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Abstract

The spatial structure of the cell is highly organized at all levels: from small complexes and
assemblies, to local nano- and micro-clusters, to global, micrometer scales across and between
cells. We suggest that this multiscale spatial cell organization also organizes signaling and
coordinates cellular behavior. We propose a new view of the spatial structure of cell signaling
systems. This new view describes cell signaling in terms of dynamic allosteric interactions within
and among distinct, spatially organized transient clusters. The clusters vary over time and space
and are on length scales from nanometers to micrometers. When considered across these length-
scales, primary factors in the spatial organization are cell membrane domains and the actin
cytoskeleton, both also highly dynamic. A key challenge is to understand the interplay across these
multiple scales, link it to the physicochemical basis of the conformational behavior of single
molecules, and ultimately relate it to cellular function. Overall, our premise is that at these scales,
cell signaling should be thought of not primarily as a sequence of diffusion-controlled molecular
collisions, but instead transient, allostery-driven cluster re-forming interactions.
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Introduction

More and more data confirm: in the cell molecules that share a function cluster. This holds
for membrane rafts; for receptors; for molecules anchored in the membrane, such as the
nanoclusters of the Ras protein [1, 2]; for cytoskeleton proteins and the adaptors associated
with them; for multienzyme complexes such as the MAPK and E3 ubiquitin ligases; for
‘cellular factories’ (discrete locations in the cell where co-functional enzymes are
concentrated and anchored, such as RNA polymerases in transcription [3, 4, 5], and hGH
gene regulation [6]), and more. Increasingly, data also confirm: the clusters are dynamic. For
example, clusters in the cell membrane change dynamically their protein and lipid
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composition and locations; factories change the enzymes’ copy number and cofactors’
composition, adapting to the specific cellular location and cell state; multienzyme complexes
such as the E3 ligases change the components of the machinery, dependent on the cell cycle
state and the environment [7, 8]. Together, these indicate that cluster composition, location,
structure and molecular interactions vary with time. Clusters are organized at multi-scales,
from nanometers-scale of multimolecular clusters within the cell to micrometer-scale in
intercellular signaling in the immunological synapses [9]. Collectively, the emerging picture
is of environment- and signal-controlled clusters, with fluctuating patterns at different size
scales, bridging direct, and lipid-, RNA-, or DNA-mediated indirect, protein-protein
interactions. Pre-organization, where molecules are spatially and dynamically pre-positioned
for productive association, spans the long-scale intercellular patterns. It takes place in
membrane rafts, where dynamic protein interactions can be lipid-mediated, and in the actin
cytoskeleton, which controls the dynamic spatial organization and mediates long-range
interactions. It also takes place in the numerous clusters consisting of tens or hundreds of
molecules, as in the case of the Foxp3, which forms complexes of 400-800 kDa or larger
with 361 associated proteins identified by mass spectrometry, ~30% of which are
transcription factors [10]. Here, our central thesis is that the coordination of the activities
and responses of the cell to its environment emerge from this pre-organization across the
cell, at different length scales, ready to be deployed. The multiple copies of the clusters,
whose composition is modulated by the cluster spatial location in the cell, optimize the
coordination. The dynamic states of the cluster composition and structure suggest how
signaling varies in time. Together, these provide a framework of a spatial organization of
signaling cascades, where signaling proceeds through intermolecular interactions between
and within these clusters.

While numerous papers have addressed the intra- and intermolecular signaling (only a
representative set of these are cited here [11-97]), very few touched on the longer-range,
across- and inter-cluster communication [9]. Key questions are how signaling proceeds
across the clusters, and how their spatial, mechanical and chemical properties relate to the
conformational equilibrium and signaling efficiency. Below, we suggest that the pre-
organization of proteins and other biomolecules (lipids, RNA, DNA) in clusters and the
coordinated cellular response imply that signaling does not proceed over long scales by
diffusion-controlled molecular collisions; instead, signaling proceeds through a population
shift mechanism of the proteins across dynamically pre-organized clusters. Chance
interaction of macromolecules during three-dimensional ‘random walk’ diffusion in open
space depends on their concentration and ability to move rapidly over long distances [98].
However, the sub-nanomolar concentration of growth factors and the low number of
membrane-bound ligands that stimulate cellular responses suggest that proximal signaling
molecules interact at low concentrations, at least during early stages after cell stimulation.
Further, interactions between freely diffusing small-molecule substrates and enzymes are
less influenced by crowding owing to a large difference in the size of solute and ‘crowders’
[99], suggesting that the crowded cellular environment still does not imply diffusion-
controlled recognition. On the other hand, the clusters are transient, and freely diffusing
molecules may shift to form new clusters. Thus, while both the population shift mechanism
and the diffusion-controlled chance collisions mechanisms can co-exist and are not mutually
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exclusive, signaling is likely to be more productive in pre-organized states. Coupled with
other factors, primarily the concentrations of the proteins, cofactors and metabolites, and
membrane composition, these help understand how despite cellular complexity, coordination
and effective response is achieved.

A view of the cell and its representation

A simplified representation of the cell is helpful. Network diagrams provide the cellular
pathways, their components and their links, from the extracellular domains of membrane-
spanning receptors, through the cytoplasm to the nucleus. They often also depict the kinds of
reactions that can take place, when the signal proceeds (or inhibited). A prime example of
the usefulness of such diagrams is the popular KEGG resource [100]. At the same time,
from the organizational and signaling standpoint, cellular diagrams may be misleading,
obscuring cell coordination [101]. These diagrams overlooked the kinase repressor of Ras
(KSR), a key scaffolding protein in the MAP pathways; they omitted the positive loop of the
inhibitor of apoptosis protein (IAP) protein, an important drug target; and the overlapping
interactions of protein partners which cannot take place simultaneously, in the case MyD88
(myeloid differentiation primary response 88 protein). The prevalent schematic cellular
diagrams are typically represented as nodes and edges; they may span the cell, or focus on
segments, such as those related to specific systems or organelles. They are often
modularized to highlight functional units. Within modules the proteins can be expected to be
in spatial vicinity; which may not be the case between modules. Yet, in reality, for the cell to
function, the module composition needs to change dynamically, and proteins from one
module would need to interact- directly or indirectly- with proteins in other modules. This
raises a number of questions such as how do signals propagate among modules? Signaling
requires physical interactions; and evolution is unlikely to have cellular communication
programmed in a way that requires these proteins to randomly diffuse across large distances
in the cytosol (or organelles) to convey a signal. While a random process can place,
particularly during basal expression or cluster dissociation/re-association across long
distances, it is not expected to be productive and robust if the modules are far away. Indeed,
examples of communicating far-away modules are hard to find. Cells are commonly
perceived as highly organized and structured, with membrane-enveloped organelles and
cytoplasm, and sequestered functional units either attached to the membrane or partitioned
and localized by cytoskeleton proteins. Such a high level of organization does not appear
compatible with cell signaling being dependent on micrometer scale diffusion-controlled
process. Signaling involves a complex set of ordered events. It may originate from the
extracellular domain of a membrane-spanning receptor, or from a small molecule diffusing
through the membrane. It has to activate, get amplified, lead to pathways uniting or
branching - often through some combination of post-translational modification events [102],
and get transferred all the way to the nucleus to activate or repress gene expression. Long
distance diffusion would hamper cell action: while the volume excluded by the cytoskeleton
increases the crowding and thus the intermolecular association constants, diffusion is a
stochastic process, questioning whether the cell can afford to have long-range diffusion-
dependent signaling. Questions can also be raised with respect to intra-modular signaling:
while the diagrams depict them as single copy of single proteins connected by edges, are all
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proteins present at all times? And, do these modules contain a single, or even unique and
constant number of copies per module? And finally, are they in direct contact or is the
contact mediated by other molecules? Such questions underscore the gap between simplified
diagrams and cell coordination.

Cellular processes need to be regulated; and regulation requires efficiency. Below, we
partition the cell into macroscopic (organelles, modules) and microscopic (the functionally-
related molecules within these) levels. We suggest that at both macroscopic and microscopic
levels the cell is pre-organized, including the communication between the two levels. Pre-
organization does not imply an immaobile behavior; the distinct intermolecular interactions
fluctuate, forming and dissociating with short residence timescales. These short-lived
interactions have sufficiently long duration for the signals to go through, which allows
coordination and priming successive enzymes in catalytic pathways [103, 104]. In the
membrane, signals can proceed v/ia membrane-anchored molecules (for example through
myristoyl, farnesyl or palmitoyl groups), lipids (including cholesterol), and membrane-
spanning receptors. In the cytosol, signals can transmit through the large assemblies, such as
the nucleosomes in the nucleus; and as we argue here, also through the structured
cytoskeleton, which is similarly dynamic. In all cases, scaffolding proteins [103, 105, 106]
which are sometimes overlooked in cellular diagrams are likely to play major roles.
Scaffolding proteins do not communicate the signal passively; they can control it [103].
Such a pre-organized, yet dynamic view of signaling in the cell emphasizes efficiency which
proceeds not via chance collisions; but via a population shift mechanism among pre-
organizea, albeit highly mobile molecules, that is, allostery. The landscapes of the clusters
can be highly heterogeneous in size, composition and shapes, and this heterogeneity is also
governed by the cellular environment. The signaling state is location-dependent and likely to
relate to this heterogeneity. Membranes and cytoskeletal structures reduce the reaction space
by one and two dimensions, respectively, and hence increase the probability that molecular
interactions will occur. This is thought to be one reason for the large number of signaling
molecules bound to membranes and filaments. However, on its own, the reduced
dimensionality of membranes and filaments still only marginally increases the likelihood of
interactions between individual molecules. Exploiting the multiscale spatial cell organization
and the conformational behavior of biomacromolecules, organizes signaling and coordinate
scellular response.

