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ABSTRACT
The Ras superfamily GTPases represent one of the most prolific signaling currencies used in Eukaryotes.
With these remarkable molecules, evolution has built GTPase networks that control diverse cellular
processes such as growth, morphology, motility and trafficking.1-4 Our knowledge of the individual
players that underlie the function of these networks is deep; decades of biochemical and structural
data has provided a mechanistic understanding of the molecules that turn GTPases ON and OFF, as
well as how those GTPase states signal by controlling the assembly of downstream effectors. However,
we know less about how these different activities work together as a system to specify complex
dynamic signaling outcomes. Decoding this molecular “programming language” would help us
understand how different species and cell types have used the same GTPase machinery in different
ways to accomplish different tasks, and would also provide new insights as to how mutations to these
networks can cause disease. We recently developed a bead-based microscopy assay to watch
reconstituted H-Ras signaling systems at work under arbitrary configurations of regulators and
effectors.5 Here we highlight key observations and insights from this study and propose extensions to
our method to further study this and other GTPase signaling systems.
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The majority of biochemical work on Ras systems to date
has typically focused on individual steps in the GTPase reac-
tion cycle: GEF assays monitor the first exchange of fluores-
cently labeled nucleotide for unlabeled nucleotide; GAP
assays monitor the hydrolysis of GTP under conditions in
which exchange is typically not possible6; effector binding is
investigated when GTPases are loaded with non-hydrolyz-
able GTP analogs.7-9 These approaches have allowed us to
develop an understanding of how GEF, GAP, effectors, and
GTPase operate in isolation. However, in the cell all of these
activities can be present at once, such that the GTPase is
actively cycling as it propagates signals downstream to mul-
tiple competing effectors. While one can query Ras under
such conditions with cell-based experiments, it is challeng-
ing to map cellular signaling outcomes to specific configura-
tions of the underlying network. How can we determine
how the configuration of the underlying GTPase network
defines how signals are transmitted and the ways in which
cells can “program” the system to produce specific dynamic
responses to external inputs?

To address this problem, we sought a new type of sys-
tems level reconstitution of GTPase signal processing that
would allow for multiple cycles of activation and

deactivation of the GTPase and in which outputs would
be measured by effector binding to the GTPase—precisely
the same way in which cells couple GTPase activation to
outputs. Thus, we developed a bead-based microscopy
assay to literally watch H-Ras signal processing, in which
microspheres coated with GTPase serve as a platform for
input-dependent assembly and disassembly of fluores-
cently-labeled effector molecules from a solution of net-
work components (Fig. 1).5

When an input is applied to an H-Ras signaling net-
work, what dynamic outputs are produced as a result?
Our assay enabled us to explore this question because we
could prepare signaling networks with different concen-
trations and identities of GEFs, GAPs, and effectors and
then monitor the dynamics of the system response over
time to a perturbation. In doing so, we found that the
nature of the underlying configuration of the GTPase
network had dramatic effects on the type of output
dynamics that we observed (Fig. 2).

Increasing amounts of step-input derived from a con-
stitutive GEF activity led to increased amplitudes of sys-
tem output (i.e. effector binding) and faster turn-on
response. Surprisingly, these same inputs in the presence
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of increasing amounts of GAP activity did not simply
lower the amplitude of the response, but substantially
altered the dynamics as well. High levels of GAP activity
led to overshoot of the final steady state and a transient,
pulsatile output response, in which shorter pulse-widths
were associated with higher concentrations of GAP in
the system. This implies that both sustained and tran-
sient outputs can be naturally encoded by these GTPase
systems.

In addition, we found that the density of GTPase pres-
ent on the bead surface played an important role in the
apparent output dynamics we observed. In response to
the exact same input, low GTPase density systems exhib-
ited more transient character in their outputs than high
density systems, likely representing a shift in network
configuration from one in which the GTPase was limit-
ing to one in which the GTPase was in excess.

Another surprising observation was that effectors
played a much more active role in signal processing
than we had anticipated. We had initially thought
that higher concentrations of effector would simply
scale the amplitude of the output response. However,
increasing the levels of effector in the system led not
only to more amplitude in the system response, but
also wildly different dynamics. This is because higher
concentrations of effector enable faster equilibration
against the time-varying concentration of activated
GTPase, thus allowing higher effector concentrations
to capture more transient features of the upstream
GTPase signal in the output.

