
clustering with existing ones [49,50]. And signaling substrates are in-
tegrated into structures forming a complex of Raf-1\MEK-1/2\ERK-1/2, 
which are recruited into each K-Ras NC and activated during its lifetime 
(Fig. 1A). Each K-Ras NC provides a self-regulating process of its life-
time, dependent on its local output production (ppERK-1/2) and trig-
gered by a negative feedback loop from its output to the K-Ras clustering 
level [2] (Fig. 1). The local ppERK-1/2 expression of each active K-Ras 
NC is proportional to its size [2], and the overall sum of all these local 
ppERK-1/2 productions constitutes the output cell response [11] (Fig. 1). 

The experimental values of the expressions of the components that 
build up the model correspond to those described in the literature [15, 
26], which are still accepted in recent research [4,6]. In a real scenario, 
concentrations of 3.87 × 106 K-Ras monomers, 3.7 × 105 molecules of 
Raf, 2.2 × 107 molecules of MEK, and 2.1 × 107 molecules of ERK 
distributed in the cytosol have been observed (Suppl. Table I). [15,26, 
50]. These values are relatively high when compared to the concentra-
tion of active K-Ras molecules accessible on the plasma membrane of 
BHK cells capable of clustering, which is around 8 × 105 molecules [49, 
50]. This concentration has been used as an input parameter for the 
proposed model. Notice that all substrate elements (Raf, MEK, ERK) are 
present in enough concentrations compared to the available K-Ras 
proteins so as to not limit any reaction of the proposed model. In addi-
tion, a maximum external stimulus EGF has been considered in order to 
analyze the model under maximum signal conditions and, thereby, 
considering a maximum number of active NCs. 

The proposed model of K-Ras NCs consists of 5 reactions (Suppl. 
Table III): two of them (those related to the NC formation and the NC 
dissociation) were expressed independent of the K-Ras NC’s size (the 
amount of clustered K-Ras molecules); and the other three (those con-
cerning the internal K-Ras binding, dissociation and ppERK-1/2 pro-
duction processes) were defined dependent on the current size of the K- 
Ras NC (Suppl. Table II). 

On one hand, regarding the independent reactions, the NC formation 
(a1) was defined according to the expression of active K-Ras monomers 
available in a cell, whilst the NC dissociation (a5) was regulated directly 
by the local output response (ppERK-1/2), and thereby, indirectly by the 
size of the K-Ras NC [2] (Suppl. Table III). Their corresponding constant 
rates (k1 and k5) were defined with a wide range of values to measure 
their influence on the tuning level of the sizes and lifetimes distributions 
of K-Ras NCs, as well as to analyze the robustness of the proposed model 
against kinetic variations (Suppl. Table II). Notice that realistic values of 
these constant rates following reported values in previously published 
research [2,35,49,50] have been included, which were defined from real 
measures or, failing that, suggested as biochemical estimations. Thus, 
the constant rate that triggers the K-Ras dimerization (k1), and therefore 
the formation of the basic structure of a NC, was reported to be around 
0.5 s− 1 [4,51–54], and in the present study, this parameter has been 
defined in the range of 0.1–1.0 s− 1. Similarly, the constant rate that 
regulates the NC dissociation (k5) was tuned in 2.0 s− 1 [2,50] to adjust 
the estimated average lifetime of 0.5 s for K-Ras NCs, whereas it has been 
defined in the range of 0.01–10.0 s− 1 to develop the present study. 

On the other hand, the reactions dependent on the K-Ras NC size 
express a high level of self-regulation. In addition, they are defined 
through the Heaviside step function, which suggests a high cooperative 
behavior within each K-Ras NC (eq. 1- eq. (3)) [55,56]. 

These reactions constitute the NC growth (a2) that consists of the 
aggregation of a new active K-Ras molecule into the existing NC and 
therefore, an increase of its size; the NC decay (a3) that represents the 
loss of a clustered K-Ras molecule and thereby, a decrease of the NC size; 
and the production of local ppERK-1/2 (a4), which is proportional to the 
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NC size [2] (i.e. the NC generates one ppERK-1/2 per each clustered 
K-Ras). These three reactions were defined through specific and constant 
rates in previously published research [2,15,26,49,50], but without 
establishing a unified criterion. Thus, rates compressed between 0.1 and 
10.0 s− 1 for the forward association and backward dissociation reactions 
were considered. In addition, catalytic constant rates corresponding to 
kinase phosphorylation processes were considered larger, between 
values of 10.0 and 100.0 s− 1. A novel concept in the definition of these 
reactions has been introduced in the present study, expressing them as a 
function of the current size of the K-Ras NC at any moment throughout 
its lifetime (eq. 1- eq. (3)). This represents the main contribution of the 
proposed model, which aims to define a K-Ras NC as a dynamic structure 
that self-regulates its growth and decay according to its size, allowing a 
reasonable explanation for the empirical results that report regulated 
sizes and lifetimes of this kind of NCs [42,49,50] without recurring to fix 
kinetic parameters and a collection of boundary conditions in the model. 
Despite this variability in the kinetic parameters, the fixed values used in 
previous studies are included in the range of values considered in the 
proposed model. 

The description of these reactions presents two novel particularities: 
i) their rates are variables expressed as a function of the K-Ras NC size 
and ii) their rates are defined through the Heaviside step function or its 
inverse version, depending on the reaction.  