Below, to introduce concept we start with the relatively small system of the Ras
nanoclusters; then the larger intercellular clusters of ephrin, integrin, and immunological
synapses, and finally with the pan-cellular structures of the cytoskeleton. We view the vital
role of membrane rafts in signal transduction in this framework, via allostery, and end with
briefly touching on experimental methods that can used to test hypotheses that flow from the
conceptual framework outlined in thisreview.

Dynamic clusters

Cluster types and sizes vary [107, 108]. Cluster size estimations depend on the definition: in
Ras, sizes are based on copies of only the Ras protein; in Foxp3, associated cofactors are
also included. On average, there are seven Ras molecules in a nanocluster regardless of the
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activation state [109, 110]; ten or more receptors compose a microcluster on the surface of T
and B cells [111-113] and hundreds of molecules in the large Foxp3 clusters [9]. Clusters
are short-lived and highly dynamic. Ras is anchored in the plasma membrane through its C-
terminal lipophilic post-translational modifications (PTMs) and positive charges. There are
three Ras isoforms, H-Ras, K-Ras and N-Ras, with different PTM lipid anchors, which
result in different preferences for raft-like liquid-ordered and nonraft liquid-disordered
membrane domains. The farnesylated and double-palmitoylated lipid anchor of H-Ras is
predominantly in cholesterol-enriched ordered domains; the farnesylated and single-
palmitoylated lipid anchor of N-Ras mostly localizes at the interface between the ordered
and disordered domains and the farnesylated and polycationic lipid anchor of K-Ras prefers
disordered domains [1, 113, 114]. Ras is a key protein in the MAPK/ERK pathway which
communicates a signal from receptor tyrosine kinases (RTKSs) on the cell surface to the
nucleus. An extra-cellular mitogen binds to the RTK. Via a series of events this leads to Ras
(a GTPase) activation by swapping GDP for GTP. Activated Ras binds and activates the Raf
kinase. Raf phosphorylates and activates MEK. MEK phosphorylates and activates MAPK
(a mitogen activated protein kinase). The dynamics of Ras nanocluster assembly and
disassembly control MAPK signaling. It is well-established that Ras nanocluster formation
is essential for the activation of the MAP kinase cascade by RTKs [115]. Clustered, but not
individually distributed, Ras proteins recruit and activate their downstream effector, Raf
[108, 116]. Recently, it was observed that BRaf inhibition enhances nanoclustering of K-
and N-Ras, but has no effect on H-Ras. This is important for two reasons. First, it provides
insight into why clustering is essential for Ras action; and second, it underscores the
difference between N- and K-Ras versus H-Ras cluster organization and activation. Raf
inhibitors drive formation of stable hetero (BRaf-CRaf) and homo (CRaf-CRaf) dimers.
Thus, two Ras-binding domains in a homo or hetero Raf dimer are required for increased K-
and N-Ras nanoclustering, which suggests that Raf dimers promote nanocluster formation
by serving as crosslinks for Ras. GTP (the complex of Ras with GTP, the active state of Ras)
proteins [117]. Crosslinks increase the fraction of K-Ras and N-Ras in their respective
nanoclusters, and enhance the cooperativity between the joined Ras monomers. Both effects
can result in an increase in MAPK signaling. Further, there is cross-talk between the
mitogenic Ras/MAPK and the survival PI3K/Akt pathways. The increased MAPK
signalingin BRaf-inhibited cells decreases Akt activation. This might also be at least
partially understood in terms of the nanoclusters: the MAPK/Akt pathway crosstalk reflects
a competition between the stabilized Raf dimers and p110a. (the catalytic subunit of PI3K)
for recruitment to Ras nanoclusters. As we reason below, the fact that the H-Ras
nanoclustering is not enhanced by BRaf can be explained by its predominant location in
cholesterol-enrichedordered domains.

From our conceptual standpoint, Ras clusters can also be viewed as containing their
downstream associated molecules, such as Raf (and other Ras partners, like PI3K). This is in
line with our premise that cell signaling should be thought of not primarily as a sequence of
diffusion-controlled molecular collisions, but instead as cluster forming interactions.
Clusters of transcription factor Foxp3 also contain downstream partners, including the
GATA-3 which facilitates Foxp3 expression [10], as do signaling clusters of other pathways
as observed by co-localization experiments [108, 116, 118, 119; 120]. The enhanced
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nanoclustering and Ras activation by stabilization of Raf dimers also argue for a role for
allosteric coupling between Ras molecules. The crosslinked Ras molecules essentially
function as dimers even though they are monomeric GTPases. This may cooperatively
enhance allosteric activation of Raf by Ras. For GPCRs, allosterism across homo- or
heteromers, whether dimers or higher-order oligomers, represents such an additional
topographical landscape [121]. As a sideline, such effects may offer the opportunity for
novel therapeutic approaches. Crosslinking of lipid raft domains by multivalent ligands or
antibodies are known to stabilize transient nanodomains and activate associated signaling
complexes [122, 123], further arguing that this could be a mechanism in protein
nanoclusters, either between monomers, as in the case of Ras; or between higher order
complexes. In the case of the kinase Lck, which phosphorylates the T-cell antigen receptor
(TCR), super-resolution fluorescence microscopy based on single molecule detection
quantification of the cluster sizes has clearly illustrated that Lck conformational states
regulate their own clustering, with the open conformation inducing clustering and the closed
conformation preventing clustering [124].

Lck is anchored to the plasma membrane by myristoylated and palmyloylated N-terminal
residues. Ras in anchored via combinations of farnesyl and palmitoyl. Palmitoylation [125],
and likely other lipophylic PTMs such as farnesyl and myristoyl, can act as spatially
organizing systems, efficiently counteracting entropy-driven redistribution of palmitoylated
peripheral membrane proteins, acting to segregate the attached proteins into membrane
domains. Regulation of palmitate turnover rates by extrinsic cues can arise from changes in
the accessibility of thiol or thioester groups on the substrate protein upon conformational
changes of the protein. Membrane anchoring of the lipophilic post-translational
modifications also perturbs the protein conformation, leading to a functional conformational
change, as in the case of the Ras protein. Importantly, at the same time, the lipid
environment is also perturbed, and the perturbation can affect neighboring protein molecules
as well. A GPCR crystal structure identified three water clusters in the receptor, totaling 57
ordered water molecules, two cholesterols which stabilize the conformation and 23 ordered
lipids one of which intercalates inside the ligand binding pockets [126]. Allostery in the
GPCRs has been shown to be partly controlled by ions (like sodium), membrane
components (such as lipids and cholesterol), and also water molecules. A possible role for
cholesterol mediating signaling can also be seen from BRaf inhibition: as we noted above,
while BRaf inhibition enhances K-Ras and N-Ras clustering, there is no effect on the H-Ras,
which is predominantly in cholesterol-enriched ordered domains. In ordered membrane
domains, cholesterol-mediated Ras signaling can already take place, abrogating the effect of
Raf crosslinks. Overall, Ras nanoclusters illustrate our view of cell signaling as allosteric
cluster re-forming interactions rather than diffusion-controlled molecular collisions,
highlighting the role of population shifts in the conformational ensembles, either directly or
lipid-mediated.

The spatial organization of transmembrane receptors in lateral homotypic, heterotypic cis-
interactions and intercellular trans-interactions, is important for receptor clustering and
association with signaling proteins. Lipid microdomains can modify the activity of
transmembrane receptors by (positively or negatively) influencing the clusters. Clustering of
transmembrane receptors and lipid-protein interactions are important for the spatial
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organization of signaling at the membrane [127]. Among the examples for homotypic
receptor clustering in c/s are the RTKSs, the intercellular Eph receptors (Ephs) and their
ligands, the ephrins. Cell proliferation, differentiation, migration and adhesion are critical
processes in development. Orchestration of the signal transduction is by two membrane-
anchored hub protein families: the Eph receptor tyrosine kinases and their ephrin ligands
[128]. The pre-clustered ephrins form homooligomers; upon cell-cell contact these bind the
Ephs with a 1:1 stoichiometry. Clustering continues by formation of tetramers, inducing
conformational changes on both the receptor and the ligand. The Eph tyrosine kinase
domains trans-phosphorylate each other which initiates signaling; however, recruitment of
Src-family kinases (SFK) to ephrinA/B ligands and phosphorylation of the ephrinBs leads to
reverse signaling. The tetramers can be further clustered in higher-order assemblies which
regulate the mode and strength of signaling. Different modes of clustering, such as through
the extracellular [129, 130] or the cytoplasmic [131, 132] domains can also take place.
Concentration is a key factor: at low receptor concentration, pre-clustered ephrin ligands are
required for Eph clustering. Above the threshold, free EphAs can cluster independently of
their ephrin ligand binding. High-affinity Eph/ephrin assemblies that form at the sites of
cell-cell contact and are required for Eph signaling initiation [133]. In ephrin type A receptor
2 receptor Tyr kinase the clustering and the micrometer-scale spatial translocation of the
clusters can result in mechanical-force sensing [134].

