1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

NATIG,

o
R HE

s sy,
D

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Prog Biophys Mol Biol. 2014 ; 116(0): 158-164. doi:10.1016/j.pbiomolbio.2014.07.002.

Dynamic multiprotein assemblies shape the spatial structure of
cell signaling

Ruth Nussinov12 and Hyunbum Jang?

1Cancer and Inflammation Program, Leidos Biomedical Research, Inc., Frederick National
Laboratory for cancer Research, National Cancer Institute, Frederick, MD 21702

2Sackler Inst. of Molecular Medicine Department of Human Genetics and Molecular Medicine
Sackler School of Medicine, Tel Aviv University, Tel Aviv 69978, Israel

Abstract

Cell signaling underlies critical cellular decisions. Coordination, efficiency as well as fail-safe
mechanisms are key elements. How the cell ensures that these hallmarks are at play are important
questions. Cell signaling is often viewed as taking place through discrete and crosstalking
pathways; oftentimes these are modularized to emphasize distinct functions. While simple,
convenient and clear, such models largely neglect the spatial structure of cell signaling; they also
convey inter-modular (or inter-protein) spatial separation that may not exist. Here our thesis is that
cell signaling is shaped by a network of multiprotein assemblies. While pre-organized, the
assemblies and network are loose and dynamic. They contain transiently-associated multiprotein
complexes which are often mediated by scaffolding proteins. They are also typically anchored in
the membrane, and their continuum may span the cell. IQGAP1 scaffolding protein which binds
proteins including Raf, calmodulin, Mek, Erk, actin, and tens more, with actin shaping B-cell (and
likely other) membrane-anchored nanoclusters and allosterically polymerizing in dynamic
cytoskeleton formation, and Raf anchoring in the membrane along with Ras, provides a striking
example. The multivalent network of dynamic proteins and lipids, with specific interactions
forming and breaking, can be viewed as endowing gel-like properties. Collectively, this reasons
that efficient, productive and reliable cell signaling takes place primarily through transient,
preorganized and cooperative protein-protein interactions spanning the cell rather than stochastic,
diffusion-controlled processes.

Keywords

cell organization; cell signaling; signaling pathways; signal transduction; cell structure; signaling
modules; diffusion

© 2014 Elsevier Ltd. All rights reserved.

Corresponding author: Ruth Nussinov, NussinoR@bhelix.nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nussinov and Jang

Page 2

1. Introduction

A living cell is an organized pattern, structured in space and time (Bolanos-Garcia et al.,
2012; Harold, 2005; Nussinov, 2013). Architecture is what ultimately distinguishes a living
cell from some haphazard assemblage in solution (McLaughlin et al., 2012). How a cell
achieves, preserves, and replicates its spatial organization and how dynamic viable signaling
persists within it are fundamental to the understanding of the living state. The cellular
architecture is important for the cell’s mechanical properties, morphology, motility,
metabolism, supramolecular order, chromatin organization and gene expression, trafficking
and more. It is also crucial for signaling within and between cells. Signals propagate through
interactions; chief among these are between proteins. The cellular organization is
hierarchical. Notwithstanding, there is a continuum from small molecular complexes to
nanoclusters and membrane domains, to the cytoskeleton (Chen et al., 2014a; Chia et al.,
2014); from cell-to-cell interface, to the membrane to the cytoplasm and to the organelles.
Such multi-scale organization feeds back to regulate specific proteins, and collectively cell
signaling; and at the basic level it does so through dynamic reorganization of multiprotein
complexes and assemblies. Dynamic multiprotein complexes are the fundamental unit of
cellular organization and signaling. Transient complexes hold the key for the ability of the
cell to survive and to respond to its changing environment. Dynamic association implies not
merely interactions forming and dissociating; it connotes cooperativity which can specify
which interaction takes place at any given time at a given shared binding site. Within this
framework, cell signaling can be viewed in terms of dynamic allosteric interactions within
and among, spatially organized transient multimolecular complexes. The complexes vary
over time and space. A key challenge is to understand the interplay across these complexes,
link it to the physicochemical basis of the conformational behavior of single molecules, and
ultimately relate it to global cellular function. Overall, our thesis is that cell signaling should
be thought of as transient, allostery-driven forming and reforming interactions taking place
within dynamic, loosely preorganized assemblies, rather than as a sequence of diffusion-
controlled molecular collisions (Nussinov, 2013). Growth, differentiation, division, and
apoptosis, are temporal; they can be understood only in terms of dynamics within, and
among, assemblies and multiprotein complexes. And within this framework, coordination is
governed by a conformational biasing mechanism, that is, population shift (Dixit and
Verkhivker, 2011; Gunasekaran et al., 2004; Kar et al., 2010; Kumar et al., 2000; Long and
Bruschweiler, 2011; Ma et al., 1999; Ma et al., 2002; Rivalta et al., 2012; Shan et al., 2012;
Tsai et al., 1999a; Tsai et al., 1999b; Tsai et al., 2001). Population shift is the origin of
allostery; it is the means through which action at the surface of one protein can be expressed
by another, far away.

