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Abstract

Signal transduction systems based on tyrosine phosphorylation are central to cell-cell
communication in multicellular organisms. Typically in such a system, the signal is initiated by
activating tyrosine kinases associated with transmembrane receptors, which induces tyrosine
phosphorylation of the receptor and/or associated proteins. The phosphorylated tyrosines then
serve as docking sites for the binding of various downstream effector proteins. It has long been
observed that the cooperative association of the receptors and effectors produces higher order
protein assemblies (clusters) following signal activation in virtually all phosphotyrosine signal
transduction systems. However, mechanistic studies on how such clustering processes affect signal
transduction outcomes have only emerged recently. Here we review current progress in decoding
the biophysical consequences of clustering on the behavior of the system, and how clustering
affects how these receptors process information.
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Introduction

Tyrosine phosphorylation regulates a number of biological activities including cell
proliferation, differentiation, adhesion, and matility. Indeed, tyrosine phosphorylation
evolved around the same time as metazoan organisms, and the new signaling capabilities it
afforded may have been important for the transition to multicellular life [1].

Signaling by tyrosine phosphorylation involves the activities of three distinct classes of
proteins. Tyrosine kinases phosphorylate tyrosine residues in substrate proteins, while
tyrosine phosphatases remove the phosphate, converting phosphotyrosine (pTyr) back to
tyrosine. Finally, small modular pTyr binding domains, predominately Src Homology 2
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(SH2) domains, bind specifically to tyrosine-phosphorylated peptides, thereby mediating the
assembly of multiprotein complexes dependent on tyrosine phosphorylation [2,3]. In most
cases, downstream signaling requires the binding of SH2-containing proteins to
phosphorylated binding sites. Thus system output depends on phosphorylation and
dephosphorylation rates, and on the concentration and affinity of the SH2-containing
proteins that bind to the phosphorylated sites.

In most cases, pTyr-mediated signaling is initiated by the activation of tyrosine kinases that
are associated with transmembrane receptors. Engagement of the extracellular portion of
receptors with specific ligands leads to increased catalytic activity of the associated kinase
domain. There are two broad classes of receptors: the receptor tyrosine kinases (RTKS),
which have their own intracellular tyrosine kinase domains, and receptors such as cytokine
receptors and T-cell receptor, which are non-covalently associated with cytosolic tyrosine
kinases. For both classes, it has long been appreciated that dimerization or aggregation of
receptors is critical for their activation.

The need for dimerization is easily understood in the case of RTKs. For these receptors, the
extracellular ligand-binding domain is linked to the intracellular tyrosine kinase domain by a
single helical transmembrane segment. For an isolated receptor molecule, it is difficult to
envision how the ligand binding state of the extracellular domain could be communicated
through the membrane to the kinase domain. Ligand-induced dimerization, however,
provides a ready mechanism to convert ligand binding to a change in state of the catalytic
domain. In most cases, it is thought that dimerization leads directly to activation by allowing
two closely apposed kinase domains to phosphorylate each other (transphosphorylation).
Typically, phosphorylation of critical sites in the so-called activation loop of the kinase locks
that kinase in an activated conformation (without activation loop phosphorylation, the active
conformation of most protein kinases is poorly populated) [4]. Thus dimerization leads to
activation of the dimerized catalytic domains, and also facilitates phosphorylation of other
sites on the receptor (or in some cases receptor-associated scaffold proteins) that can then
serve as binding sites for SH2 domain-containing effector proteins [5].

Similarly, dimerization or aggregation of receptors non-covalently linked to tyrosine kinases
increases the local concentration of such kinases, and thus their likelihood to phosphorylate
each other and associated receptor molecules. In some cases, such as the T-cell and B-cell
receptors, the activation process is more complicated, involving multiple kinases that are
sequentially recruited to receptors and activated, and multiple substrates, including receptor
chains, scaffold proteins, and downstream effectors [6].