Another example is provided by the integrin, a family of a/p heterodimeric cell-surface
receptors and the major mediator of cell attachment to the extracellular matrix whose
members are able to signal across the membrane in both directions. Integrins are often found
in highly organized clusters on the cell surface [135]. Here too direct protein-protein
interactions are not always needed and signaling can proceed via lipid molecules, as in the
case of cholesterol mediating the G-protein coupled receptor (GPCR) activation above [126]
and H-Ras. Long scale spatial organization patterns may also be the result of the
accumulation of multiple smaller clusters of tens to hundreds of molecules, as in the case of
the T-cell receptors (TCRs) [9]. Such clusters have been observed in the immunological
synapse also for other molecules, including LAT [136], C-chain associated protein kinase
(ZAP70) [137], SH2 domain containing leukocyte protein of 76kDa [138], CD28 [139] and
CD2 [140].

A structured, though dynamic, eukaryotic cell

Eukaryotic cells are highly organized, with a network of membrane-enveloped organelles.
An added level of structural organization is provided by the cytoskeleton which maintains
the cell’s shape; anchors organelles in place; helps in the uptake of external materials, and in
the separation of daughter cells after cell division. It also helps in moving parts of the cell in
processes of growth and mobility. The eukaryotic cytoskeleton is composed of
microfilaments, intermediate filaments and microtubles. Microfilaments are linear polymers
of actin subunits that generate force by elongation at one end of the filament and shrinkage
at the other. They act as tracks for the movement of myosin that attaches to the
microfilament. Intermediate filaments are more stable and heterogeneous. Like actin
filaments, they maintain cell-shape by bearing tension. Intermediate filaments organize the
internal structure of the cell, anchoring the organelles and serving as structural components
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of the lamina in the nucleus. Microtubles comprise of a and B-tubulin polymers. A large
number of proteins are associated with these, to control the cell structure. The cytoskeleton
provides the cellular skeleton in the cytoplasm. It was proposed to increase the level of
macromolecular crowding by excluding macromolecules in the cytosol [141]. Cytoskeletal
proteins interact with cellular membranes [142] and together with the organelles’
membranes, and the endoplasmic reticulum, and additional scaffolding proteins, help in
further organization of the cytoplasm and the organelles, to segregate and co-localize
functional units, which can be seen as autonomous functional units that turn on-, off-, and
transmit signaling cues.

The cytoskeleton is dynamic [143], and the Rho family GTPases are its master regulators.
Beyond regulation of actin filament organization by Rho GTPases, RhoD has a role in the
organization of actin dynamics. RhoD binds the actin nucleation-promoting factor
WHAMM, which binds the Arp2/3 complex, and the related Filamin-A-binding protein
FILIP1. WHAMM acts downstream of RhoD, and regulates the cytoskeletal dynamics. The
major effects on cytoskeletal dynamics indicate that RhoD and its effectors control vital
cytoskeleton-driven cellular processes. RhoD coordinates Arp2/3-dependent and FLNa-
dependent mechanisms to control the actin filament system, cell adhesion and cell migration
[144]. Cell surface dynamics depend on the orchestration of the cytoskeleton and the plasma
membrane by Rho GTPases [145]. Nucleotide exchange factors and GTPase-activating
proteins regulate the activity of Rho GTPases. In turn, the cell cycle machinery regulates
expression of proteins in the Rho signaling pathways through transcriptional activation,
ubiquitylation and proteasomal degradation and modulates their activity through
phosphorylation by mitotic kinases [146]. This regulated dynamic landscape points to
changes in local cytosol composition and excluded volumes over time and space over
different length-scales. It also argues for fluctuations in the level of local macromolecular
crowding, and underscores our tenet of the potential of the dynamic cytoskeleton in
mediating signaling across the cell via allosteric interactions.

The cytoskeleton, including the microtubules and the actin networks, do not merely provide
structural support, withstand mechanical stress, drive cell motility, and form tracks; they are
active regulators of cell cycle, development and fate [147-149]. Cell-fate determinant and
checkpoint proteins have high affinities for microtubules and microtubule-dependent
organization of non-membranous components directs cellular function [150]. Due to the
density of the microtubule network, the sequestered molecules can form distinct module-like
environments [149]. The extent of the sequestration depends on the binding affinities and the
microtubule network density. Motor protein-mediated binding, which leads to convective
fluxes, further helps in arranging the spatial localization of the molecules against the
concentration gradient. The effectiveness of the microtubule-mediated sequestration and
spatial organization can be observed in the Drosophila syncytial embryo. There, germ plasm
proteins translocate from the posterior embryo cortex onto the mitotic spindles, becoming
concentrated at the spindle poles, via an almost leak-free transport process across 5~10 mm
[151]. During this long journey toward the pole, they almost certainly fall off the
microtubule; but they are expected to rebind given the tight confinement, or else, given the
concentration gradient, they would diffuse in the cytoplasm. Thus, the microtubule network
density should be sufficiently high to cause the biased concentration of dyneins and their
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cargoes on one pole [152]. This example can provide a possible mechanism for the
asymmetric distribution of cell fate determinants during the asymmetric cell division and
formation of distinct module-like environments. Under modest microtubule densities, only
partial sequestration and delayed diffusion are observed [153]. Thus, dynamic alteration of
the microtubule network architecture can achieve different spatial sequestration patterns and
spatial localization of cellular components. The organelle-like microtubule network
compartmentalizes the cytoplasm, limits random diffusion, facilitates directed transportation,
and thus can produce differential spatial distributions of cellular components [149]. These
also result in changes in the network morphology and density. These coordinated actions can
take place since tubulin, actin, and dynein are all highly dynamic allosteric proteins [154—
158].

Microtubules are also highly dynamic structures, and since they contribute to most cellular
functions, they need to be regulated in response to extracellular and intracellular signals;
however, the linkage between the diverse signaling pathways and the regulation of
microtubule dynamics is still unclear. Modifications of the tubulin dimer, tubulin modifying
enzymes, and microtubule-associated proteins are all directly involved in the regulation of
microtubule behavior and functions [159]. Microtubules undergo a broad range of post-
translational modifications including polyglutamylation, polyglycylation, carboxyterminal
cleavage and acetylation, whose functions are still not entirely clear. Among these, the
constitutive and the inducible Hsp90 isoforms bind to microtubules in a way that depends on
the level of tubulin acetylation. Tubulin acetylation also stimulates the binding and the
signaling function of at least two of its client proteins, the kinase Akt/PKB and the
transcription factor p53 [160]. p21-activated kinase 1 phosphorylates tubulin cofactor B
(which facilitates the dimerization of a- and B-tubulin) and plays an essential role in
microtubule regrowth [161].

Signaling in the cell membrane

Lipid organization in the cell membrane plays a vital role in signal transduction. Lipid rafts
are membrane domains, more ordered than the bulk membrane and enriched in cholesterol
and sphingolipids. We suggest that membrane rafts are also dynamically pre-organized and
mediate allosteric signaling. While diffusion in membranes is 2D (rather than 3D as in the
cytoplasm), this reduction in dimensionality does not provide efficient or robust signaling. In
the membrane too, cell signaling should be thought of not primarily as a sequence of
diffusion-controlled molecular collisions, but as sequences of cluster re-forming allosteric
interactions, which is optimized in segregated ordered rafts. When disordered, it is helped by
crosslinks, as we have seen in the cases of N- and K-Ras. Cholesterol can both drive the
formation of ordered domains within the plasma membrane of cells, and we have discussed
above for H-Ras and GPCR, directly mediate cell signaling via allosteric propagation [162].
Lipid rafts can be viewed as signaling platforms with variable composition and organization
tailored for specific pathways [163] that initiate at the cellular surface. They have been
implicated in numerous signaling pathways [164], whose regulation is adapted to these rafts.
Composition and organization are inter-related: membrane domains lacking cholesterol
differ in their organization from the ordered, cholesterol-containing domains. The example
of the Ras nanoclusters, with the different regulation patterns of N- and K-Ras as compared
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to H-Ras illustrates this point: the H-Ras is predominantly in cholesterol-enriched ordered
domains; N-Ras mostly localizes at the interface between the ordered and disordered
domains and the K-Ras anchors in disordered domains. These preferred locations reflect the
patterns of their lipophylic post-translational modification anchors. Lipid rafts modulate
signaling molecules involved in multiple pathways. These include the pleiotropic src kinases
[165] which activate the PI3K-Akt signaling pathway; the epidermal growth factor receptor
(EGFR), which associates with caveolins and is involved in diverse processes including cell
cycle regulation, endocytosis, and the MAPK cascade [166]. They also relate to the Ras
pathway discussed above. It is this segregated domain organization of signaling molecules
that led to the concept of the signalosome. A signalome contains interacting components of
signaling pathways (such as EGFR) embedded in lipid rafts. It is choreographed by
scaffolding proteins, such as caveolins, through compartmentalizing and concentrating
signaling molecules. Further, in the cytoplasm scaffolding proteins allosterically control the
regulation of multienzyme complexes [103]; a similar role can be assumed by scaffolding
integral membrane proteins, with further involvement of lipid (sphingolipids and
cholesterol) molecules. A good example is the CD40 signalosome associated with cell
growth in B cell lymphomas. The CD40 signalosome is anchored in lipid rafts.
Dysregulation leads to constitutive activation of the NF- kappaB pathway [167]. Similar
signaling organizations operate in neuronal systems, such as that involving estrogen receptor
(ER), which relates to neurogenesis, neuronal differentiation, synaptic plasticity, and neuro -
protection.