Proteins are often viewed as freely diffusing in the cell. This leads to questions such as how
molecules efficiently find their proper location in cell space (Nussinov, 2012). In contrast,
here we view cellular signaling as transient pre-organized and inter-connected protein
assemblies which span the cell, with signaling taking place via dynamic conformational
population shifts (Bolanos-Garcia et al., 2012; Nussinov, 2013). Such a multivalent,
typically membrane-anchored network, with interactions forming and breaking endows cell
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signaling with gel-like properties (Figure 1). We reason that this may well be the efficient,
robust, cooperative and controlled signaling system embraced by evolution.

2. A view of cellular organization

Cells are often considered and drawn schematically with proteins encased in a modular
organization (Chen et al., 2014b; Resendis-Antonio et al., 2012; Roy et al., 2013; Sohn et
al., 2011; Song and Singh, 2013). The underlying premise is that within modules the
proteins are likely to be in spatial vicinity, unlike between modules. However to function the
module composition needs to change dynamically. Proteins from one module would also
need to interact- directly or indirectly- with those in another. Function builds on signaling
within and between modules, which can only take place via physical interactions. Here we
contend that evolution is unlikely to have cellular communication rely on random diffusion
across the large distances in the cell. A random process can place in during basal expression
or module (or cluster) re-association of proteins nearby; it is not likely to be productive if
the modules are far away. As a cellular signaling mechanism, long distance diffusion can
become even more questionable when we consider that cells are organized and structured.
They consist of membrane-enveloped organelles and cytoplasm; with functional units either
attached to the membrane or partitioned and localized by cytoskeleton proteins (Chen et al.,
2014a; Chia et al., 2014). Such a high level of organization optimized by evolution does not
appear compatible with micrometer scale diffusion-controlled signaling. Current data point
to signaling pathways as complex sets of ordered events; stochastic long distance diffusion
would dampen cellular response. The volume excluded by the cytoskeleton increases the
crowding and thus the intermolecular association constants which may suggest the
feasibility of interaction during a ‘random walk’ in open space. Such random walks are
concentration-dependent, and rely on the ability to move rapidly over long distances
(Cebecauer et al., 2010). In contrast, the subnanomolar concentration of growth factors
triggering cell stimulation and the concentration of membrane-bound ligands that provoke
cellular responses suggest that signaling molecules interact at low concentrations.