K-Ras NC growth reaction: a2 = k2⋅H_1(x), where k2 = size                   (1)  

K-Ras NC decay reaction: a3 = k3⋅H_2(x), where k3 = 4⋅size2                 (2)  

K-Ras NC local production reaction: a4 = k4⋅H_3(x), where k4 = 4⋅size    (3) 

where H_1 denotes the inverse of the Heaviside step function, and H_2 and 
H_3 denote the Heaviside step function:  

H_1(x) from eq. 1 → H_1(x):=1x ≤ Nsig                                                (4)  

H_2(x) from eq. 2 → H_2(x):=1x ≥ Nsig                                                (5) 

Defining these reactions through the Heaviside step function, or its 
inverse, suggests a highly cooperative behavior within each K-Ras NC. 
Indeed, the expression of the reactions related to the growth and decay 
of a K-Ras NC (eq. (1), eq. (2)) through the Heaviside step function (eq. 
(4), eq. (5)) allows defining bidirectional cooperativity, switching be-
tween cooperative binding (related to the clustering of free active K-Ras 
into a NC) and dissociation processes (related to clustered K-Ras within 
the same NC) with a probability of occurrence modulated by the number 
of clustered K-Ras molecules within the same NC. Thus, the occupancy 
of neighboring sites into the NC increases when its size is below an 
optimal size (Nsig) (eq. (1), eq. (4)), but when this value is reached, the 
probability of dissociation takes relevance (eq. (2), eq. (5)). 

In addition, the lifetime of each K-Ras NC has been defined as 
inversely proportional to the root of its size, reflecting higher chances of 
dying with increasing sizes (lifetimes distribution of K-Ras NCs fits better 
to τ when the local production reaction of each nanostructure is defined 
in terms of √(size)− 1, rather than size− 1, size or size2; data not shown). 
This condition has been reflected through the argument of the step 
function from eq. (3):  

Fig. 1. Schematics of K-Ras NCs model for cell signaling. A) Representation of a K-Ras NC module formed by different molecules of K-Ras (an average of 5–10 K-Ras) 
that become anchored and clustered to the cell membrane after being activated by extracellular EGF, which is picked up by its receptor (EGFR). Son of sevenless 
(SOS) is a guanine nucleotide exchange factor that facilitates such activation and promotes cooperativity for K-Ras clustering in the plasma membrane. After the 
formation of a K-Ras NC, a substrate structure promoted by the scaffolding protein Kinase Suppressor of Ras (KSR) is recruited from the cytosol, integrating the 
different substrates (Raf-MEK-ERK) required by the K-Ras NC to transduce the extracellular signal into the cell, during its lifetime. Upon activation, the NC generates 
a local concentration of double phosphorylated ERK (ppERK), which is finally delivered to the cytosol and the cell nucleus, which triggers the activation of specific 
substrates. B) Schematic model of a cell signaling system based on K-Ras NCs activated by the extracellular stimulus EGF. K-Ras molecules are activated by nearby 
EGF located in the cell membrane, becoming clustered and forming distributed NCs along the plasma membrane. Each of these NCs generates a local production of 
double phosphorylated ERK molecules (ppERK), and the overall sum of all these local productions in the plasma membrane constitutes the output cell response 
(cytosolic ppERK) (color version required for printing). 
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H_3(x) from eq. 3 → H_3(x):=1x ≥ (size)
(− 1/2)                                             (6) 

This equation (eq. (6)) reveals higher choices of local ppERK-1/2 
production with the increase of the K-Ras NC size [2]. Therefore, this 
increase in the ppERK-1/2 expression promotes the activation of the 
self-regulation mechanism from the disassembly reaction a5 [2]. 

A schematic representation of the distinct available states of a K-Ras 
NC is represented in Fig. 2, depending on the different reactions that can 
be triggered (NC formation, K-Ras binding into a NC, K-Ras dissociation 
from a NC, local ppERK-1/2 production, and NC death). 

There is published literature focused on the link between protein 
clustering and the Heaviside function [55–61], mainly to express that 
proteins are segregated inside clusters. Hence, a relation between 
cooperativity, Ras clustering, and its mathematical description through 
the step function may be suggested in our model. 

Experimentally, cooperative behavior in K-Ras NCs was reported, 
increasing in size as more clustered K-Ras molecules are present 
(cooperative binding) [12]. On the other hand, it was observed that 
K-Ras NCs increase until reaching a limited size (Nsig) within the range of 
5–10 Ras molecules (Nsig is considered 10 K-Ras molecules for the pre-
sent study). Furthermore, the lifetime of these nanostructures (τ, defined 
as the current time comprised between the K-Ras NC generation and its 
death) presents a normal distribution with an average value of about 0.5 
s in vivo [35,50]. All these conditions concerning the growth and death 
of K-Ras NCs were aimed to be represented with the above equations 
(eqs. (1)–(3)), presenting K-Ras NCs as self-regulated signaling struc-
tures, promoting cooperativity between their constituents and limiting 
their lifetime and growth through their own size. After checking 
different options to define the rates of the aforementioned reactions (k2, 
k3, and k4 defined with different fixed values; not all data are shown, but 
some examples are represented in Suppl. Fig. 9), the best results to fit the 
size and lifetime distributions of K-Ras NCs close to the expected values 
were obtained defining these reaction rates as variables, in terms of the 
current size of each active K-Ras NC (Suppl. Table II). 

2.2. Simulations 

All the simulations were developed using a stochastic approach 

similar to Gillespie’s Stochastic Simulation Algorithm (SSA), treating the 
model reactions as a group of stochastic events [62–64]. The different 
signaling events were defined as Poissonian processes with a frequency 
characterized by the corresponding reaction rates. And the signaling 
model of K-Ras NCs was implemented in the Fortran programming 
language. Each K-Ras NC was simulated in time considering different 
ranges of the parameters k1 and k5, and stimulated by the maximum 
expression of the input stimulus EGF:  

• Input stimulus rate α = EGF/EGFmax = 1  
• k1 ∈ [0.1 − 1.0] s− 1  

• k5 ∈ [0.01 − 10.0] s− 1 

k1 was varied in steps of 0.1 s− 1 within the range of values from 0.1 to 
1.0 s− 1. And k5 was varied in proportional steps depending on the 
considered range (steps of 0.05 s− 1 between the range 0.01–0.1 s− 1; 
steps of 0.1 s− 1 between the range 0.1–1.0 s− 1; and steps of 1.0 s− 1 

between the range 1.0–10.0 s− 1). However, the rest of the kinetic pa-
rameters which depend on the current size of the NC were updated at 
each simulation moment according to its definition (Suppl. Table II). 