The binding of SH2 domain-containing effectors to the activated receptor triggers
downstream signaling by their relocalization (in the case of receptors, to the plasma
membrane) and in some cases by inducing their phosphorylation by receptor-associated
kinases. Many of these effectors are themselves enzymes, or associated with enzymes, and
relocalization to the plasma membrane brings them into close proximity with their
substrates. For example, phospholipase C and phosphatidylinositol 3-kinase both modify
plasma membrane inositol lipids, while SOS (which is recruited by the adaptor protein
GRB2) and RAS-GAP both act on the small G protein RAS, which is confined to the
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membrane due to its lipid 4 modification. This proximity effect, combined in some cases
with activating phosphorylation by the receptor, increases the rate of reaction for these
enzymes, thus propagating downstream signaling.

It is now appreciated that in addition to dimerization, in virtually all cases receptors
associated with tyrosine kinases aggregate into higher-orders structures (clusters) upon
ligand engagement (Fig 1). As noted above, receptor dimerization is needed to facilitate
activation of kinases and phosphorylation of other sites on the receptors, but at first glance
the effects of higher order clustering are not obvious. Below we consider the biophysical
consequences of clustering on the behavior of the system, and how clustering affects
information processing by receptors. A list of points of regulation by clustering is shown in
Table 1 and its accompanying figure (Fig. 2), and discussed in more detail in the following
sections.

Signaling clusters as liquid protein droplets

The physical properties of signaling clusters had attracted little research attention until
recent years. That changed, however, after Li et al. reported the formation of phase-separated
protein droplets upon mixing purified signaling proteins that could interact with each other
in a multivalent manner [7]. These experiments used the adaptor protein NCK, which
contains an SH2 domain and three SH3 domains; a fragment of N-WASP containing
multiple SH3 binding sites; and a multiply tyrosine-phosphorylated fragment of Nephrin. /n
vivo, these components are critical to signaling events that generate actin-rich structures in
kidney podocytes [8]. Similar experiments have now been replicated in a two-dimensional
environment on a supported lipid bilayer [9] and with other signaling protein systems [10—
12]. These results are hugely influential in terms of reshaping the current thinking on the
signaling clusters. It is, therefore, worthwhile to discuss a few key concepts arising from
these experiments in the context of signaling.

(1) Phase separation

Protein droplet formation /n vitro has largely been interpreted in the framework of phase
separation — a thermodynamic mechanism that segregates protein molecules from a
homogenous solution phase into two new equilibrated phases: the droplets, where the
protein concentrations are high, and the surrounding solution, where the protein
concentrations are lower. It is plausible that signaling clusters in cells can be understood in
the same framework, considering the similarity between the two phenomena, but with one
significant caveat: signaling clusters exist /7 vivoin a state far from equilibrium. In tyrosine
phosphorylation signaling, pTyr residues have a very high rate of turnover (on the time-scale
of seconds, also see later section on signal initiation), as they are continuously being
generated by kinases and removed by phosphatases. It remains to be seen how the phase
separation framework fits for systems with this type of energy-consuming turnover
dynamics.
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(2) Sol-gel transition

There is significant evidence suggesting that the chemical architecture of protein droplets
follows that of a gel [13]. Here the tem “gel” refers to its traditional meaning in polymer/
colloidal chemistry [14]: biphasic entities containing both a homogenous liquid phase
(mostly the water or organic solvent) and a cross-linked chemical network. We know that
protein droplets contain large amount of water [7], and the importance of cross-linking can
be inferred from the requirement for multivalent components in the protein droplet
experiments. Indeed, multivalent binding is a hallmark of protein interactions in cellular
signaling, and thus it is likely that the signaling clusters in cells have a similar architecture,
although they do also have a few of their own peculiarities. For example, most signaling
clusters contain transmembrane proteins, and thus lipid molecules must contribute to the
biophysical properties of the resulting structures.