Cellular processes need to be regulated. Regulation requires efficiency. Here, we distinguish
between multimolecular assemblies and complexes. We define assemblies as large, loose
and dynamic multimolecular associations. The assemblies are transient, and freely diffusing
molecules may shift to form new assemblies. The molecules are in binding-competent states,
poised for direct productive interaction. The assemblies embody smaller multimolecular
complexes, which we define as physically interacting molecules. The complexes are
similarly transient, dissociating and re-associating, responding to and transmitting cell
signals. Clusters can be described as larger and looser bodies such as those of proteins
anchored in the membrane rafts and containing lipids. Ras nanoclusters provide one example
(Harding and Hancock, 2008; Janosi et al., 2012); T- and B-cell receptors provide another
(Molnar et al., 2012). All promote heterogeneous molecular landscapes. Signaling proceeds
through a population shift mechanism of the proteins across dynamically pre-organized
assemblies, via the direct physical interfaces of the complexes, or mediated by other
molecular types, including lipids and water.
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While both the population shift and the diffusion-controlled chance collisions mechanisms
can co-exist and are not mutually exclusive, signaling is likely to be more productive in pre-
organized states (Nussinov, 2013). Accompanied by factors such as protein concentration,
cofactors and metabolites, and membrane composition, these may offer an explanation how
despite cellular complexity, the cell accomplishes coordination and potent response. The
merit of such a view is that it underscores dynamic, transient associations of multiprotein
complexes, and provides for a continuum in cell space via inter-connected assemblies and
clusters. As we discuss below, these largely take place via scaffolding proteins which bind a
large number of partners with different functions; and they do so across a range of scales,
including the cytoskeleton (Head et al., 2014). This is amplified by interactions between
their partners which are often further supplemented and mediated by the plasma (or
organelle) membranes, nucleic acids, ions, water and small molecules such as metabolites
and hormones.

3. Multiprotein complexes and the role of allostery

Multiprotein complexes are common in the cell. They fulfill a broad range of functions.
They typically contain several enzymes catalyzing successive reactions and in higher
organisms are often mediated by scaffolding (or adaptor) proteins as well. The MAPK
complex and the E3 system in ubiquitination are two examples. As the case of the KSR1
shows, scaffolding proteins may also function as enzymes (Zhang et al., 2013). Allostery
plays a key role in the presence and in the absence of scaffolding proteins (Nussinov et al.,
2013a). In the absence of scaffolding proteins, the precise, often short-lived, topographical
organization of the enzymes in the complex allows allosteric propagation through the
enzyme-enzyme interface which can prime successive enzymatic reactions. A precise
organization in the complex is critical; a mere co-localization of the enzymes is non-
specific, and cannot achieve such coordination. Nonetheless, such an enzyme-only
organization is limited in the range of cellular functional coordination that it can achieve.
That however is not the case if scaffolding proteins exist in the complex. Scaffolding
proteins can link functions, regulate pathway cross-talk and allow more complex cellular
control. Metabolic multiprotein complexes do not appear to contain scaffolding proteins;
however, signaling multiprotein complexes usually do. Scaffolding proteins are essential for
signal transfer and manipulation. They are active components of multienzyme complexes;
much more so than considered by the classical view. Traditionally scaffolding proteins were
postulated to act as a co-localizing platform for their partners. We suggested that the
platform is dynamic, and decides pathway activation or inhibition. Since a scaffolding
protein typically binds a large number of partners, which can be in the tens or in the
hundreds, binding sites are shared. Partner selection is decided by three factors: effective
local concentration, distinct combination of post-translational modifications (PTMs) at the
binding site (if any), and prior allosteric effects, either induced by allosteric PTMs
(Nussinov et al., 2012) or by earlier binding events. Collectively, these tag the binding site
with a specific barcode which serves as an address label (Nussinov et al., 2013b; Nussinov
etal., 2013c).

Allostery plays a key role in dynamically and efficiently controlling signals (Ma and
Nussinov, 2009; Nussinov, 2012). It does so via population shift (Kar et al., 2010; Liu and
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Nussinov, 2011; Pandini et al., 2012). Allostery is selective: the perturbations elicited by
specific effectors lead to increased (or, decreased) populations of distinct conformational
states whose active sites favor (disfavor) certain partners (Cui and Karplus, 2008; Laine et
al., 2012; Lechtenberg et al., 2012; Ma et al., 2010). It can be reflected by changes in
conformation or in dynamics (del Sol et al., 2009; Kenakin and Miller, 2010; Tsai et al.,
2008; Tsai et al., 2009; Tzeng and Kalodimos, 2011; Zhuravlev and Papoian, 2010).
Multiprotein complexes form a network with transient connections (Figure 1) that control
diverse cellular processes. Below, we detail some examples of multiprotein complexes that
play key roles in human signaling pathways. They contain enzymes and scaffolding
proteins. Within this framework, we highlight the role of allostery in favoring certain
interactions over others, and by so doing decide which pathway to follow under certain
conditions. Allostery is a fundamental physical phenomenon in the cell; however, it is
challenging to predict its consequences. This is particularly the case in real scenarios, where
at any given time multiple allosteric events take place in a multiprotein complex.