The association between the ER, insulin growth factor receptor (IGF-1R), Cav-1, and a
voltage gated anion channel, VDAC are also in lipid rafts. The formation of this signaling
complex is lipid raft-dependent. In Azheimer’s Disease proteins identified by mass
spectrometry were clustered into specific signaling pathways, which allowed an appraisal of
which lipid raft signaling pathways may be altered, rather than changes in individual
proteins. This systems biology approach indicated that, in lipid rafts, wild-type mice had
higher activation of pro- survival pathways such as PTEN and Wnt/B-catenin, whereas 3xTg
mice showed activation of p53 andJNK signaling pathways.

The spatial organization in the plasma membrane (2D compartment) and the cytoplasm (3D
compartment) differ. In the membrane, there is a horizontal, translational diffusion rather
than diffusion in 3D space in the cytosol, or in 1D in the cytoskeleton. The reduced
dimensionality of membranes (and filaments) still only marginally increases the likelihood
of productive interactions between individual molecules. Exploiting the membrane rafts
organization and the conformational behavior of proteins and lipids, can pre-organize
signaling. Pre-organization prepositions the lipid components spatially at preferred sites with
respect to the proteins, as seen directly from the X-ray crystal structure of the GPCR. As we
noted above, the crystal structure indicated 23 ordered lipids one of which intercalates inside
the ligand binding pockets and two cholesterols which stabilize the conformation, and the
presence of ordered water molecules as well [126]. However, even in the 2D cholesterol-
enriched membrane compartments, multiple copies of the proteins can interact as in GPCRs
homo- or heteromers, dimers or higher-order oligomers [121] as well as mechanisms
involving other signaling proteins in the cluster, such as Raf crosslinking Ras.
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Some experimental methods that to test the hypotheses that flow from our

conceptual framework

Below, we provide a few possible experimental methods that have been used in previous
studies and that will likely be used in future studies that can test the hypotheses that flow
from the conceptual framework suggested in this review. We highlight especially relatively
new techniques such as the optogenetic protein clustering [168]. This method obtains rapid
and reversible protein oligomerization in response to blue light, and is based on Arabidopsis
thaliana cryptochrome 2. Cryptochrome 2-mediated protein clustering can modulate
signaling pathway in a dynamic manner; and as such can offer a way to quantitatively
investigate signal transduction dynamics. In particular relevant to our proposition, is its
ability to study the role of oligomerization as a mechanism in cellular signaling. Moreover,
here the oligomerization is driven by light. Optogenetic systems are capable of accurate,
dynamic control of signaling pathways through light-mediated protein heterodimerization
and homodimerization. Light is an allosteric effector. This method provides a promising
protein clustering system to target the fundamental higher level of signaling in the cell.
Beyond proteins and small oligomers, it allows studies of signaling within and across
clusters. Here the authors demonstrate its power by photoactivating the B-catenin pathway,
and theRhoA GTPase.

Additional methods include super-resolution microscopy that enabled the characterization of
TCR-dependent signaling clusters [169]. This method permitted the study of signaling
microclusters at the single molecule level with resolution down to approximately 20 nm. It
has further helped to characterize the size distributions of signaling clusters at the plasma
membrane of intact cells. This method discovered dynamic and functional nanostructures
within the signaling clusters, as predicted by our conceptual premise. Photoactivated
localization microscopy (PALM) and direct stochastic optical reconstruction microscopy
(dSTORM) followed the Lck ensemble distributions on the molecular level, and observed
that they were controlled by the Lck open/closed conformational states[124]. The super-
resolution fluorescence microscopy based on single molecule detection enabled
quantification of the cluster sizes. Recent innovations in live-cell imaging at the sub-
micrometer scale and object (particle) tracking also help observe signaling complexes and
clusters and examine their dynamic character [98]. These allow addressing in greater detail
the higher-order organization of signaling molecules in living cells. Fluorescence
microscopy techniques are being suited to studying sub-micrometer signaling assemblies.

In addition, proteins identified by mass spectrometry were clustered into specific signaling
pathways, which allowed evaluation of lipid raft signaling pathways and how these can be
altered Alzheimer’s Disease, ratherthan changes in individual proteins [170].

Conclusions: dynamic interactions and conformational biasing across the

cell

Here we described our view of the spatial structure of cell signaling systems. Signals
propagate through interactions; chief among these are between proteins. The hallmarks of
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protein-protein interactions resemble those present within protein cores [171, 172]. The
protein interaction network spans the cell [173, 174]; some associations are long-lived,
others take place over short time scales. The network is organized, and the interactions
cooperative [175]. The allosteric signals propagate through these, traversing single
molecules, their associations, clusters, and the cell. Clusters, with hundreds of molecules and
varied compositions, are pre-organized and dynamic with tight binding occurring as the
allosteric signal goes through. Their formation may be helped by other molecules, such as
lipids and cholesterol [176], RNA or DNA. Ligand binding, or post-translational
modifications, lead to conformational perturbation. To minimize the local frustration,
conformational reorganization takes place. The consequent signal propagates, elicits
conformational and (or) dynamic changes in far-away binding sites, leading to the specific
selected recognition. The changes are ligand specific: different ligands will cause different
conformational changes. Such scenario [103, 104, 177] can provide insight into coordinated
cellular response.

While here we differentiated among the cellular organizations according to their scales, in
reality there is a continuum of protein spatial organizations, from molecular complexes to
domains and clusters, to the cytoskeleton; from cell-to-cell interface, to the membrane to the
cytoplasm and the organelles. Such multi-scale organization across different levels can feed
back to regulate specific proteins, and collectively cell signaling. The fundamental premise
of Systems Biology is that system dynamics gives rise to cellular function [178]. All
processes during cell life, including growth, differentiation, division, and apoptosis, are
temporal; and they can be understood only in terms of dynamics; dynamics within- and
among- modules, provide the clue to coordinated functional control. And within this
framework, coordination is governed by a conformational biasing mechanism, that is,
population shift. 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 [96]. As the signal
proceed, through short- and long-lived molecular interactions, mediated by proteins, lipids,
RNA and DNA, it may get amplified or quenched, depending on other allosteric events
along its long journey. And within this framework, efficient coordination exploits dynamic,
linked, pre-organized clusters, spanning the cell.

Acknowledgments

| thank the NCI group, Hyunbum Jang, Buyong Ma, Chung-Jung Tsai for many discussions over the years. This
project has been funded in whole or in part with Federal funds from the National Cancer Institute, National
Institutes of Health, under contract number HHSN261200800001E. The content of this publication does not
necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of
trade names, commercial products, or organizations imply endorsement by the U.S. Government. This research was
supported (in part) by the Intramural Research Program of the NIH, National Cancer Institute, Center for Cancer
Research.

References

1. Janosi L, Li Z, Hancock JF, Gorfe AA. Organization, dynamics, and segregation of Ras nanoclusters
in membrane domains. Proc Natl Acad Sci U S A. 2012; 109:8097-8102. [PubMed: 22562795]

2. Eisenberg S, Beckett AJ, Prior 1A, Dekker FJ, Hedberg C, Waldmann H, Ehrlich M, Henis YI. Raft
protein clustering alters N-Ras membrane interactions and activation pattern. Mol Cell Biol. 2011,
31:3938-3952. [PubMed: 21807892]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

10

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 13

. Davidson S, Macpherson N, Mitchell JA. Nuclear organization of RNA polymerase |1 transcription.

Biochem Cell Biol. 2013; 91:22-30. [PubMed: 23442138]

. Sanfagon H. Investigating the role of viral integral membrane proteins in promoting the assembly of

nepovirus and comovirus replication factories. Front Plant Sci. 2012; 3:313. [PubMed: 23439982]

. Sutherland H, Bickmore WA. Transcription factories: gene expression in unions? Nat Rev Genet.

2009; 10:457-466. [PubMed: 19506577]

. Ho Y, Shewchuk BM, Liebhaber SA, Cooke NE. Distinct chromatin configurations regulate the

initiation and the maintenance phases of hGH gene expression. Mol Cell Biol. 2013; 33:1723-1734.
[PubMed: 23428872]

. Liu J, Nussinov R. The role of allostery in the ubiquitin-proteasome system. Crit Rev Biochem Mol

Biol. 2013; 48:89-97. [PubMed: 23234564]

. Liu J, Nussinov R. Flexible cullins in cullin-RING E3 ligases allosterically regulate ubiquitination.

Liu J, Nussinov R. J Biol Chem. 2011; 286:40934-40942. [PubMed: 21937436]

. Manz BN, Groves JT. spatial organization and signal transduction at intercellular junction. Nature

Rev Mol Cell Biol. 2010; 11:342-352. [PubMed: 20354536]

. Rudra D, de Roos P, Chaudhry A, Niec RE, Arvey A, Samstein RM, Leslie C, Shaffer SA,
Goodlett DR, Rudensky AY. Transcription factor Foxp3 and its protein partners form a complex
regulatory network. Nat Immunol. 2012; 13:1010-1019. [PubMed: 22922362]

. Ma B, Nussinov R. Amplification of signaling via cellular allosteric relay and protein disorder.
Proceedings of the National Academy of Sciences of the United States of America. 2009;
106:6887-6888. [PubMed: 19416924]

Tzeng SR, Kalodimos CG. Protein dynamics and allostery: an NMR view. Current opinion in
structural biology. 2011:62—67. [PubMed: 21109422]

Zhuravlev PI, Papoian GA. Protein functional landscapes, dynamics, allostery: a tortuous path
towards a universal theoretical framework. Quarterly reviews of biophysics. 2010; 43:295-332.
[PubMed: 20819242]

Kenakin T, Miller LJ. Seven transmembrane receptors as shapeshifting proteins: the impact of
allosteric modulation and functional selectivity on new drug discovery. Pharmacological reviews.
2010; 62:265-304. [PubMed: 20392808]

Kenakin TP. ‘7TM receptor allostery: putting numbers to shapeshifting proteins. Trends in
pharmacological sciences. 2009; 30:460-469. [PubMed: 19729207]

del Sol A, Tsai CJ, Ma B, Nussinov R. The origin of allosteric functional modulation: multiple pre-
existing pathways. Structure. 2009; 17:1042-1050. [PubMed: 19679084]

Zocchi G. Controlling proteins through molecular springs. Annual review of biophysics. 2009;
38:75-88.