(3) Viscoelasticity

One curious observation on the protein droplets was that they exhibited many “liquid-like”
mechanical properties: They are mostly round, indicative of surface tension; they can fuse
together into larger droplets; they shear under stress; and one can demonstrate “flow” of
materials within a droplet via photobleaching experiments. Nevertheless, a more general
understanding of their mechanical properties would involve characterizing their viscoelastic
parameters, with the anticipation that they exhibit both solid-like and liquid-like responses in
a time-scale dependent manner. In this regard, a critical parameter is the stability of
molecular bonds between proteins in the network. When these bonds are sufficiently
transient to allow reconfiguration of the network at the time-scale of interest, then the
material would appear “liquid”; otherwise it would be more solid-like. In the context of
signaling, the physiologically relevant time-scale spans a fairly broad range from
milliseconds to many hours or days, and data on the physical properties of signaling clusters
are very limited on all timescales.

Dynamics of signaling clusters

The observation of protein droplets /in vitro prompted the question of whether the signaling
clusters seen so ubiquitously in cells have the same physical nature. Conceptually, creating
droplets of signaling molecules that behave like liquid (as opposed to solid) seems to offers
advantages in terms of biochemistry: an enzymatic domain within a solid will only be able
to access a few substrates that are very close, but in liquid it can diffuse within the droplet to
work on more substrate molecules. Experimental investigation of the physical properties of
signaling clusters is quite difficult, however, as the small size of many of the clusters in pTyr
signaling (sub-micrometer) causes significant technical hurdles. For example, shear-stressed
induced flows can be a very effective strategy to probe liquid properties in protein clusters,
as was well-demonstrated in relatively large cellular structures such as RNP granules and the
nucleolus [11], but this approach has not been used to study receptor clusters. Another
strategy is to examine material flow within a droplet by photobleaching half of the droplet,
and observing the signal recovery and redistribution from the other half. This test works well
for /n vitro reconstituted protein droplets, but the signaling clusters in cells are often too
small for this approach (Fig 3). A much simpler experiment is to photobleach the whole
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cluster and measure the overall protein recovery kinetics. This will tell us the turnover rate
of the molecular components in the droplet, but it does not directly answer the question
whether the droplet liquid-like or solid-like.

Other experimental strategies probe the molecular dynamics within the signaling clusters by
studying individual molecules. Microscopically, the hallmark of liquid is the ability of its
molecules to frequently break and reform bonds to different interacting partners nearby,
allowing the molecule to shift its position within the bulk material during the process.
Evidence of this type of microscopic dynamics can be found in the single-molecule studies
by Oh et al. [15] on EGFR signaling clusters. Their data showed a correlation between the
apparent diffusion rates of the individual SH2-domain proteins and the strength of binding to
their target pTyr sequences. This correlation exists because molecules that have weaker
bonds tend to break them more frequently and thus spend more time moving around; this
can be quantitatively modeled via standard kinetics theory of the diffusion-reaction system
[16]. Another example is from analysis of single-molecule dynamics of the integrin receptor
in focal adhesions [17]. The focal adhesion couples the extracellular matrix to the actin
cytoskeleton, and is a relatively immobile structure [18]. The experimental data showed,
however, that individual integrin molecules within the structure exhibit significantly higher-
than-expected lateral diffusional dynamics, suggesting some form of dissociation-rebinding
events. Finally, statistical analysis of molecular mobility can also be a powerful tool in
deciphering the microscopic interactions a molecule experiences in a droplet, especially
when the analyses are performed across multiple time-scales. For example, Huang et al. used
such a strategy to deduce the cross-linking architecture of reconstituted LAT:Grb2:SOS
droplets [19]. Although their work is based on an /n vitro reconstituted system, the
experimental strategy is applicable to live cell studies.

Despite many current efforts to characterize the dynamics of signaling clusters, it is probably
fair to say that our understanding on this topic is still very limited. Furthermore, few studies
have yet addressed more complex questions, such as whether signaling clusters can adopt
multiple physical states, and/or undergo transitions between different physical states as a
way to regulate signaling outcomes. It is possible that some signaling complexes may
transition to a solid state under certain environmental conditions, in which individual
components are essentially permanently associated and can no longer move relative to each
other [11]. Such a transition could explain the perplexing persistence of some protein-
protein interactions, even long after cell lysis, which allows their detection by co-purification
or co-immunoprecipitation.