4. Multiprotein complexes may be anchored in membrane domains

While here we focus on protein-protein interactions, membrane domains can play a
fundamental role in their types, composition and organization. Multiprotein complexes can
either anchor directly in the membrane, or indirectly through loosely and dynamically
interconnected multiprotein assemblies. The membrane composition is not homogeneous
across local membrane rafts, resulting in varied protein assemblies. A case in point is the
Ras isoforms: K-, N, and HRas vary in their preferences, leading to segregation of their
nanoclusters. Of interest, Raf preferentially anchors and spends more time in disordered
negatively charged domains, which are those preferred by the mutationally highly oncogenic
K-Ras isoform (Cho et al., 2012; Janosi et al., 2012). On a different note, nucleic acids also
play key roles in anchoring multiprotein complexes. Chromatin, transcription initiation
complexes, and the large ribosomal translational machineries can provide some examples.

5. 14-3-3 and IQGAP1 scaffolding proteins examples

14-3-3 provides one example of a scaffolding protein which bridges a large number of
transient multi-protein complexes in dynamic assemblies; the large, multi-domain IQGAP1
which participates in multiple essential functions of mammalian biology by binding to and
regulating numerous interacting proteins is another (White et al., 2012). Over 90 proteins
have been reported to interact with IQGAPL either directly or indirectly. All likely
participate in its transient multiprotein complexes. Its interactions mediate receptors and
their signaling cascades, small GTPases, cytoskeletal dynamics, neuronal regulation and
intracellular trafficking (Figure 1). 14-3-3s are phospho-serine/threonine binding proteins
with the ability to bind multiple, functionally diverse signaling proteins, including kinases,
phosphatases, and transmembrane receptors. Unlike IQGAP1, they are small acidic proteins
with a molecular mass ranging from 27 to 32 kDa. Typical of scaffolding proteins, they have
no detectable catalytic domain or function. More than 200 signaling proteins are currently
suggested to be 14-3-3 ligands, although the actual number of confirmed ligands is around
70. Among these, recent analysis indicated that 14-3-3s dock onto 40% of human kinases,
many more than has been realized (Tinti et al., 2014). They are dimeric proteins with two
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antiparallel ligand binding grooves. The dimeric structure of the 14-3-3 protein allows it to
bind two ligands simultaneously. The dimer is arranged such that the ligand binding groove
runs in opposite directions in each monomer of the molecule. In the co-crystal structures, the
ligand binding sites are located within the same concave surface, and each site is occupied.
Many binding partners contain two or more 14-3-3 binding motifs, which can bind
simultaneously to both ligand grooves (Johnson et al., 2010; Kostelecky et al., 2009).
Common determinants among the ligands are phosphorylated motifs. As typical for
phosphorylation sites, these regions are disordered (Bozoky et al., 2013; Tyanova et al.,
2013). Like all adapter proteins, the 14-3-3 induce conformational change in their ligands.
What regulates the binding of 14-3-3 to any specific ligand at any specific time is still
unclear. We may assume that at least two factors are involved: the presence of their ligand
proteins in the phosphorylated state in their multiprotein assembly, poised for binding, and
prior interaction and (or) post-translational modifications (PTMs), priming its binding site
for a specific binding-ready conformation complementary to a distinct ligand. Even though
the structure of the 14-3-3 has been postulated to be rigid, like all proteins, 14-3-3 can be
expected to exist as conformational ensemble of states, with some distributions. Following
binding or allosteric PTM events, population shift will take place, making it binding-
competent. 14-3-3 ligands (Tzivion et al., 2001) include the PKCe (the V3 region contains
two adjacent phosphorylated 14-3-3 binding motifs), proteins involved in cell cycle control
such as Cdc25 (Conklin et al., 1995; Peng et al., 1997), Weel (Honda et al., 1997), p53
(Waterman et al., 1998), CDC2 (Chan et al., 1999), CDK2 (Laronga et al., 2000) and the
centrosome structure (Pietromonaco et al., 1996), proteins involved in cellular signaling and
stress response like Raf (Fantl et al., 1994; Freed et al., 1994; Fu et al., 1994; Irie et al.,
1994), IGF-I1 receptor (Craparo et al., 1997; Furlanetto et al., 1997), IRS-1 (Craparo et al.,
1997; Ogihara et al., 1997), P1-3 kinase (Bonnefoy-Berard et al., 1995), PKC (Aitken et al.,
1995), Cbl (Liu et al., 1996), Bcr (Reuther et al., 1994), polyoma middle T antigen (Pallas et
al., 1994), MEKK-1 and 4 (Fanger et al., 1998), MLK2 (Nagata et al., 1998), BAD (Xiao et
al., 1995) and ASK-1 (Xiao et al., 1995), transcription regulation such as FKHRL1 (Brunet
etal., 1999), DAF-16 (Cahill et al., 2001), TAZ (Kanai et al., 2000), TLX-2 (Tang et al.,
1998) and histone deacetylase (Grozinger and Schreiber, 2000; Wang et al., 2000) and
cytoskeletal proteins like keratin K18 (Liao and Omary, 1996) and vimentin (Tzivion et al.,
2000). Regulation of binding can be seen in the Raf-1 example (Fu et al., 2000). The
prototype phosphorylated serine recognition motif, RSxpSxP. In 14-3-3 it is
RQRS257TS259TP. When phosphorylated on S259, it binds 14-3-3f with an apparent Kd of
122 nM. However, when unphosphorylated or when phosphorylated at S257 or at both S257
and S259 it cannot bind. A-, B-, and C-RAF activity is differentially regulated by its C-
terminal and internal 14-3-3 binding domain (Fischer et al., 2009). Serine residues are at
positions 43, 259, and 621. 259 and 621 are involved in binding of 14-3-3 proteins to C-
RAF. Phosphorylation of serine 621 appears essential for C-Raf activation. Phosphorylation
of serine 259 is inhibitory (Freed et al., 1994; Zhang et al., 1999).