Thus, varying the values of the two kinetic constants k1 and k5, and 
defining the rates belonging to the rest of the reactions of the model in 
terms of the current size of K-Ras NCs (Suppl. Table II and eqs. (1)–(3)), 
it is possible to evaluate the time evolution of the sizes and lifetimes of K- 
Ras NCs. Since the kinetic parameters of the model have not been fixed 
to specific values, the observed robustness of K-Ras NCs can be 
demonstrated without resorting to fixed kinetic constants or boundary 
conditions, as has been applied in studies published to date. 

The simulations were carried out for enough time to ensure a 
representative simultaneous population of active K-Ras NCs (greater 
than 10,000) to be in accordance with a realistic situation [35,50]. And 
such a condition was achieved with simulations of 10 s. Although it 
could be possible to simulate the model until expiring all the initial pool 
of K-Ras monomers, since they are degraded after the dissociation of the 
nanostructure where they were clustered, it did not alter the final pat-
terns of sizes and lifetimes distributions of the nanostructures (data not 
shown). 

Fig. 2. Schematic representation of the states and reactions of the proposed model. Representation of different states of a K-Ras NC constituted by different numbers 
of clustered K-Ras proteins. Active free K-Ras proteins are dispersed along the plasma membrane, which can get clustered forming a new NC (reaction driven by 
kinetics k1) or clustered in an existing NC (reaction driven by kinetics k2), increasing its size. Besides, an already clustered K-Ras protein can be released to remain 
dispersed in the plasma membrane (reaction driven by kinetics k3), decreasing the size of the K-Ras NC. Meanwhile, substrate complexes made of Raf-MEK-ERK 
kinases can be recruited from the cytosol to the plasma membrane and activated in a K-Ras NC for further signaling processes (process represented by the 
dashed blue lines). At this point, the clustered K-Ras proteins promote the phosphorylation of these kinases, leading to the local production of active ERK (ppERK), 
which represents the output of the EGF/K-Ras/ERP MAPK pathway (this activation process is represented by kinetics k4). Finally, when enough ppERK production is 
reached, the NC has the chance of disassembling (reaction driven by kinetics k5), and then K-Ras, Raf, MEK, ERK, and ppERK are segregated to the cytosol (process 
represented by the dashed red and green lines) (color version required for printing). 
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In order to characterize the sizes and lifetimes distributions of K-Ras 
NCs, depending on the values of k1 and k5, both the normalized distri-
bution of K-Ras NCs as a function of their sizes and the normalized dis-
tribution of K-Ras NCs as a function of their lifetimes were carried out. 
The reported values of sizes and lifetimes refer to their values at the time 
of NCs’ death. In addition, average and maxima values of both K-Ras 
NCs’ sizes and lifetimes were analyzed, as a function of both k1 and k5 
parameters. 

3. Results 

The distributions of signaling K-Ras NCs belonging to the EGF\K-Ras 
\ERK-1/2 MAPK route were measured as a function of their sizes and 
lifetimes, depending on the values of the constant rates k1 and k5, for a 
maximum input stimulus (Figs. 3–10). In short, defining the internal 
reaction rates of K-Ras NCs as cooperative processes dependent 
dynamically on their actual sizes (eqs. (1)–(3)), the lifetimes and sizes of 
the nanostructures can be limited within well-defined ranges, according 
to the results observed experimentally and published in the scientific 
literature [35,50]. Indeed, the average lifetimes of K-Ras NCs are mainly 
ranged between 0.5 s and 3.0 s, although for the great range of the k1 and 
k5 values the average values of lifetimes are ranged between 0.5 s and 
1.5 s (Fig. 3). In addition, the lifetimes with maximum distributions of 
K-Ras NCs are ranged between 0.6 s and 1.8 s (Fig. 4). On the other hand, 
the average K-Ras NCs sizes at the death moment are mainly ranged 
between 3 K-Ras and 5 K-Ras, although for low values of k1 and k5 
average sizes of 7 K-Ras are reached (Fig. 5A). However, when talking 
about average K-Ras NCs maximum sizes, their values increase up to 9 
K-Ras, also for low values of k1 and k5 (Fig. 5B). Furthermore, the sizes 
with maximum distributions of K-Ras NCs are ranged between 2 K-Ras 
and 10 K-Ras (Fig. 6). 

Analyzing in more detail the obtained results, considering fixed k1 
while varying k5, the K-Ras NCs lifetimes describe a right-skewed dis-
tribution (like a lognormal distribution) that remains controlled and 
ranged between the values of 0.5 and 3.0 s, considering most of the 
values of k5. In fact, the pattern of this distribution does not show 
relevant changes when modifying k1, but becomes tighter with higher 
k5, ranging most lifetimes between 0.5 and 1.5 s. And, its maximum 
expression is close to τ, exactly between 0.5 and 1 s (Fig. 7). 

On the other hand, when varying k1 while fixing k5, the K-Ras NCs 
lifetimes also describe a right-skewed distribution that remains 
controlled and ranges between mainly the values of 0.5 and 4.0 s, 
although the NCs’ lifetimes for the majority of k5 values are concen-
trated below 2 s. And this distribution spreads out as k1 increases, pre-
senting more expression of K-Ras NCs with larger lifetimes (Fig. 8). 