Signaling protein clustering and signal initiation

The prevalence of receptor clusters in pTyr signaling raises the obvious question of whether
clustering is necessary for signal initiation. Biochemically, there is no question that
dimerized RTKs are perfectly capable of cross-phosphorylating each other, without the need
for clustering. In cells, however, it is now increasingly appreciated that receptors face
significant dephosphorylation pressure from phosphatases. In the EGFR system, for
example, we know that dephosphorylation of an activated receptor occurs within a few
seconds [20,21]. Importantly, the dephosphorylation pressure is also present in unactivated
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cells, as inhibition of tyrosine phosphatases in living cells quickly results in an accumulation
of pTyr, indicating that even in resting cells there is rapid turnover of tyrosine
phosphorylation [20,22]. The question is thus whether the cluster is needed for signal
initiation in the presence of dephosphorylation. Recently, several labs have engineered
receptors whose state of oligomerization could be experimentally manipulated (Fig. 4). Data
from such experiments indicate that, at least in some signaling systems, the answer seems to
be yes.

The first system is based on the EphB2 receptor [23]. Unlike many other RTKSs, signaling by
Eph family (EphA/B) receptors seems to be highly dependent on multivalent interaction
between the receptors and their ligands (ephrins) [24]. It was shown two decades ago, using
artificial ligands, that monomeric ligand (which induces receptor dimerization) does not
produce the downstream signaling effect evoked by oligomeric ligand, which efficiently
induces clustering [25]. More recently, researchers have produced engineered EphB2 by
inserting copies of the FKBP protein domain into the intracellular portion [26]. This allows
them to chemically cross-link the receptor by treating cells with a small-molecule chemical
dimerizer (which binds with high affinity the FKBP domain). By varying the number of
FKBP domains, they could fine-tune the distribution of oligomers and test how receptor
phosphorylation depends on the oligomerization state. They found that dimers were less
efficient than higher-order oligomers in inducing receptor phosphorylation, and much less
efficient in inducing downstream signaling.

The T cell receptor (TCR) is another system that has been examined [27]. The TCR is a
relatively complex receptor in which the ¢ chains of the receptor are phosphorylated by
cytosolic Src family tyrosine kinases, such as Lck, when the receptor engages MHC-peptide
complexes on the surface of antigen-presenting cells. Phosphorylation of TCR € chain in
turn leads to recruitment and activation of a second cytosolic tyrosine kinase, ZAP70, which
phosphorylates downstream effectors and scaffolds such as LAT. In this case, the researchers
replaced the extracellular domain of the TCR C chain with a short single-stranded DNA
strand, allowing them to activate the receptor by presenting complementary DNA strands on
a supported lipid bilayer. By tuning the density of the complementary DNA and its affinity
to the engineered receptor, and monitoring the cell with single-molecule imaging, they were
also able to distinguish receptors in different oligomerization states. Again, their results
indicated that the formation of receptor clusters was necessary for efficient receptor
phosphorylation and recruitment of ZAP70.

What makes clusters more efficient in generating tyrosine phosphorylation? A simple
answer would be that clusters increase the local concentration of reactants (kinase and
substrates), which should increase the rate of phosphorylation in a cluster. The simplicity of
this statement, however, is extremely misleading. Considering the RTK system, for example,
the receptor protein encompasses both the catalytic enzyme (the kinase domain) and the
substrate sequence. In a sense, from the RTK point of the view, the substrate is always at
(the same) very high local concentration. The concept of “local concentration” is ambiguous
here. Therefore, whether clustering increases the phosphorylation rate is far from a trivial
question. Further theoretical analysis is needed, as well as experimental data on the
accessibility of different substrate sites in ¢is, in transin dimers, and in #rans in clusters.
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Another factor must be considered in the case of receptors that are non-covalently associated
with cytosolic tyrosine kinases: most such kinases (for example Src family kinases and
ZAP-70) themselves contain SH2 domains that bind to tyrosine-phosphorylated sites [28].
Furthermore, engagement of the SH2 domains of such kinases often stabilizes their
catalytically active conformation [29]. This provides a strong positive feedback mechanism,
in that the higher the local concentration of tyrosine phosphorylation, the higher the
likelihood the kinase will be recruited and will be active, thus leading to even more tyrosine
phosphorylation. SH2 domains also promote the processive phosphorylation of substrates by
tethering the kinase to substrates [30,31]. Receptor tyrosine kinases have even been reported
to recruit and activate soluble nonreceptor tyrosine kinases via SH2-mediated binding,
which enhances phosphorylation of the receptor and of receptor-associated proteins [32].
The greater likelihood of nonreceptor tyrosine kinase binding to clustered receptors, via
avidity effects and rapid rebinding as discussed below, likely contributes to a more switch-
like (“all or nothing™) response for receptor clusters than would be possible in the case of
isolated receptors.