14-3-3 plays a critical regulatory role in the Ras-Raf signaling pathway. It’s binding to the
inactive closed Raf conformation triggers an allosteric conformational change, which
permits the binding of Raf’s Ras binding domain (RBD) to Ras. In turn, this results in Raf’s
allosterically modulating the conformation of its catalytic domain, priming it to
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dimerization, and Raf’s activation. Raf’s cysteine-rich domain (CRD) is also believed to
bind Ras, a G protein, as well as the membrane. Raf-CRD can bind 14-3-3 in addition to Ras
and pS259. In contrast to the pS259 and CRD sites, the interaction of 14-3-3 with Raf-1 at
the pS621 site may be required for Raf-1 activation. Fischer et al. (Fischer et al., 2009)
suggested a model where that association of C-Raf with Ras-GTP and membrane lipids
results in translocation of inactive cytosolic doubly-bound (at 259 and 621) RAF/14-3-3
complex to the plasma membrane. Subsequent interaction of membrane-bound prohibitin
(PHB) with C-RAF near Raf’s isoform-specific hinge segment region (Baljuls et al., 2008)
displace 14-3-3 from the internal binding domain at Ser 259, allowing access to
phosphatases with subsequent dephosphorylation. Prohibitin is a scaffolding protein that
interferes with the internal Ser259 14-3-3 binding site in C-Raf. Interestingly, the crystal
structure of a phosphorylated, farnesylated peptide from Rnd3, another G-protein, with
14-3-3 revealed that the hydrophobic groove in 14-3-3 proteins accommodates the farnesyl
moiety along with the phosphorylated motif (Riou et al., 2013).