Regarding the distribution of the K-Ras NCs sizes, when fixing k1 
while varying k5, it spreads out but remains well ranged between 2 and 
9 K-Ras molecules, regardless of the k5 increment. What is certain is that 
the greatest extension of NCs is concentrated between the sizes of 2–5 K- 
Ras molecules (Fig. 9). Considering the distribution of NCs related to 
their maximum sizes (which can be different from those of that the time 
of NC’s dissociation), some nanostructures can reach sizes of up to 11 K- 
Ras proteins, although the distribution becomes narrower and concen-
trates around 3-8 K-Ras molecules as k5 increases (Suppl. Fig. 3). 

When varying k1 while fixing k5, the distribution of K-Ras NCs sizes 
also describes a right-skewed pattern (like a lognormal one), ranging the 
great extension of nanostructures between 2 and 8 K-Ras molecules. And 
the highest expression of K-Ras NC is concentrated in lower sizes as k1 
increases, reducing the range of its dispersion, regardless of the value of 
k5 (Fig. 10). Concerning the distribution of NCs related to their 
maximum sizes, it also describes a right-skewed pattern that reaches 
values of up to 11 K-Ras proteins, although this distribution is concen-
trated at lower maxima sizes compressed between 2 and 8 K-Ras mol-
ecules as k1 increases (Suppl. Fig. 4). 

Regarding the evolution of ppERK-1/2, it describes a predictive 
pattern according to the variation of parameters k1 and k5. Thus, the 
expression of ppERK-1/2 is reduced as k5 increases, since NCs require less 
local ppERK-1/2 to trigger its self-regulated mechanism responsible for 
its own decay. In turn, the lifetime of NCs is reduced since these nano-
structures reach the proper conditions to disappear in less time (Suppl. 
Fig. 5). However, as k1 increases, the production of ppERK-1/2 acceler-
ates and it reaches its higher expression in less time, because the acti-
vation of K-Ras monomers and the generation of NCs accelerate, 
allowing the last ones to reach sufficient sizes in less time, with local 
ppERK-1/2 production proportional to these sizes (Suppl. Fig. 6). In this 
case, the lifetime of these nanostructures is reduced as well since enough 
ppERK-1/2 expression is achieved in shorter times to trigger its decay 
until disappearance. 

Concerning the time evolution of the current active NCs, their 
number is higher when k1 increases and when k5 decreases. Both situ-
ations yield, from a probabilistic point of view, an increase in the gen-
eration of NCs and a decrease in the dissociation rate of NCs, 
respectively (Suppl. Figs. 7 and 8). Thus, with low values of k5, K-Ras 
NCs require a higher amount of ppERK-1/2 to trigger its decay, and 
thereby the number of active NCs is accumulated during the simulation 
time. After a certain time, these NCs have enough ppERK-1/2 and their 
rate of decay increases, presenting more chances of disappearance and 
reducing its amount along the simulation time. In addition, with high 
values of k1, the generation of new K-Ras dimers accelerates and 

Fig. 3. 3D representation of average NCs lifetimes as a function of k1 and k5 
values. Average lifetimes of active K-Ras NCs for the full considered ranges of 
values of k1 ([0.1–1.0] s− 1) and k5 ([0.01–10.0] s− 1). The average lifetimes of K- 
Ras NCs are ranged from 0.6 to 1.8 s (color version required for printing). 

Fig. 4. 3D representation of NCs lifetimes with maximum K-Ras NCs distribu-
tions, as a function of k1 and k5 values. Lifetimes of active K-Ras NCs that 
present maximum distributions of NCs, for the full considered ranges of values 
of k1 ([0.1–1.0] s− 1) and k5 ([0.01–10.0] s− 1). These lifetimes with maximum K- 
Ras NCs distributions are ranged from 0.5 to 3.0 s (color version required 
for printing). 
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thereby, many active NCs with a probability of growing is concentrated 
in shorter times. These NCs are able of generating enough local ppERK-1/ 
2 expression to activate its decay mechanism from short simulation 
times, and therefore the distribution of the current active NCs is reduced 
over the simulation time. 

4. Discussion 

We provide computational evidence for describing K-Ras NCs as 
cooperative signaling structures that self-regulate their growth and local 
output, at the same time keep controlled their sizes and lifetimes on 
specific ranges. Furthermore, one aspect that provides credibility to the 
model is that the obtained results for K-Ras NC sizes and lifetimes closely 
match values from experimental observations reported in the literature 
[35,50]. 

This behavior of the K-Ras NCs arises from considering two novel and 
unusual ideas when defining the proposed model: i) each K-Ras NC is 
considered a cooperative structure that promotes its own growth and its 
local production, and ii) the K-Ras NC growth/decay and its local pro-
duction depend on its actual size. The first concept is incorporated into 
the model by defining the reactions in terms of the Heaviside function to 
reflect that proteins segregate into clusters. And the second concept 
represents an unusual way of defining the inner reaction rates belonging 
to the K-Ras NCs dynamics: each rate depends directly on the size of the 
K-Ras NC at each moment. This idea allows us to describe the NCs as 

structures that self-regulate based on their own evolution in terms of 
their sizes. In fact, this idea represents a groundbreaking and non- 
conditional way of defining NCs. So far, these structures have been 
described in general terms with reactions having probabilities of 
occurrence defined by fixed kinetic values. This practice forces us to 
limit the computational models to very strict ranges of kinetic values 
while incorporating many constraints and boundary conditions, in many 
cases assumed. However, defining the reactions of the NCs referred to 
their growth and decay through a non-fixed manner allows us to predict 
the behavior of these clustered structures without imposing ranges of 
kinetics values, which may be difficult to measure experimentally. 