Whitley MJ, Lee AL. Frameworks for understanding long-range intra-protein communication.
Current protein & peptide science. 2009; 10:116-127. [PubMed: 19355979]

Tsai CJ, Del Sol A, Nussinov R. Protein allostery, signal transmission and dynamics: a
classification scheme of allosteric mechanisms. Molecular bioSystems. 2009; 5:207-216.
[PubMed: 19225609]

Goodey NM, Benkovic SJ. Allosteric regulation and catalysis emerge via a common route. Nature
chemical biology. 2008; 4:474-482. [PubMed: 18641628]

Liu J, Nussinov R. Rbx1 flexible linker facilitates cullin-RING ligase function before neddylation
and after deneddylation. Biophys J. 2010; 99:736-744. [PubMed: 20682250]

Link H, Kochanowski K, Sauer U. Systematic identification of allosteric protein-metabolite
interactions that control enzyme activity in vivo. Nat Biotechnol. 2013; 31:357-361. [PubMed:
23455438]

Liu J, Nussinov R. Molecular dynamics reveal the essential role of linker motions in the function of
cullin-RING E3 ligases. J Mol Biol. 2010; 396:1508-1523. [PubMed: 20083119]

Cui Q, Karplus M. Allostery and cooperativity revisited. Protein science. 2008; 17:1295-1307.
[PubMed: 18560010]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 14

Pérez Y, Maffei M, Igea A, Amata I, Gairi M, Nebreda AR, Bernad6 P, Pons M. Lipid binding by
the Unique and SH3 domains of c-Src suggests a new regulatory mechanism. Sci Rep. 2013;
3:1295. [PubMed: 23416516]

Leonard TA, Hurley JH. Regulation of protein kinases by lipids. Curr Opin Struct Biol. 2011,
21:785-791. [PubMed: 22142590]

An SW, Cha SK, Yoon J, Chang S, Ross EM, Huang CL. WNKZ1 promotes PIPosynthesis to
coordinate growth factor and GPCR-Ggsignaling. Curr Biol. 2011; 21:1979-1987. [PubMed:
22119528]

Sridharan GV, Hassoun S, Lee K. Identification of biochemical network modules based on shortest
retroactive distances. PLoS Comput Biol. 2011; 7:¢1002262. [PubMed: 22102800]

Corrada D, Morra G, Colombo G. Investigating allostery in molecular recognition: insights from a
computational study of multiple antibody-antigen complexes. J Phys Chem B. 2013; 117:535-52.
[PubMed: 23240736]

Capitanio N, Palese LL, Capitanio G, Martino PL, Richter OM, Ludwig B, Papa S. Allosteric
interactions and proton conducting pathways in proton pumping aa(3) oxidases: heme a as a key
coupling element. Biochim Biophys Acta. 2012; 1817:558-566. [PubMed: 22100820]

Pandini A, Fornili A, Fraternali F, Kleinjung J. Detection of allosteric signal transmission by
information-theoretic analysis of protein dynamics. FASEB J. 2012; 26:868-881. [PubMed:
22071506]

Gasper PM, Fuglestad B, Komives EA, Markwick PR, McCammon JA. Allosteric networks in
thrombin distinguish procoagulant vs. anticoagulant activities. Proc Natl Acad Sci USA. 2012;
109:21216-21222. [PubMed: 23197839]

Long D, Briischweiler R. Atomistic kinetic model for population shift and allostery in
biomolecules. J Am Chem Soc. 2011; 133:8999-9005.

Joseph TT, Osman R. Convergent transmission of RNAI guide-target mismatch information across
Argonaute internal allosteric network. PLoS Comput Biol. 2012; 8:e1002693. [PubMed:
23028290]

Lechtenberg BC, Freund SM, Huntington JA. An ensemble view of thrombin allostery. Biol Chem.
2012; 393:889-898. [PubMed: 22944689]

Gerek ZN, Ozkan SB. Change in allosteric network affects binding affinities of PDZ domains:
analysis through perturbation response scanning. PLoS Comput Biol. 2011; 7:e1002154.
[PubMed: 21998559]

Laine E, Auclair C, Tchertanov L. Allosteric communication across the native and mutated KIT
receptor tyrosine kinase. PLoS Comput Biol. 2012; 8:e1002661. [PubMed: 22927810]

Giambasu GM, Lee TS, Scott WG, York DM. Mapping L1 ligase ribozyme conformational switch.
J Mol Biol. 2012; 423:106-122. [PubMed: 22771572]

Shan Q, Han L, Lynch JW. Function of hyperekplexia-causing a1R271Q/L glycine receptors is
restored by shifting the affected residue out of the allosteric signalling pathway. Br J Pharmacol.
2012; 165:2113-2123. [PubMed: 21955162]

Leitner DM. Energy flow in proteins. Annual review of physical chemistry. 2008; 59:233-259.
Fuxreiter M, Simon I, Bondos S. Dynamic protein-DNA recognition: beyond what can be seen.
Trends in biochemical sciences. 2011; 36:415-423. [PubMed: 21620710]

Reynolds KA, McLaughlin RN, Ranganathan R. Hot spots for allosteric regulation on protein
surfaces. Cell. 2011; 147:1564-1575. [PubMed: 22196731]

McLaughlin RN Jr, Poelwijk FJ, Raman A, Gosal WS, Ranganathan R. The spatial architecture of
protein function and adaptation. Nature. 2012; 491:138-142. [PubMed: 23041932]

Willems L, Tamburini J, Chapuis N, Lacombe C, Mayeux P, Bouscary D. PI3K and mTOR
signaling pathways in cancer: new data on targeted therapies. Curr Oncol Rep. 2012; 14:129-138.
[PubMed: 22350330]

Moorthy BS, Anand GS. Multistate allostery in response regulators: phosphorylation and
mutagenesis activate RegA via alternate modes. J Mol Biol. 2012; 417:468-487. [PubMed:
22326871]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 15

Rivalta I, Sultan MM, Lee NS, Manley GA, Loria JP, Batista VVS. Allosteric pathways in imidazole
glycerol phosphate synthase. Proc Natl Acad Sci USA. 2012; 109:E1428-36. [PubMed:
22586084]

Ma B, Tsai CJ, Haliloglu T, Nussinov R. Dynamic allostery: linkers are not merely flexible.
Structure. 2011; 19:907-17. [PubMed: 21742258]

Andersen LM, Andreasen PA, Svendsen |, Keemink J, @stergaard H, Persson E. Antibody-induced
enhancement of factor Vlla activity through distinct allosteric pathways. J Biol Chem. 2012;
287:8994-9001. [PubMed: 22275370]

Samways DS, Khakh BS, Egan TM. Allosteric modulation of Ca2+ flux in ligand-gated cation
channel (P2X4) by actions on lateral portals. J Biol Chem. 2012; 287:7594-7602. [PubMed:
22219189]

Endres NF, Engel K, Das R, Kovacs E, Kuriyan J. Regulation of the catalytic activity of the EGF
receptor. Current opinion in structural biology. 2011; 21:777-784. [PubMed: 21868214]

Nussinov R. Allosteric modulators can restore function in an amino acid neurotransmitter receptor
by slightly altering intra-molecular communication pathways. British journal of pharmacology.
2012; 165:2110-2102. [PubMed: 22122331]

Ota N, Agard DA. Intramolecular signaling pathways revealed by modeling anisotropic thermal
diffusion. Journal of molecular biology. 2005; 351:345-354. [PubMed: 16005893]

Pandini A, Fornili A, Fraternali F, Kleinjung J. Detection of allosteric signal transmission by
information-theoretic analysis of protein dynamics. FASEB journal. 2012; 26:868-881. [PubMed:
22071506]

Long D, Bruschweiler R. Atomistic kinetic model for population shift and allostery in
biomolecules. Journal of the American Chemical Society. 2011; 133:18999-19005. [PubMed:
22023352]

Dixit A, Verkhivker GM. Computational modeling of allosteric communication reveals organizing
principles of mutation-induced signaling in ABL and EGFR kinases. PLoS computational biology.
2011; 7:1002179. [PubMed: 21998569]

Tsai CJ, Nussinov R. Gene-specific transcription activation via long-range allosteric shape-shifting.
The Biochemical journal. 2011; 439:15-25. [PubMed: 21916844]

Selvaratnam R, Chowdhury S, VanSchouwen B, Melacini G. Mapping allostery through the
covariance analysis of NMR chemical shifts. Proceedings of the National Academy of Sciences of
the USA. 2011; 108:6133-6138. [PubMed: 21444788]

Liu J, Nussinov R. The mechanism of ubiquitination in the cullin-RING E3 ligase machinery:
conformational control of substrate orientation. PLoS Comput Biol. 2009; 5:e1000527. [PubMed:
19798438]

Zhang J, Sapienza PJ, Ke H, Chang A, Hengel SR, Wang H, Phillips GN, Lee AL.
Crystallographic and nuclear magnetic resonance evaluation of the impact of peptide binding to
the second PDZ domain of protein tyrosine phosphatase 1E. Biochemistry. 2010; 49:9280-9291.
[PubMed: 20839809]

Chennubhotla C, Yang Z, Bahar I. Coupling between global dynamics and signal transduction
pathways: a mechanism of allostery for chaperonin GroEL. Molecular bioSystems. 2008; 4:287—
292. [PubMed: 18354781]

Marcos E, Crehuet R, Bahar I. Changes in dynamics upon oligomerization regulate substrate
binding and allostery in amino acid kinase family members. PLoS computational biology. 2011;
7(9):€1002201. [PubMed: 21980279]

Piwonski HM, Goomanovsky M, Bensimon D, Horovitz A, Haran G. Allosteric inhibition of
individual enzyme molecules trapped in lipid vesicles. Proceedings of the National Academy of
Sciences USA. 2012; 109:E1437-1443.