6. Multiprotein assemblies shape the spatial structure of cell signaling

Altogether, a complex picture emerges of protein assembly in the cell. It emphasizes also the
distinction between protein complexes and assemblies in the cell. Direct complexes take
place between 14-3-3 and Raf. At the same time 14-3-3 is also a dimer. Prohibitin appears
transiently bound as well in the case of C-Raf. Other isoforms may have other scaffolding
proteins fulfilling such roles. Raf also interacts with Ras, possibly through two of its
domains. Raf is also anchored in the membrane as is Ras. Ras also forms nanoclusters,
through its membrane-anchored farnesylated C-terminal hypervariable regions. Protein
kinase C (PKC), also a ligand of 14-3-3, is responsible for phophorylating K-Ras4B at
Ser181. Phosphorylation is required for tumor growth (Barcelo et al., 2014).
Dephosphorylation by a phosphatase (e.g. A phosphatase) results in calmodulin binding and
inhibition of this Ras-Raf pathway. Direct interaction between calmodulin and Ras has been
detected (Abraham et al., 2009; Alvarez-Moya et al., 2011; Chavan et al., 2013). Further,
Raf and calmodulin are known to directly bind to IQGAP1 as are Erk and Mek, cadherin,
actin and APC (Malarkannan et al., 2012). Erk and Mek are key kinases in the EGFR-Ras-
Raf-Mek-Erk MAPK pathway. Caveolin-1 and IQGAPL1 scaffolding proteins are required
for phosphorylation of the actin associated pool of ERK1/2 in response to protein kinase C
activation (Vetterkind et al., 2013). Cadherins are calcium-dependent adhesion
transmembrane proteins; actin is an allosteric dynamic protein which forms microfilaments,
dynamically polymerizes and depolymerizes, and constitutes a key component of the
cytoskeleton. Actin is also established to play a key role in formation of B-cell receptors
nanoclustering. Together with tetraspanin transmembrane scaffolding proteins it forms
networks that organize receptor nanoclusters to regulate B cell receptor-mediated signaling
(Mattila et al., 2013). APC plays a critical role in several cellular processes that determine
whether a cell may develop into a tumor (Minde et al., 2011) controlling how often a cell
divides, how it attaches to other cells within a tissue, or whether a cell moves within or away
from a tissue. In particular, B-catenin in the Wnt signaling pathway is controlled by the APC
protein.
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7. Conclusions and outlook

Over the last few years, considerable literature addressed the hallmarks of protein-protein
interactions, along with emerging strategies for their inhibition. An increasing number of
publications have also focused on constructing their networks in the cell and their
connectivity (Hou et al., 2014). These embraced regulatory networks (Chetverina et al.,
2014), networks of diseases (Elias et al., 2014; Soldevilla et al., 2013), protein interaction
networks in immunity (Androulakis et al., 2013; Nibbs and Graham, 2013), ErbB network
(Sanchez-Soria and Camenisch, 2010; Seshacharyulu et al., 2012), cell surface’s protein
network (Welz et al., 2014), NF-xB signaling network (Konrath et al., 2014), networks of
polypharmacology (Engin et al., 2014), network characteristics that correlate environmental
and genetic robustness (Shreif and Periwal, 2014), personalized mutation network (Jia and
Zhao, 2014) and more. Some are represented by node-and-edge graphs; others are mode
detailed, structural networks (Acuner Ozbabacan et al., 2014; Kuzu et al., 2013). Together,
these present a comprehensive and ever growing coverage.

Here we sought to project protein-protein interactions in the framework of the cell. Neither
protein-protein interactions nor their network representations capture the cell’s organization.
Networks are depicted as cell-spanning, largely overlooking the fact that proteins typically
function not in binary interactions but while associated as multimolecular complexes; when
confined in some modular representation, the modules are distinct and separated. Neither
representation fully grasps the continuum in the cell. This is important, since drawings may
influence a reader’s perception.