If a stochastic approach to the computational model is included in 
addition, where the probabilities of occurrence of each reaction are 
established as the simulation evolves, depending on the kinetic param-
eters of the model and its boundary conditions, rather than requiring a 
deterministic point of view where the reactions develop in a pre- 
established order, the level of self-regulation of the defined cellular 
system is multiplied. 

Unexpectedly, from the simulations was observed that oscillations in 
the sizes of K-Ras NCs arise along their lifetimes, which control their 
local output and their chances of collapsing. This oscillating pattern 
arises when the rate of NC dissociation (k5) is varied, causing nano-
structures to restrict their sizes and avoid uncontrolled dispersion. Thus, 
if the expected pattern of the sizes distribution is to increase while k5 
decreases, the K-Ras NCs change this growing trend and modulate the 
number of proteins that make them up, alternating periods of increase 
and decrease of their sizes, and thereby allowing to remain a distribution 
of these nanostructures within a controlled range of sizes. This effect is 
more easily observable at low k1 values since the spread of size values is 
likely to increase due to the need for more time to reach enough local 
production by the K-Ras NC (Suppl. Figs. 1 and 2). But in all, the decay 
process of NCs is a key factor in the dynamics of these nanostructures, 
since it depends on the local ppERK-1/2 production, which in turn is 
proportional to their actual size [2]. 

Apart from obtaining average values of NCs lifetimes and sizes ac-
cording to experimental values reported in the literature (Figs. 3 and 5, 
respectively), simulations reveal that an accurate fitting of the sizes and 
lifetimes distributions of the K-Ras NCs was achieved, without pre-
senting an uncontrolled scattering of their values, even considering wide 
ranges of kinetic parameters (Figs. 7–10). The model predicts that the K- 
Ras NCs sizes fit a lognormal distribution ranging between 2 and 9 K-Ras 
molecules, but the greatest extension of NCs is concentrated between the 
sizes of 2 and 5 K-Ras molecules. In addition, the K-Ras NCs lifetimes 
also describe a lognormal distribution where most lifetimes remain 
controlled and ranged between the values of 0.5 and 2.0 s, but its 
maximum expression is concentrated between 0.5 and 1.0 s. These 

Fig. 5. 3D representation of average NCs sizes as a function of k1 and k5 values. A) Average sizes of active K-Ras NCs at disassembly time, for the full considered 
ranges of values of k1 ([0.1–1.0] s− 1) and k5 ([0.01–10.0] s− 1). The average sizes of K-Ras NCs are ranged from 3 to 7 K-Ras proteins. B) Average of maximum sizes of 
active K-Ras NCs, for the full considered ranges of values of k1 ([0.1–1.0] s− 1) and k5 ([0.01–10.0] s− 1). The average sizes of K-Ras NCs are ranged from 3 to 9 K-Ras 
proteins (color version required for printing). 

Fig. 6. 3D representation of maximum NCs sizes as a function of k1 and k5 
values. Lifetimes of active K-Ras NCs that present maxima distributions of NCs, 
for the full considered ranges of values of k1 ([0.1–1.0] s− 1) and k5 ([0.01–10.0] 
s− 1). These average sizes with maxima K-Ras NCs distributions are ranged from 
2 to 10 K-Ras proteins(color version required for printing). 
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results fit with experimental findings that report the existence of a pool 
of active K-Ras dimers together with a great extension of active K-Ras 
NCs constituted by 3–10 protein kinase molecules, and with lifetimes 
close to 0.5 s [35,42,49,50,65–68]. 

Therefore, the proposed model evidence high robustness against 
shifts in the kinetic parameters (k1 and k5), and the oscillations in the 
growth/decrease of the NCs sizes may be responsible of it. Such oscil-
lations are triggered by the high cooperativity of these nanostructures, 
and the dependence of their growth/decay reactions on their current 
sizes (oscillations do not arise if the reactions were defined through fixed 
kinetic constants; see Suppl. Fig. 9 for more detail). 

Going into more detail, the simulations showed that the lifetime’s 
distribution of the K-Ras NCs can be reduced, setting it close to the 

expected τ, as the rate of the K-Ras NC death reaction increases (Fig. 7). 
Such behavior is due to the relevance that k5 provides to the K-Ras NC 
decay probability, increasing it until a scenario where a minimum local 
production of ppERK-1/2 is required for the nanostructure to self- 
regulate its own lifetime (i.e. leading to a high death probability from 
the time of producing at least one ppERK-1/2 molecule). However, k1 has 
low relevance in lifetimes distributions of K-Ras NCs, since this rate 
directly regulates the formation of nanostructures but not their growth. 
What can be highlighted is a slight spread out of the distributions as k1 
increases (Fig. 8), mainly because an increase in the formation rate of K- 
Ras NCs triggers the generation of an important extension of these 
nanostructures with low sizes, which requires more time to grow and to 
produce enough local ppERK-1/2 responsible of self-regulating their own 

Fig. 7. Distribution of K-Ras NCs according to their lifetimes for variable k5 values. Relative concentrations of active K-Ras NCs according to their lifetimes, from 
their generation until their disassembly. Each graph represents the distribution of the K-Ras NCs for a fixed value of k1 within the range [0.1–1.0] s− 1. From each 
graph, every different distribution of K-Ras NCs (each color line) is related to a distinct value of k5 within the range [0.01–10.0] s− 1. The relative concentrations of K- 
Ras NCs for a specific lifetime “i” are calculated as the ratio between the number of K-Ras NCs with a lifetime “i” and the maximum number of K-Ras NCs obtained 
among all available lifetimes (color version required for printing). 
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lifetimes. 
On the other hand, increasing k5, more K-Ras NCs with lower sizes, 