Frank GA, Kipnis 'Y, Smolensky E, Daube SS, Horovitz A, Haran G. Design of an optical switch
for studying conformational dynamics in individual molecules of GroEL. Bioconjugate chemistry.
2008; 19:1339-1341. [PubMed: 18572960]

Chen J, Dima RI, Thirumalai D. Allosteric communication in dihydrofolate reductase: signaling
network and pathways for closed to occluded transition and back. Journal of molecular biology.
2007; 374:250-266. [PubMed: 17916364]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 16

Yang X, Welch JL, Arnold JJ, Boehr DD. Long-range interaction networks in the function and
fidelity of poliovirus RNA-dependent RNA polymerase studied by nuclear magnetic resonance.
Biochemistry. 2010; 49:9361-9371. [PubMed: 20860410]

Pan'Y, Tsai CJ, Ma B, Nussinov R. How do transcription factors select specific binding sites in the
genome? Nat Struct Mol Biol. 2009; 16:1118-1120. [PubMed: 19888307]

Pan'Y, Tsai CJ, Ma B, Nussinov R. Mechanisms of transcription factor selectivity. Trends Genet.
2010; 26:75-83. [PubMed: 20074831]

Ma B, Tsai CJ, Pan Y, Nussinov R. Why does binding of proteins to DNA or proteins to proteins
not necessarily spell function? ACS Chem Biol. 2010; 5:265-272. [PubMed: 20151694]

Rivera VM, Berk L, Clackson T. Dimerizer-mediated regulation of gene expression. Cold Spring
Harbor protocols. 2012; 2012:767-770. [PubMed: 22753597]

Korkmaz EN, Nussinov R, Haliloglu T. Conformational control of the binding of the
transactivation domain of the MLL protein and c-Myb to the KIX domain of CREB. PL0S
computational biology. 2012; 8:1002420. [PubMed: 22438798]

Kleckner IR, Gollnick P, Foster MP. Mechanisms of allosteric gene regulation by NMR
quantification of microsecond-millisecond protein dynamics. Journal of molecular biology. 2012;
415:372-381. [PubMed: 22115774]

Biter AB, Lee S, Sung N, Tsai FT. Structural basis for intersubunit signaling in a protein
disaggregating machine. Proceedings of the National Academy of Sciences USA. 2012;
109:12515-12520.

Lesne A, Becavin C, Victor JM. The condensed chromatin fiber: an allosteric chemo-mechanical
machine for signal transduction and genome processing. Physical biology. 2012; 9:013001.
[PubMed: 22314931]

Cookson NA, Mather WH, Danino T, Mondragon-Palomino O, Williams RJ, Tsimring LS, Hasty J.
Queueing up for enzymatic processing: correlated signaling through coupled degradation.
Molecular systems biology. 2011; 7:561. [PubMed: 22186735]

O’Neill LA, Bowie AG. The powerstroke and camshaft of the RIG-1 antiviral RNA detection
machine. Cell. 2011; 147:259-61. [PubMed: 22000004]

Nussinov R. How do dynamic cellular signals travel long distances? Molecular bioSystems. 2012;
8:22—-6. [PubMed: 21766126]

Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell. 2010; 141:1117-
1134. [PubMed: 20602996]

Meijsing SH, Pufall MA, So AY, Bates DL, Chen L, Yamamoto KR. DNA binding site sequence
directs glucocorticoid receptor structure and activity. Science. 2009; 324:407-410. [PubMed:
19372434]

Gronemeyer H, Bourguet W. Allosteric effects govern nuclear receptor action: DNA appears as a
player. Science signaling. 2009; 2:pe34. [PubMed: 19491383]

Gantke T, Sriskantharajah S, Sadowski M, Ley SC. kB kinase regulation of the TPL-2/ERK
MAPK pathway. Immunological reviews. 2012; 246:168-82. [PubMed: 22435554]

Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the
treatment of cancer. Oncogene. 2007; 26:3291-3310. [PubMed: 17496923]

Geetha N, Mihaly J, Stockenhuber A, Blasi F, Uhrin P, Binder BR, Freissmuth M, Breuss JM.
Signal integration and coincidence detection in the mitogen-activated protein kinase/extracellular
signal-regulated kinase (ERK) cascade: concomitant activation of receptor tyrosine kinases and of
LRP-1 leads to sustained ERK phosphorylation via down-regulation of dual specificity
phosphatases (DUSP1 and -6). The Journal of biological chemistry. 2011; 286:25663—-25674.
[PubMed: 21610072]

Shaul YD, Gibor G, Plotnikov A, Seger R. Specific phosphorylation and activation of ERK1c by
MEKZ1b: a unique route in the ERK cascade. Genes & development. 2009; 23:1779-1790.
[PubMed: 19651986]

Samarasinghe RA, Witchell SF, Defranco DB. Cooperativity and complementarity: synergies in
non-classical and classical glucocorticoid signaling. Cell Cycle. 2012; 11:2819-2827. [PubMed:
22801547]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 17

Tsai CJ, del Sol A, Nussinov R. Allostery: absence of a change in shape does not imply that
allostery is not at play. Journal of molecular biology. 2008; 378:1-11. [PubMed: 18353365]
Frauenfelder H, Sligar SG, Wolynes PG. The energy landscapes and motions of proteins. Science.
1991; 2541:598-603.

Dill KA, Chan HS. From Levinthal to pathways to funnels. Nature structural biology. 1997; 4:10-
9. [PubMed: 8989315]

Chan HS, Dill KA. Protein folding in the landscape perspective: chevron plots and non-Arrhenius
kinetics. Proteins. 1998; 30:2-33. [PubMed: 9443337]

Tsai CJ, Kumar S, Ma B, Nussinov R. Folding and binding cascades: dynamic landscapes and
population shifts. Protein science. 1999; 8:1181-1890. [PubMed: 10386868]

Tsai CJ, Ma B, Nussinov R. Folding and binding cascades: shifts in energy landscapes.
Proceedings of the National Academy of Sciences of the USA. 1999; 96:9970-9972. [PubMed:
10468538]

Kumar S, Ma B, Tsai CJ, Sinha N, Nussinov R. Folding and binding cascades: dynamic landscapes
and population shifts. Protein science. 2000; 91:10-9.

Tsai CJ, Ma B, Sham YY, Kumar S, Nussinov R. Structured disorder and conformational selection.
Proteins. 2001; 44:418-427. [PubMed: 11484219]

Ma B, Shatsky M, Wolfson HJ, Nussinov R. Multiple diverse ligands binding at a single protein
site: a matter of pre-existing populations. Protein science. 2002; 11:184-197. [PubMed: 11790828]
Gunasekaran K, Ma B, Nussinov R. Is allostery an intrinsic property of all dynamic proteins?
Proteins. 2004; 57:433-443. [PubMed: 15382234]

Ma B, Kumar S, Tsai CJ, Nussinov R. Folding funnels and binding mechanisms. Protein
engineering. 1999; 12:713-720. [PubMed: 10506280]

Kar G, Keskin O, Gursoy A, Nussinov R. Allostery and population shift in drug discovery. Current
opinion in pharmacology. 2010; 10:715-722. [PubMed: 20884293]

Csermely P, Palotai R, Nussinov R. Induced fit, conformational selection and independent dynamic
segments: an extended view of binding events. Trends in biochemical sciences. 2010; 35:539-546.
[PubMed: 20541943]

Cebecauer M, Spitaler M, Sergé A, Magee Al. Signalling complexes and clusters: functional
advantages and methodological hurdles. J Cell Sci. 2010; 123:309-320. [PubMed: 20130139]
Zhou HX, Rivas G, Minton AP. Macromolecular crowding and confinement: biochemical,
biophysical, and potential physiological consequences. Annu Rev Biophys. 2008; 37:375-397.
[PubMed: 18573087]

100. Okuda S, Yamada T, Hamajima M, Itoh M, Katayama T, Bork P, Goto S, Kanehisa M. KEGG

Atlas mapping for global analysis of metabolic pathways. Nucleic acids research. 2008;
36:W423-426. [PubMed: 18477636]

101. Tsai CJ, Ma B, Nussinov R. Protein-protein interaction networks: how can a hub protein bind so

many different partners? Trends in biochemical sciences. 2009; 34:594-600. [PubMed:
19837592]

102. Nussinov R, Tsai CJ, Xin F, Radivojac P. Allosteric post-translational modification codes. Trends

Biochem Sci. 2012; 37:447-455. [PubMed: 22884395]

103. Nussinov R, Ma B, Tsai CJ. A broad view of scaffolding suggests that scaffolding proteins can

actively control regulation and signaling of multienzyme complexes through allostery. Biochim
Biophys Acta. 2013; 1834:820-829. [PubMed: 23291467]

104. Nussinov R, Tsai CJ, Ma B. The Under appreciated Role of Allostery in the Cellular Network.

Annual Review of Biophysics. 2013; 42:169-189.