In addition to the phosphorylation rates, steady state pTyr levels are also dependent on
dephosphorylation rates. Here clustering can have different effects, depending on the type of
tyrosine phosphatase. As has been pointed out by several authors recently [33,34], an
important factor to consider is the saturation of enzymatic reactions at high concentration.
When substrate concentration is sufficiently high, an enzymatic reaction follows zero order
kinetics: the reaction rate no longer increases as a function of substrate concentration. It has
been recognized more than three decades ago that saturation of competing enzymes, such as
kinases and phosphatases, in a network could lead to complex system properties, e.g. switch-
like behavior, which was initially called “zero-order ultrasensitivity” [35]. In the specific
case of RTK systems, the various tyrosine phosphatases have moderately high K, values (on
the order of uM [36]), meaning that they are normally unsaturated when substrates are
dispersed, but could reach saturation in a cluster. This makes phosphatases less efficient on a
per-substrate basis within the clusters. Because kinase activity is either constant or increased
in a cluster (see above), this may be one mechanism whereby clusters promote more
efficient phosphorylation.

For larger clusters, another factor that may affect the phosphorylation/dephosphorylation
balance is the spatial exclusion of some phosphatases from the interior of the clusters. This
mechanism is expected to affect transmembrane, receptor-type phosphatases. This has been
most convincingly shown in the TCR system, where one of the major phosphatases is the
transmembrane phosphatase CD45 [37]. Single-molecule imaging data showed that CD45
tends to be sterically excluded from the interior of TCR clusters, suggestion that clustering
protects internal pTyr sites from dephosphorylation by CDA45.

Finally, there is also a small group of PTPs that contain tandem SH2 domains (PTPNG6/
SHP-1 and PTPN11/SHP-2), which can be actively recruited to phosphorylated/activated
receptors. SH2 engagement also increases phosphatase activity. Simplistically, these
phosphatases should be recruited more efficiently to clusters with high local concentrations
of phosphosites that can engage their SH2 domain (see below). How clustering affects the
activity of this group is not well studied and is difficult to predict, due to the presence of
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multiple counter-acting factors that could potentially play a role. In cells, these phosphatases
have been reported to have both positive and negative effects on receptor signaling [38].

Signaling clusters and signal propagation — Thermodynamic
considerations

Beyond effects on phosphorylation, cluster formation may also affect how the effector
proteins are recruited to the receptors at the cell membrane. For example, in EGFR
signaling, the mitogenic effects are largely driven by the recruitment of the RAS activator,
SOS, to the plasma membrane. Therefore when considering the impact of EGFR clustering
on signaling outcomes, one has to evaluate whether clustering would alter the amount of
SOS being recruited and its ability to activate RAS. Unfortunately, the thermodynamics of
receptor/effector interaction cannot be easily described by simple affinity parameters such as
dissociation constants, which are typically only available for 1:1 binary interactions between
specific protein domains. Most, if not all, effector proteins in signaling have multiple
binding modes/valencies, due to the presence of multiple modular protein binding domains
and/or their binding sites [39]. SOS, for example, has multiple proline-rich SH3 binding
sites, each of which can bind to one of the two SH3 domains of GRB2, a component of the
signaling complex. At equilibrium, the SOS proteins are partitioned into three groups: ones
that are unbound, ones that are bound to receptor clusters via one GRB2 molecule, and ones
bound to multiple GRB2 molecules. Yet, it is impossible to compute the values of the
partitioning without knowing the exact molecular configurations of the cluster, because the
extent of the multivalent binding will depend on the density and orientation of the
multivalent partners. Unlike the case of monomer binding in solution, no absolute value can
be easily specified without this context. This complexity has long been recognized by the
signaling field and is commonly referred to as the “avidity” effect. Avidity decreases the
chance of unbinding, since multiple dissociation events must occur within a short time-
window for the molecule to escape. While it is generally agreed that the consequence of
avidity is higher apparent binding affinity, experimental quantification of the effect,
especially in the context of effector recruitment in signaling, is still uncommon in the
literature.