below the Nsig, and shorter lifetimes should coexist since less local 
ppERK-1/2 production is enough to self-regulate this last parameter (the 
local ppERK-1/2 expression is proportional to the NC size). However, 
the reported oscillations in the sizes distributions appear for the whole 
range of k5 values, keeping the nanostructures within a controlled 
number of K-Ras kinases (Fig. 9). Instead, high rates of K-Ras NCs gen-
eration (k1) lead to a high expression of such nanostructures with low 
sizes, capable of growing, from early moments of the simulation 
(Fig. 10). Consequently, a discrete expression of K-Ras monomers 

persists to be recruited by the existing K-Ras NCs that try to increase 
their sizes. At this point, whilst the pool of active K-Ras monomers de-
creases and the rate of nanostructures generation becomes slower, the 
generation of ppERK-1/2 and the chances of dissociation increase, even if 
much of the K-Ras NCs do not reach relevant sizes (far from the expected 
Nsig). 

Therefore, the model provides evidence that both the size and life-
time of NCs can be tuned in a controlled manner by shifts in the kinetic 
parameters k1 and k5, but avoiding an uncontrolled spread on their 
distributions. 

The EGF\K-Ras\ERK-1/2 MAPK pathway is up regulated in human 

Fig. 8. Distribution of K-Ras NCs according to their lifetimes for variable k1 values. Relative concentrations of active K-Ras NCs according to their lifetimes, from 
their generation until their disassembly. Each graph represents the distribution of the K-Ras NCs for a fixed value of k5 within the range [0.01–10.0] s− 1. From each 
graph, every different distribution of K-Ras NCs (each color line) is related to a distinct value of k1 within the range [0.1–1.0] s− 1. The relative concentrations of K- 
Ras NCs for a specific lifetime “i” are calculated as the ratio between the number of K-Ras NCs with a lifetime “i” and the maximum number of K-Ras NCs obtained 
among all available lifetimes (color version required for printing). 
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tumors, and blocking its signaling cascade in any of its steps is a 
potentially interesting approach in cancer therapy [6,69]. An increase in 
Ras concentration in nanoclusters promotes a hyperactivation of Ras 
signaling and tumorigenic growth [70]. Indeed, augmented K-Ras signal 
has been documented in breast cancer cells, which may be directly 
related to the level of K-Ras nanoclustering [71]. Considering that the 
local ppERK production of each K-Ras NC is proportional to its number of 
clustered K-Ras proteins [2], a link between the presence of tumor 
growth and the size of K-Ras nanoclusters may exist. Furthermore, since 
the growth/decay processes and the local production of a K-Ras NC may 
depend directly on its size, the regulation of such parameter opens the 
possibility to develop strategies to fight against cell diseases, such as 
tumor growth, modulating and limiting the expression of the ppERK-1/2 

responsible of undesirable activation states of the cell response. 
It is extensively reported that K-Ras is the most common oncogenic 

gene with the highest mutation rate among a huge variety of human 
cancers [72,73], being presented in approximately 25% of tumors, 
including very aggressive ones such as colorectal cancer, lung cancer, 
and pancreatic ductal adenocarcinoma. K-Ras is an attractive target for 
cancer therapy and thereby, huge efforts are focused on the develop-
ment of cancer treatment strategies such as the design of specific in-
hibitors for free K-Ras mutants and its downstream signaling effectors, in 
order to prevent an undesirable K-Ras activation and signal [74–81]. 
Most of these strategies have been unsuccessful due to a lack of activity 
and target selectivity. For this reason, there is an urgent need for 
continuous investment and search in K-Ras-driven cancer strategies. At 

Fig. 9. Distribution of K-Ras NCs according to their sizes at disassembly time for variable k5 values. Relative concentrations of active K-Ras NCs according to their 
sizes (number of clustered K-Ras kinases) at disassembly time. Each graph represents the distribution of the K-Ras NCs for a fixed value of k1 within the range 
[0.1–1.0] s− 1. And from each graph, every different distribution of K-Ras NCs (each color line) is related to a distinct value of k5 within the range [0.01–10.0] s− 1. The 
relative concentrations of K-Ras NCs for a specific size “i” are calculated as the ratio between the number of K-Ras NCs with size “i” and the maximum number of K- 
Ras NCs obtained among all available sizes (color version required for printing). 
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this point, the proposed model suggests that the signaling and the high 
fidelity of K-Ras NCs, as well as their growth/decay dynamics, largely 
depend on their sizes. The regulation of this parameter may allow 
modulating the signaling of the EGF\K-Ras\ERK-1/2 MAPK route in 
order to avoid cell damage and diseases. 

4.1. Validation of results 

The close match between the results generated from the proposed 
model’s simulations and the experimental findings presented in the 
published literature is the primary evidence for validating the suggested 
model [4,6,11–13,42,49,50]. Indeed, the published results confirm that 
the distribution of the NCs’ lifetimes is centered around 0.5 s and that 

the distribution of their sizes is ranged between 5 and 10 K-Ras mole-
cules [4,6,11–13,42,49,50]. Surprisingly, the distributions of the life-
times of the simulated NCs were centered between 0.5 and 1.0 s for k5 ≥

0.5 s− 1, regardless of the value of k1 (considering the range defined in 
this study (Suppl. Table II). The distribution of the NCs sizes compressed 
in the experimental ranges is obtained with values of k5 ≥ 0.1 s− 1 and k1 
≤ 0.6 s− 1. Notice that the fitting of the obtained results from simulations 
with published studies is obtained for a wide range of kinetic values 
regarding k1 and k5, without fixing other kinetic parameters (k2, k3, and 
k4 are defined as variables depending on the current NC size) and 
defining the proposed model of the growth/decay of NCs with the 
minimum number of basic reactions, avoiding complex signaling 
cascade structures and entanglement of reactions. 