Here we suggested that cell is pre-organized. Pre-organization does not imply an immobile
behavior; the distinct intermolecular interactions fluctuate with short residence timescales.
The basic units consist of transient multiprotein complexes. These short-lived interactions
allow coordination and priming successive enzymes in catalytic pathways. Scaffolding
proteins play major roles. They not only communicate the signals, but can control it. The
large number of possible partners that they, and other hub proteins, bind argues that the
complexes can be viewed as residing within larger, loose, interconnected and highly
dynamic assemblies. The IQGAP1 scaffolding described above, which links membrane-
anchored proteins in key signaling pathways with allosteric filamentous cytoskeleton
proteins which at the same time act to regulate and organize nanoclusters in the membrane
provides a striking example of how dynamic networked protein-protein interactions can
shape cell signaling systems (Figure 1). Such a pre-organized, yet dynamic view of signaling
in the cell underscores efficiency. It reasons that productive interactions are unlikely to take
place via chance collisions. A population shift mechanism among pre-organized, albeit
highly mobile molecules in an environment endowed by gel-like properties, appears a more
plausible strategy to have been adopted by evolution. Along these lines, data have been
suggested in favor caveolin-1 and IQGAP1 assembling distinct signaling complexes, which
are then dynamically linked in a hierarchical arrangement to generate a functional ERK1/2
activation pathway (Vetterkind et al., 2013).
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Figure 1.
Cellular signaling through pre-organized and inter-connected nanocluster assemblies with

gel-like properties. Examples of clusters illustrate Ras activation and scaffolding proteins,
such as 1Q motif containing GTPase activating protein 1 (IQGAPL). Ras is a small GTPase
that is related to numerous cellular functions, including cell proliferation, apoptosis,
migration, fate specification, and differentiation. A key Ras effector pathway is the mitogen-
activated protein kinase (MAPK) pathway, i.e. Raf/MAPK kinase/extracellular signal-
regulated kinase (Raf/MEK/ERK) pathway. Ras is normally activated in response to the
binding of extracellular ligands, such as epidermal growth factor (EGF), to a receptor
tyrosine kinase (RTK), e.g. epidermal growth factor receptor (EGFR). The signal triggered
by EGF binding to the extracellular domain of EGFR is transmitted through the
transmembrane domain resulting in EGFR dimerization and activation. Signalling proceeds
through SHC-transforming protein 1 (SHC), growth factor receptor-bound protein 2 (Grb2)
and son of sevenless (SOS), the Ras guanine nucleotide exchange factor (GEF). GEF
exchanges GDP by GTP, activating Ras. Active, GTP-loaded Ras dimerizes and binds Raf,
thereby promoting Raf dimerization and activation. Active Raf dimer phosphorylates and
activates MEK, which induces ERK activation. Ras activates a number of signalling
pathways. Ras in the active GTP-bound state regulates phosphatidylinositol 3-kinase (P13K)
pathway. PI3K is a heterodimer containing a regulatory (p85) and catalytic (p110) subunits.
RTKs recruit the p85 subunit of PI3K. Ras activates p110 independently of p85. PI3K
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5-
trisphosphate (PIP3), which recruits phosphoinositide-dependent kinase-1 (PDK1) and
phosphorylates a serine/threonine kinase, Akt (also known as PKB, protein kinase B) in the
plasma membrane. This further induces the activation of mammalian target of rapamycin
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(mTOR) complex, one of the major pathways leading to cell growth. A scaffolding protein,
IQGAPL, a large multi-domain protein binds to tens of partners and regulates the function of
numerous proteins. Over 90 proteins have been reported to associate with IQGAP1, directly
or as part of a larger complex. These include cytoskeleton proteins actin and myaosin, as well
as other proteins, which are also partners of IQGAPL. Actin is a scaffolding protein too with
many partners and also anchors to the membrane such as Ras and Raf. As figure shows,
IQGAPL is a scaffold in the MEK/ERK cascade and binds to many proteins including Raf,
calmodulin, and S100 calcium binding protein B (§100). Multivalent membrane-anchored
proteins and intracellular multiproteins form gel-like complexes in a network with transient
connections. Abbreviations used in the figure are: APC, adenomatous polyposis coli; Cdc45,
cell division control protein 42 homolog; Clip-170, cytoplasmic linker protein-170; Racl,
Ras-related C3 botulinum toxin substrate 1.
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