One example of such a quantitative study used the reconstituted T cell receptor system,
consisting of phosphorylated LAT, GRB2 and SOS proteins [40]. Mixing these components
at suitable concentration on supported lipid bilayers can lead to spontaneous phase
separation to form protein clusters/droplets. Thus the authors can compare the single-
molecule dynamics of two effectors —- GRB2 and SOS in this system — between the non-
clustered and clustered situation. The results are unambiguous that clustering allows a new
population of very stably bound effectors to emerge, presumably corresponding to molecules
that are bound with multiple interaction domains. Somewhat surprisingly, this stably bound
population represents a fairly small fraction (e.g. 10% for SOS) of total recruited molecules,
which seems to suggest that despite potential avidity mechanisms, most molecules interact
with the cluster monovalently. The results are also consistent with measurements in cells,
e.g. by Oh et al. [15], on the dynamics of tandem-SH2-domain probes that are bound to
EGFR clusters. In this case, the “highly stable” population also represents a small fraction,
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even though the molecule can potentially bind to two pTyr residues simultaneously. Perhaps
in most cases the spacing and orientation of sites makes multivalent interaction relatively
rare, with the exception of specialized phosphorylation motifs containing precisely spaced
sites known to engage effectors with tandem SH2 domains (for example the so-called
“I'TAM motif” on TCR chains [41], which when phosphorylated binds the tandem SH2
domains of ZAP70).

In considering avidity, another challenge is that when we are dealing with complex
macromolecules such as proteins, it is not always obvious what represents a multivalent
interaction. Traditional biochemistry is driven primarily by the specific and strong
interaction between protein domains. Weak and nonspecific electrostatic, hydrophobic and
van der Waal forces between residues outside the specific “interaction surfaces” are
generally ignored, albeit justifiably when studying dilute and well-mixed solutions.
However, when proteins form clusters, whether or not these weak forces can still be safely
ignored is questionable.

Some new experimental evidence indeed suggests that the contribution of these forces
should be more carefully examined. For example, in a recent the study of EGFR signaling
[22], the authors performed time-resolved measurements of the amount of SH2 domains
recruited to activated and phosphorylated EGFR receptor clusters in living cells, and found
that the amount continued to increase long after the total tyrosine phosphorylation had
reached its peak and started to decline. This effect, which correlated with the rate of
clustering, could be observed for many SH2 domains that bind to the EGFR, unless receptor
clustering was disrupted using chemical means. This type of clustering-dependent increase
in binding is typically an indicator of avidity effects; in this case, however, the protein
molecules being measured were isolated (monomeric) SH2 domains taken from various
endogenous effectors in the EGFR pathway.

Nominally, a single SH2 domain is a monovalent binder that can only bind to one pTyr
peptide. Thus the results suggest that the traditional concept of multivalency may be too
narrowly applied when dealing with structures with very high protein density such as the
signaling clusters. Part of the effect here is probably kinetic: clustering would make it harder
for any cytosolic effector to find its binding target, and thus slow down both the on rate,
assuming the on rate is diffusion controlled, as well as the off rate, assuming efficient
rebinding [16]. Therefore, a delay is expected between the peak of phosphorylation and the
peak of effector binding. However, theoretical calculation predicts that such a delay should
be on the order of seconds, and not minutes as was observed in the experiments. Thus it is
plausible that the multiple weak nonspecific interactions may play a role here to strengthen
the binding in clusters.