Fig. 10. Distribution of K-Ras NCs according to their sizes at disassembly time for variable k1 values. Relative concentrations of active K-Ras NCs according to their 
sizes (number of clustered K-Ras kinases) at disassembly time. Each graph represents the distribution of the K-Ras NCs for a fixed value of k5 within the range 
[0.01–10.0] s− 1. And from each graph, every different distribution of K-Ras NCs (each color line) is related to a distinct value of k1 within the range [0.1–1.0] s− 1. The 
relative concentrations of K-Ras NCs for a specific size “i” are calculated as the ratio between the number of K-Ras NCs with size “i” and the maximum number of K- 
Ras NCs obtained among all available sizes (color version required for printing). 
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Furthermore, to evidence the suitability of the proposed model, 
simulations were run with fixed values of the kinetic parameters (k2, k3, 
k4), rather than defining them as a function of the NC size (Suppl. 
Table IV). The obtained results are not as accurate as those provided by 
the proposed model when the internal kinetics are defined as a function 
of the current NC size. As a result, the lifetimes’ distributions of the NCs 
spread out, moving away from the expected results in most combina-
tions of these values. Even the sizes of the k-Ras NCs remain concen-
trated to low values for a wide range of the kinetic values (Suppl. Fig. 9). 
Therefore, the model with kinetic parameters defined with fixed values 
does not match with the realistic behavior of these types of NCs observed 
in experimental research, in addition to losing the robustness against 
shifts in the kinetic parameters. 

4.2. Uncertainty analysis 

Uncertainty analysis of obtained results has been performed based on 
the standard deviations from NCs distributions for some values of their 
sizes (2, 4, 6, 8, and 10 K-Ras) and for some values of their lifetimes (0.5, 
0.75, 1.0, and 2.0 s), considering different values of k1 and k5 within 
their defined ranges. 

Indeed, when discussing the sizes and lifetimes of K-Ras NCs, the 
values to be considered cover a wide range. Then, if the standard de-
viation of the distribution of NCs for each of the considered values of 
sizes and lifetimes is calculated considering the whole ranges of the 
kinetic parameters k1 and k5, important levels of dispersion of the results 
are obtained for both the sizes and lifetimes data sets (from 0.004 to 0.34 
in the NCs distributions according to their sizes, and from 0.24 to 0.39 in 
the NCs distributions according to their lifetimes). The reason is that the 
distributions for each value of size and lifetime can vary depending on 
the value of the kinetic parameter. As a result, the higher the standard 
deviation, the more spread out the NCs distributions. When discussing 
the sizes and lifetimes of K-Ras NCs, there are a wide range of values to 
consider. For this reason, a more accurate analysis of the uncertainty in 
the results has been performed in detail considering the distributions of 
NCs for all different values of k5 at each considered size value, as well as 
for all different values of k1 at each considered value of lifetime. This 
option seems reasonable because the distribution of NCs in terms of size 
shows less dispersion for shifts in k5 (Fig. 9). At the same time, the 
distribution of NCs concerning their lifetimes behave similarly when k1 
is varied (Fig. 8). In these cases, the standard deviation present low 
values in general trends, revealing that both the sizes and lifetimes of 
NCs are concentrated near the mean, presenting low dispersion in their 
distributions (Suppl. Tables V and VI, respectively). Thus, for the dis-
tribution of NCs according to their sizes, most of the standard deviations 
are below 0.02 but also appears some deviations ranged between 
(0.18–0.32). In the case of the distributions of NCs according to their 
lifetimes, most calculated deviations are below 0.12, except for three 
scenarios where the deviations are compressed within the range 
(0.10–0.13). 

This analysis reinforces the idea that NC K-Ras have limited sizes and 
lifetimes in well-defined ranges, as reported in empirical evidence in the 
literature, as well as the results obtained from the simulations of the 
proposed model. 

4.3. Model limitations and assumptions 

The main limitation of the proposed model is that constitutes a 
simplified version of the three-step EGF\K-Ras\ERK-1/2 MAPK 
signaling route [14,15], and mainly accounts for the reactions involved 
in the growth and decay processes of K-Ras NCs, avoiding details of 
other processes such as the double phosphorylation that is driven when 
the different kinases of the signal transduction pathway are activated by 
their corresponding upstream protein. Therefore, the other reactions 
that are part of the signal transduction pathway can influence the 
considered reactions in the proposed model, even altering the speed and 

probability of occurrence of them. Of course, this assumption could be 
corrected by varying the speed of the reactions, and this effect was 
introduced in the proposed model when considering a spread range of 
values of the kinetic parameters k1 and k5. 

Another assumption that presents the proposed signaling model is its 
isolation from other signaling pathways and motifs that coexist in the 
same cell environment. It is well known the crosstalk between the K-Ras 
signaling route and other pathways, such as the phosphatidylinositol 3- 
kinase (PI3K) pathway, the protein kinase B (AKT) pathway, the Ras 
homolog family member A (RhoA) pathway, and the mechanistic target 
of rapamycin (mTOR) [82,83]. This crosstalk describes the process that 
occurs inside a cell when specific signaling components are shared be-
tween different signaling pathways, or when a component from a 
signaling pathway is modified by the activity of one or some enzymes in 
another pathway. Indeed, crosstalk between two pathways results in 
different cell responses than that triggered by each pathway indepen-
dently. For example, the K-Ras\ERK-1/2 and the PI3K-mTORC1 path-
ways crosstalk to both positive (cross-activation) and negative 
(cross-inhibition) regulation of each other [84]. Thus, the Ras/ERK 
pathway promotes mTOR activity and signaling through Raptor phos-
phorylation upon stimulation with EGF [85], but also negatively regu-
lates the association of the Grb2-associated binder-1 (Gab1) with PI3K, 
which increases the PI3K activity [86]. However, inhibition of the PI3K 
\AKT\mTOR activity triggers Ras\MEK\ERK signaling in prostate can-
cer [87]. Even these pathways converge to act on the same substrate to 
trigger specific cell responses, such in the case of regulating the forkhead 
box O (FOXO) and c-Myc transcription factors [88,89]. 