105. Bashor CJ, Helman NC, Yan S, Lim WA. Using engineered scaffold interactions to reshape MAP

kinase pathway signaling dynamics. Science 2012. 2008; 319:1539-1543.

106. Zalatan JG, Coyle SM, Rajan S, Sidhu SS, Lim WA. Conformational control of the Ste5 scaffold

protein insulates against MAP kinase misactivation. Science. 2012; 337:1218-1222. [PubMed:
22878499]

107. Warren CM, Landgraf R. Signaling through ERBB receptors: multiple layers of diversity and

control. Cell Signal. 2006; 18:923-933. [PubMed: 16460914]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Page 18

Tian T, Harding A, Inder K, Plowman S, Parton RG, Hancock JF. Plasma membrane
nanoswitches generate high-fidelity Rassignal transduction. Nature Cell Biol. 2007; 9:905-914.
[PubMed: 17618274]

Prior 1A, Muncke C, Parton RG, Hancock JF. Direct visualization of Ras proteins in spatially
distinct cell surface microdomains. J Cell Biol. 2003; 160:165-170. [PubMed: 12527752]

Henis Y1, Hancock JF, Prior 1A. Ras acylation, compartmentalization and signaling nanoclusters.
Mol Membr Biol. 2009; 26:80-92. [PubMed: 19115142]

Depoil D, Fleire S, Treanor BL, Weber M, Harwood NE, Marchbank KL, Tybulewicz VL, Batista
FD. CD19 is essential for B cell activation by promoting B cell receptor-antigen microcluster
formation in response to membrane-bound ligand. Nat Immunol. 2008; 9:63-72. [PubMed:
18059271]

Varma R, Campi G, Yokosuka T, Saito T, Dustin ML. T cell receptorproximal signals are
sustained in peripheral microclusters and terminated in the central supramolecular activation
cluster. Immunity. 2006; 25:117-127. [PubMed: 16860761]

Cebecauer M, Spitaler M, Sergé A, Magee Al. Signalling complexes and clusters: functional
advantages and methodological hurdles. J Cell Sci. 2010; 123:309-20. [PubMed: 20130139]

Li Z, Janosi L, Gorfe AA. Formation and domain partitioning of H-ras peptide nanoclusters:
effects of peptide concentration and lipid composition. J Am Chem Soc. 2012; 134:17278-
17285. [PubMed: 22994893]

Harding A, Hancock JF. Ras nanoclusters: combining digital and analog signaling. Cell Cycle.
2008; 7:127-134. [PubMed: 18212529]

Hibino K, Watanabe TM, Kozuka J, lwane AH, Okada T, Kataoka T, Yanagida T, Sako Y. Single-
and multiple-molecule dynamics of the signaling from H-Ras to cRaf-1 visualized on the plasma
membrane of living cells. Chemphyschem. 2003; 4:748-753. [PubMed: 12901307]

Cho KJ, Kasai RS, Park JH, Chigurupati S, Heidorn SJ, van der Hoeven D, Plowman SJ, Kusumi
A, Marais R, Hancock J. Raf inhibitors target ras spatiotemporal dynamics. Curr Biol. 2012;
22:945-955. [PubMed: 22560614]

Bunnell SC, Kapoor V, Trible RP, Zhang W, Samelson LE. Dynamic actin polymerization drives
T cell receptor-induced spreading: a role for the signal transduction adaptor LAT. Immunity.
2001; 14:315-329. [PubMed: 11290340]

Campi G, Varma R, Dustin ML. Actin and agonist MHC-peptide complex-dependent T cell
receptor microclusters as scaffolds for signaling. J Exp Med. 2005; 202:1031-1036. [PubMed:
16216891]

Yokosuka T, Sakata-Sogawa K, Kobayashi W, Hiroshima M, Hashimoto-Tane A, Tokunaga M,
Dustin ML, Saito T. Newly generated T cell receptor microclusters initiate and sustain T cell
activation by recruitment of Zap70 and SLP-76. Nat Immunol. 2005; 6:1253-1262. [PubMed:
16273097]

Smith NJ, Milligan G. Allostery at G protein-coupled receptor homo- and heteromers: uncharted
pharmacological landscapes. Pharmacol Rev. 2010; 62:701-5. [PubMed: 21079041]

Suzuki KG, Fujiwara TK, Sanematsu F, lino R, Edidin M, Kusumi A. GPI-anchored receptor
clusters transiently recruit Lyn and G alpha for temporary cluster immobilization and Lyn
activation: single-molecule tracking study 1. J Cell Biol. 2007; 177:717-730. [PubMed:
17517964]

Suzuki KG, Fujiwara TK, Edidin M, Kusumi A. Dynamic recruitment of phospholipase C gamma
at transiently immobilized GPI-anchored receptor clusters induces IP3-Ca2+ signaling: single
molecule tracking study 2. J Cell Biol. 2007; 177:731-742. [PubMed: 17517965]

Rossy J, Owen DM, Williamson DJ, Yang Z, Gaus K. Conformational states of the kinase Lck
regulate clustering in early T cell signaling. Nat Immunol. 2013; 14:82-89. [PubMed: 23202272]

Rocks O, Gerauer M, Vartak N, Koch S, Huang ZP, Pechlivanis M, Kuhlmann J, Brunsveld L,
Chandra A, Ellinger B, Waldmann H, Bastiaens PI. The palmitoylation machinery is a spatially
organizing system for peripheral membrane proteins. Cell. 2010; 141:458-471. [PubMed:
20416930]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Page 19

Liu W, Chun E, Thompson AA, Chubukov P, Xu F, Katritch V, Han GW, Roth CB, Heitman LHI,
Jzerman AP, Cherezov V, Stevens RC. Structural basis for allosteric regulation of GPCRs by
sodium ions. Science. 2012; 337:232-236. [PubMed: 22798613]

Bethani I, Skanland SS, Dikic I, Acker-Palmer A. Spatial organization of transmembrane receptor
signalling. EMBO J. 2010; 29:2677-2688. [PubMed: 20717138]

Nussinov R, Ma B. BMC biology. 2012; 10:2. [PubMed: 22277130]

Himanen JP, Yermekbayeva L, Janes PW, Walker JR, Xu K, Atapattu L, Rajashankar KR,
Mensinga A, Lackmann M, Nikolov DB, Dhe-Paganon S. Architecture of Eph receptor clusters.
Proc Natl Acad Sci USA. 2010; 107:10860-10865. [PubMed: 20505120]

Seiradake E, Harlos K, Sutton G, Aricescu AR, Jones EY. An extracellular steric seeding
mechanism for Eph-ephrin signaling platform assembly. Nat Struct Mol Biol. 2010; 17:398-402.
[PubMed: 20228801]

Lackmann M, Oates AC, Dottori M, Smith FM, Do C, Power M, Kravets L, Boyd AW. Distinct
subdomains of the EphA3 receptor mediate ligand binding and receptor dimerization. J Biol
Chem. 1998; 273:20228-20237. [PubMed: 9685371]

Wimmer-Kleikamp SH, Janes PW, Squire A, Bastiaens PIH, Lackmann M. Recruitment of Eph
receptors into signaling clusters does not require ephrin contact. J Cell Biol. 2004; 164:661-666.
[PubMed: 14993233]

Nikolov DB, Xu K, Himanen JP. Eph/ephrin recognition and the role of Eph/ephrin clusters in
signaling initiation. Biochim Biophys Acta. 2013; doi: 10.1016/j.bbapap.2013.04.020
Salaita K, Nair PM, Petit RS, Neve RM, Das D, Gray JW, Groves JT. Restriction of receptor
movement alters cellular response: physical force sensing by EphA2. Science. 2010; 327:1380-
1385. [PubMed: 20223987]

Arnaout MA, Mahalingam B, Xiong JP. Integrin structure, allostery, and bidirectional signaling.
Annu Rev Cell Dev Biol. 2005; 21:381-410. [PubMed: 16212500]

Bunnell SC, Hong DI, Kardon JR, Yamazaki T, McGlade CJ, Barr VA, Samelson LE. T cell
receptor ligation induces the formation of dynamically regulated signaling assemblies. J Cell
Biol. 2002; 158:1263-1275. [PubMed: 12356870]

Gestwicki JE, Kiessling LL. Inter-receptor communication through arrays of bacterial
chemoreceptors. Nature. 2002; 415:81-4. [PubMed: 11780121]

Nguyen K, Sylvain NR, Bunnell SC. T cell costimulation via the integrin VLA-4 inhibits the
actindependent centralization of signaling microclusters containing the adaptor SLP-76.
Immunity. 2008; 28:810-821. [PubMed: 18549800]

Yokosuka T, Kobayashi W, Sakata-Sogawa K, Takamatsu M, Hashimoto-Tane A, Dustin ML,
Tokunaga M, Saito T. Spatiotemporal regulation of T cell costimulation by TCR-CD28
microclusters and protein kinase C< translocation. Immunity. 2008; 29:589-601. [PubMed:
18848472]

Kaizuka Y, Douglass AD, Vardhana S, Dustin ML, Vale RD. The coreceptor CD2 uses plasma
membrane microdomains to transduce signals in T cells. J Cell Biol. 2009; 185:521-534.
[PubMed: 19398758]

Minton AP. Confinement as a determinant of macromolecular structure and reactivity. Biophys J.
1992; 63:1090-1100. [PubMed: 1420928]

Doherty GJ, McMahon HT. Mediation, Modulation and Consequences of Membrane-
Cytoskeleton Interactions. Annual Review of Biophysics. 2008; 37:65-95.