One possible driver of interactions in the cell is the so-called “depletion force,” which
operates in highly crowded environments such as the cytosol [42]. This force corresponds to
the osmotic pressure exerted by other macromolecules that are excluded from the volume
between closely adjacent protein molecules. This was recently proposed as a mechanism
driving the clustering of transcription factors in response to signaling-induced changes in
their phosphorylation [43]. The exact values of the depletion force in signaling clusters will
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depend on the concentrations of signaling proteins, the concentrations of co-solute (i.e.,
other small proteins within the aqueous phase of the droplet), as well as the relative size
ratios between the two groups. Not all these data are experimentally available yet to permit
quantitative modeling of this mechanism, but we are rapidly approaching such a point, as
many new studies now focus on quantifying relevant key parameters (copy numbers,
stoichiometry etc.) of signaling systems (e.g., [44]).

Signaling clusters and signal propagation — Kinetic considerations

Signaling clusters could also affect downstream signal transduction via a purely kinetic
mechanism called kinetic proofreading. The concept of kinetic proofreading was initially
used to explain the fidelity of DNA replication [45], although the general principle is now
recognized to be applicable in many other biological phenomena [46,47]. In the context of
receptor signal transduction, it was shown theoretically by McKeithan [48] that the kinetics
of ligand binding to receptors can regulate the efficiency of receptor activation. A more
generalized formulism was given by Huang et al. [40] in their discussion of SOS activation
in TCR signaling. In all cases, the general theme of kinetic proofreading is that the turnover
rate of an upstream binding/dissociation reaction can affect the biochemical outcome of a
downstream event. In the example of SOS, RAS activation occurs after it is recruited to T
cell receptor complexes at the cell membrane. For each individual molecule, the activation
time should be described by a waiting-time distribution function, due to stochasticity of the
chemical reactions involved in catalysis (Fig. 5). Importantly, because there are multiple
steps in the catalytic pathway, the waiting-time distribution function for SOS activity has
both a rise and a decay, i.e. it exhibits a non-zero mode. As a consequence, SOS molecules
that exhibit very fast binding/dissociation turnover at the receptor will not activate RAS as
efficiently in comparison to the scenario where the turnover is slower. In more general terms,
such a kinetic proofreading effect can be seen in any waiting-time distribution function that
exhibits a non-zero mode, a condition that is satisfied as long as the process involves more
than one sequential chemical reaction, which probably describes most if not all signal
transduction events. It is also important to point out that kinetic proofreading is entirely a
consequence of kinetics, and require no change in thermodynamic properties such as
equilibrium constants in the system.

How are kinetic proofreading effects related to cluster formation in signaling? Recent
experimental evidence indicates that signaling cluster formation can slow down the effector
protein turnover at the cluster. Several mechanisms contribute to this effect: First, because
high-density clusters promote multivalent binding, the effectors’ dissociation rate is lower in
a cluster, because dissociation requires simultaneously breaking multiple protein-protein
interactions. This is a consequence related to the avidity effects discussed earlier. Secondly,
the high local concentration of binding sites in the cluster necessarily leads to a very high
local protein-protein binding rate, which is proportional to concentrations of reactants.
Therefore for any newly dissociated protein, there is a high probability of rapid rebinding as
opposed to diffusing away, effectively resulting in a slower overall turnover rate [15,49].
Combined, these factors suggest that clusters may activate downstream signaling events
much more efficiently than non-clustered receptors. Furthermore, clustering may prevent
spurious signal activation due to the random binding of various effectors to the isolated
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receptors, which may happen at high frequency in unactivated cells considering the high
intrinsic turnover rate of pTyr in RTK systems. Such events would lead to only relatively
brief binding of effectors, compared to clusters generated by bona fide signals, which would
promote more stable effector binding. Therefore, the kinetic proofreading mechanism can
confer both noise suppression and threshold-type activation.