Furthermore, there exist natural inhibitors of K-Ras signal that can 
block its activation and further clustering, affecting negatively the signal 
transduction through the MAPK route and influencing the cell fate. 
Some examples are the galectin-7 (Gal7) [90] and the protein arginine 
methyltransferase 5 (PRMT5) [91,92]. However, promoters of K-Ras 
activation also exist, which can accelerate the clustering and local pro-
duction of these kinds of NCs, such as in the case of galectin-1 (Gal1) and 
− 3 (Gal3) [93,94]. 

In addition, other molecules within the cell environment can interact 
with the signal transduction process of the EGF\K-Ras\ERK-1/2 MAPK 
pathway, altering its kinetic dynamics and the local ppERK production. 
One example is the scaffold proteins, which regulate several steps of the 
transduction process within the pathway, promoting its signal and local 
production when driving specific substrate into the pathway for its 
activation. Thus, MEK1 scaffolding protein (MP1) retains MEK and ERK 
at late endosomes, and it is required for sustained ERK activity. And 
kinase suppressor of Ras (KSR) MAPK scaffold translocates from the 
cytoplasm to the cell membrane in response to growth factors, driving 
the co-localization of RAF, MEK, and ERK needed for ERK activation 
[95,96]. 

All these interrelations from other signaling pathways and molecules 
can influence the growth and decay dynamics of K-Ras NCs. At this 
point, the aforementioned derived positive and negative effects may be 
assumed through variations in the kinetic parameters k1 and k5. 

For example, the effect derived from the cross-inhibition of the K-Ras 
\ERK pathway through the interaction of the PI3K-mTORC1 pathway 
could be triggered by a decrease in the generation rate of K-Ras NCs, 
lowering the value of k1. However, a limited scaffolding of Raf, MEK and 
ERK into the K-Ras NC would affect its local production and thereby, the 
probability of dye would decrease. And this effect would be reflected by 
means of lower k5 values. 

Another important point to consider in the model is the existence of a 
boundary condition regarding the expected size (Nsig), which is fixed to 
its maximum value of 10 K-Ras molecules in the present study, but it is 
related to experimental values ranging from 5 to 10 K-Ras molecules 
[35,50]. However, the causes that govern the existence of an optimal 
value of K-Ras NCs sizes remain unknown. Some evidences show the 
existence of an interaction between the K-Ras and some components of 
the cytoskeleton, such as flotillins, caveolins, actin, and tubulin, which 
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act as scaffolding proteins [3], inducing transient cluster formation, 
dissociation and localization [48]. Indeed, associations of membrane 
signaling domains (such as lipid rafts) with cytoskeleton proteins have 
been experimentally reported [3,97], where both cytoskeleton proteins 
and their membrane-associated targets undergo specific redistributions 
of their ensembles. Such structural redistributions influence, in turn, 
how signaling takes place [3]. In the specific case of a K-Ras NC, the 
orientation of its structural components is important for performing cell 
signaling. Thus, Raf monomers must be correctly oriented concerning 
Ras in order to shift to a dimer-favored state, which is required for 
activation [98,99]. That Raf orientation influences downstream 
signaling, promoting interactions between Raf and both the scaffolding 
proteins kinase suppressor of Ras (KSR) [100] and the IQ Motif Con-
taining GTPase Activating Protein 1 (IQGAP1) [101,102]. In turn, 
depending on its orientation, IQGAP1 interacts with scaffolding proteins 
actin and tubulin [103]. In addition, perturbing the actin cytoskeleton 
affects Ras nanoclustering. Experiments showed that depleting cortical 
actin with latrunculin inhibits K-Ras clustering [42,104]. Moreover, 
cortical actin regulates the plasma membrane phosphatidylserine, and 
the disruption of actin by latrunculin increases the phosphatidylserine 
level in the plasma membrane that is available for interacting with 
K-Ras. As a result, a decrease of K-Ras lateral segregation is triggered 
and thereby, a reduction of its clustering arises [105,106]. 

At this point, it may be suggested that cytoskeleton can influence the 
regulation of a K-Ras NC ensemble and its size, but more studies in this 
line are required to clarify this paradigm. What is certain is that clus-
tering takes place through binding events, which redistribute the 
ensemble, perturbing the structural conformation across the molecule. 
As a result, changes in one side of the cell can be reflected in another site, 
which is the basis of cooperativity [3]. 

5. Conclusion 

The proposed model approach for the growth/decay dynamics of the 
K-Ras NCs within the EGF\K-Ras\ERK-1/2 MAPK signaling pathway 
considers the K-Ras NCs as cooperative structures that promote their 
own growth and local ppERK production and introduces novel and un-
usual manner of defining the inner kinetics of this signaling system, as 
variables that depend on the current NC size. This revolutionary kinetic 
approach to the signaling system allows us to avoid fixing values of the 
reaction rates, which may be difficult to determine, while revealing that 
this kind of systems are self-regulated. 

Obtained results from simulations evidence the existence of an 
oscillatory pattern in the growth/decay dynamics of the K-Ras NCs that 
keep their sizes and lifetimes distributions between controlled values 
that fit largely with previously observed experimental results, for a wide 
range of kinetic parameters, revealing high levels of robustness. 

Therefore, this new approach to defining NCs proposes their size as a 
key factor to regulate cell signaling, presenting new possibilities to 
develop strategies for use in chronic diseases and cancer. 
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