Hendricks AG, Holzbaur EL, Goldman YE. Force measurements on cargoes in living cells reveal
collective dynamics of microtubule motors. Proc Natl Acad Sci USA. 2012; 109:18447-18452.
[PubMed: 23091040]

Gad AK, Nehru V, Ruusala A, Aspenstrom P. RhoD regulates cytoskeletal dynamics via the actin
nucleation-promoting factor WHAMM. Mol Biol Cel. 2012; 23:4807-4819.
de Curtis I, Meldolesi J. Cell surface dynamics - how Rho GTPases orchestrate the interplay
between the plasma membrane and the cortical cytoskeleton. J Cell Sci. 2012; 125:4435-4444.
[PubMed: 23093576]

Gauthier NC, Masters TA, Sheetz MP. Mechanical feedback between membrane tension and
dynamics. Trends Cell Biol. 2012; 22:527-535. [PubMed: 22921414]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Page 20

Zheng Y. A membranous spindle matrix orchestrates cell division. Nat Rev Mol Cell Biol. 2010;
11:529-535. [PubMed: 20520622]

St Johnston D. Moving messages: The intracellular localization of mMRNAs. Nature Reviews
Molecular Cell Biology. 2005; 6:363-375. [PubMed: 15852043]

Chen J, Lippincott-Schwartz J, Liu J. Intracellular spatial localization regulated by the
microtubule network. PLoS One. 2012; 7:e34919. [PubMed: 22532834]

Birkenfeld J, Nalbant P, Yoon SH, Bokoch GM. Cellular functions of GEF-H1, a microtubule-
regulated Rho-GEF: is altered GEF-H1 activity a crucial determinant of disease pathogenesis?
Trends Cell Biol. 2008; 18:210-219. [PubMed: 18394899]

Lerit DA, Gavis ER. Transport of Germ Plasm on Astral Microtubules Directs Germ Cell
Development in Drosophila. Current Biology. 2011; 21:439-448. [PubMed: 21376599]

Lerit DA, Gavis ER. Transport of Germ Plasm on Astral Microtubules Directs Germ Cell
Development in Drosophila. Current Biology. 2011; 21:439-448. [PubMed: 21376599]
DeLotto R, DeLotto Y, Steward R, Lippincott-Schwartz J. Nucleocytoplasmic shuttling mediates
the dynamic maintenance of nuclear Dorsal levels during Drosophila embryogenesis.
Development. 2007; 134:4233-4241. [PubMed: 17978003]

Ujfalusi Z, Kovacs M, Nagy NT, Barko S, Hild G, Lukacs A, Nyitrai M, Bugyi B. Myosin and
Tropomyosin Stabilize the Conformation of Formin-nucleated Actin Filaments. J Biol Chem.
2012; 287:31894-31904. [PubMed: 22753415]

Wehrle-Haller B. Assembly and disassembly of cell matrix adhesions. Curr Opin Cell Biol. 2012;
24:569-581. [PubMed: 22819514]

Prochniewicz E, Pierre A, McCullough BR, Chin HF, Cao W, Saunders LP, Thomas DD, De La
Cruz EM. Actin filament dynamics in the actomyosin VI complex is regulated allosterically by
calcium-calmodulin light chain. J Mol Biol. 2011; 413:584-592. [PubMed: 21910998]

Cox CD, Garbaccio RM. Discovery of allosteric inhibitors of kinesin spindle protein (KSP) for
the treatment of taxane-refractory cancer: MK-0731 and analogs. Anticancer Agents Med Chem.
2010; 10:697-712. [PubMed: 21235439]

Seeger MA, Rice SE. Microtubule-associated protein-like binding of the kinesin-1 tail to
microtubules. J Biol Chem. 2010; 285:8155-62. [PubMed: 20071331]

Etienne-Manneville S. From signaling pathways to microtubule dynamics: the key players. Curr
Opin Cell Biol. 2010; 22:104-11. [PubMed: 20031384]

Giustiniani J, Daire V, Cantaloube I, Durand G, Pois C, Perdiz D, Baillet A. Tubulin acetylation
favors Hsp90 recruitment to microtubules and stimulates the signaling function of the Hsp90
clients Akt/PKB and p53. Cell Signal. 2009; 21:529-539. [PubMed: 19136058]

Rayala SK, Martin E, Sharina IG, Molli PR, Wang X, Jacobson R, Murad F, Kumar R. Dynamic
interplay between nitration and phosphorylation of tubulin cofactor B in the control of
microtubule dynamics. Proc Natl Acad Sci USA. 2007; 104:19470-19475. [PubMed: 18048340]
Owen DM, Magenau A, Williamson D, Gaus K. The lipid raft hypothesis revisited-new insights
on raft composition and function from super-resolution fluorescence microscopy. Bioessays.
2012; 34:739-47. [PubMed: 22696155]

Hicks DA, Nalivaeva NN, Turner AJ. Lipid rafts and Alzheimer’s disease: protein-lipid
interactions and perturbation of signaling. Front Physiol. 2012; 3:189. [PubMed: 22737128]
Allen JA, Halverson-Tamboli RA, Rasenick MM. Lipid raft microdomains and neurotransmitter
signalling. Nat Rev Neurosci. 2007; 8:128-140. [PubMed: 17195035]

Arcaro A, Aubert M, Espinosa del Hierro ME, Khanzada UK, Angelidou S, Tetley TD,
Bittermann AG, Frame MC, Seckl MJ. Critical role for lipid raft-associated Src kinases in
activation of PI3K-Akt signalling. Cell Signal. 2007; 19:1081-1092. [PubMed: 17275257]

Oda K, Matsuoka Y, Funahashi A, Kitano H. A comprehensive pathway map of epidermal growth
factor receptor signaling. Mol Syst Biol. 2005; 1:2005.0010.

Pham L, Tamayo AT, Yoshimura LC, Lo P, Terry N, Reid PS, Ford RJ. A CD40 Signalosome
anchored in lipid rafts leads to constitutive activation of NF- kappaB and autonomous cell growth
in B cell lymphomas. Immunity. 2002; 16:37-50. [PubMed: 11825564]

Bugaj LJ, Choksi AT, Mesuda CK, Kane RS, Schaffer DV. Optogenetic protein clustering and
signaling activation in mammalian cells. Nat Methods. 2013; 10:249-252. [PubMed: 23377377]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nussinov

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Page 21

Sherman E, Barr V, Samelson LE. Super-resolution characterization of TCR-dependent signaling
clusters. Immunol Rev. 2013; 251:21-35. [PubMed: 23278738]

Hicks DA, Nalivaeva NN, Turner AJ. Lipid rafts and Alzheimer’s disease: protein-lipid
interactions and perturbation of signaling. FrontPhysiol. 2012; 3:189.

Tsai CJ, Nussinov R. Hydrophobic folding units at protein-protein interfaces: Implications to
protein folding and to protein-protein association. Protein Science. 1997; 6:1426-1437.
[PubMed: 9232644]

Tsai CJ, Lin SL, Wolfson HJ, Nussinov R. Protein-protein interfaces: Architectures and
interactions in protein-protein interfaces and in protein cores. Their similarities and differences.
Critical Reviews in Biochemistry and Molecular Biology. 1996; 31:127-152. [PubMed:
8740525]

Kiel C, Beltrao P, Serrano L. Analyzing protein interaction networks using structural information.
Annu Rev Biochem. 2008; 77:415-441. [PubMed: 18304007]

Mosca R, Céol A, Aloy P. Interactome3D: adding structural details to protein networks. Nat
Methods. 2012; 10:47-53. [PubMed: 23399932]

Keskin O, Ma B, Rogale K, Gunasekaran K, Nussinov R. Protein-protein interactions:
organization, cooperativity and mapping in a bottom-up Systems Biology approach. Phys Biol.
2005; 2:524-35. [PubMed: 16204846]

Molnar E, Swamy M, Holzer M, Beck-Garcia K, Worch R, Thiele C, Guigas G, Boye K,
Luescher IF, Schwille P, Schubert R, Schamel WW. Cholesterol and sphingomyelin drive ligand-
independent T-cell antigen receptor nanoclustering. J Biol Chem. 2012; 287:42664-42674.
[PubMed: 23091059]

Nussinov R, Tsai CJ. Allostery in disease and in drug discovery. Cell. 2013; 153:293-305.
[PubMed: 23582321]

Wolkenhauer O, Mesarovic M. Feedback dynamics and cell function: Why systems biology is
called Systems Biology. Mol Biosyst. 2005; 1:14-6. [PubMed: 16880959]

Phys Biol. Author manuscript; available in PMC 2015 February 02.



	Abstract
	Introduction
	A view of the cell and its representation
	Dynamic clusters
	A structured, though dynamic, eukaryotic cell
	Signaling in the cell membrane
	Some experimental methods that to test the hypotheses that flow from our conceptual framework
	Conclusions: dynamic interactions and conformational biasing across the cell
	References