Conclusion

Recent studies have prompted a re-evaluation of signaling by receptors linked to tyrosine
kinases. Relatively simple, static cartoon models are being replaced by a more sophisticated
appreciation of the important roles played by dynamic clusters of receptors and their
downstream effectors in signal processing. New approaches from the fields of polymer
science, soft-matter physics, and kinetic theory are beginning to provide insight into the
sometimes surprising and counterintuitive behaviors of such structures. Given the
importance of tyrosine kinase pathways for normal life, and the fact that dysregulation of
these pathways drives many human diseases, these new insights are likely to have a major
impact on basic and translational research in the coming years.
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Highlights

Receptors associated with tyrosine kinases aggregate into higher-orders
structures (clusters) upon ligand engagement.

New approaches from the fields of polymer science, soft-matter physics, and
kinetic theory are beginning to provide insight into the biophysical
consequences of clustering on the behavior of the system.

Experimental data indicated that receptor clustering impact signal outcomes
by altering the balance between phosphorylation and dephosphorylation, and
modulating downstream effector activation.
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Fig. 1.
Signaling by receptor tyrosine kinases. As depicted from the left, binding of ligand (gray

rectangle) to the extracellular domain of the receptor stabilizes receptor dimers. The
intracellular catalytic domains then phosphorylate their dimer partner, stabilizing the active
conformation and promoting phosphorylation of additional sites on the receptor. These
phosphosites serve to recruit SH2 domain-containing effectors from the cytosol. Activated
receptors typically cluster together into dynamic higher-order assemblies (right). While
signaling clusters may be relatively stable, individual phosphorylation and binding events
are highly transient, lasting only a few seconds
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Fig. 2.

Points of regulation by clustering discussed in this review. Light color background suggested
an upregulation of the underlying molecular interactions (binding, enzymatic activity etc.);
dark color suggests a downregulation.
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Fig 3.

E)?perimental tests to distinguish protein liquid droplet from gel can be based on either
macroscopic properties (left) or microscopic properties (right). Left: FRAP experiment with
partial photobleaching of the droplet can test whether the materials within the droplet can
flow via diffusion (liquid) or not (gel). Right: In liquid, non-covalent bonds (dashed lines)
between protein molecules (represented by the spheres) are broken and reformed frequently,
allowing individual molecules to move and rebind to different partners. This type of
molecular dynamics is not observed in a gel, where binding is stable (solid lines).

J Mol Biol. Author manuscript; available in PMC 2019 October 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Mayer and Yu Page 18

FKBP

Artificial Ligand Chemical Crosslinking

dimerizer
== —
Cell Membrane EEE

SLB

Fig 4.

V:rious protein engineering strategies have been used in the literature to exert experimental
control of receptor oligmerization states. (Left) DNA-based artificial ligand allows fine
tuning of receptor-ligand interaction between a cell and supported lipid bilayer (SLB).
(Right) FKBP-based chemical dimerization system has been used to define the cross-linking
topology of artificial receptors.
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Fig. 5.

Activation mechanism dictates the waiting time distribution of the activation step in signal
transduction (adopted from (Huang et al 2016)). In the example of SOS activation (A), the
distribution (B) is exponential if the activation is a single-step reaction (N=0); otherwise, in
the more common case of complex, multi-step activation, the distribution has a non-zero
mode (N>0). The latter cases would exhibit a kinetic proofreading effect.
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Table 1

Points of regulation by clustering

Point of regulation

Effect and mechanism

Page 20

Receptor kinase activity

Recruited kinase activity

Transphosphorylation of activation loop or through asymmetric dimer formation.

Avidity (increased binding).

PTP activity (transmembrane) Potentially reduced activity by spatial exclusion

PTP activity (cytosolic)
PTP activity (recruited)

Potentially reduced activity due to substrate saturation

Complex effects

Binding of effector (monovalent)  Slower turnover kinetics due to high local concentration. Possible effect on Kj through low-affinity

interactions (e.g. depletion force).

Binding of effector (multivalent)  Increased binding due to avidity.

Effector output activity

Kinetic proofreading. May promote threshold-type response.
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