The active roles that effectors play in shaping signal-
ing dynamics were even more striking in networks that
contained more than one effector. These bear a stronger
resemblance to the actual networks inside cells, in which

Figure 1. A bead-based microscopy assay for watching Ras GTPase networks signal under arbitrary system configurations. Depiction of
the assay developed in ref. 5. Beads loaded with the H-Ras GTPase are placed in a solution containing fluorescent effector molecules
and user-defined concentrations of network components like GAP and GEF. When an INPUT that changes the activity of one of these
components is applied to the system (such as a change in [GEF]), activation of the GTPase will lead to recruitment of fluorescent effec-
tors to the bead surface, defining the OUTPUT of the system. This recruitment can be monitored in real time by microscopy for hundreds
of unique beads in a multiplexed fashion to see how different network configurations result in different dynamic signaling OUTPUTs.

Figure 2. Each Ras network component programs Ras signaling output dynamics in a unique way. When an input is applied to a Ras sig-
naling system, the underlying network configuration will shape the resulting output dynamics. We found that each signaling compo-
nent in the network impacted the timing, duration, and amplitude of signaling output in a unique way. The way each network
component—GEF, GAP, Ras, or effector—programs the system output is summarized in this figure.
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H-Ras can communicate signals to many different com-
peting downstream targets such as Raf, PI3 Kinase, Ral-
GDS, as well as many others.10,11 Remarkably, we found
that in multi-effector networks, different effectors could
interpret an input to the signaling network with
completely different output dynamics. For example, one
effector might produce a sustained response, while a sec-
ond would respond with a transient pulse. These com-
plex dynamics appear to be the result of competition
between effectors that possess different affinities and
assembly/disassembly kinetics toward the supply of acti-
vated GTPase.

An interesting consequence of this is that effector
usage naturally partitions into a particular order as dic-
tated by the abundance and biophysical properties of the
effectors in the network, such that a particular sequence
of effector use occurs in response to an input. This may
be a simple method by which cells can use Ras GTPase
signaling networks to build temporal programs in which
different activities peak and decline at different times
during the signaling response.

By simultaneously varying GEF, GAP, effector, and
GTPase levels in this way, we were able to build a
design manual describing the dynamic signaling pro-
grams that can be generated from the simplest-case
GTPase signaling system, and observed a rich space
of complex signaling outputs that could arise in
response to a simple a step-input. The fact that so
many different dynamic outputs and response shapes
were possible suggests that the Ras machinery is

highly versatile and readily reconfigured across differ-
ent cell types or species to build complex temporal
signaling programs and fulfill particular signaling
needs.

However, this versatility is not without trade-offs.
Mutations in Ras family signaling networks are associ-
ated with cancer as well as many other so-called RASo-
pathies such as Noonan syndrome.12 Perhaps the most
notorious mutations occur in the Ras GTPase itself,
where substitutions at the G12, G13, and Q61 positions
are frequently associated with cancer.13 In these cases,
the mutations are thought to disrupt signaling through 3
mechanisms: decreasing the intrinsic GTPase hydrolysis
rate, blocking GAP-catalyzed hydrolysis, and altering
affinity and preference for downstream effectors.10,13,14

More recently, the Ras G12C was shown to actively cycle
in a “hyper-excitable” state in cells, illustrating that some
undesirable features of oncogenic alleles may only be
manifest in a cycling network context.15 In agreement
with this, we found that the network context was critical
for revealing differences between oncogenic and wildtype
alleles of Ras (Fig. 3). In networks that lacked GAP activ-
ity, step-inputs resulted in system outputs in which
oncogenic and wildtype Ras were nearly indistinguish-
able from one another. In contrast, the same step-input
in a high GAP context led to massive differences in sig-
naling output amplitudes and dynamics: wildtype Ras
produced a low-amplitude transient pulse of signaling
output, whereas oncogenic Ras produced a high-ampli-
tude sustained signal.

Figure 3. The extent to which oncogenic alleles distort signal processing depends on the underlying network configuration. The differ-
ence between signaling outputs of networks harboring either wildtype Ras or oncogenic Ras networks was compared using our assay.
When an input was applied to a low-GAP network context, the outputs from wildtype and oncogenic Ras networks were largely indistin-
guishable. In contrast, when that same input was applied to a high-GAP network context, the outputs were completely different: wild-
type Ras produced a low-amplitude transient pulse of output, while oncogenic Ras produced a high-amplitude sustained signal.
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By comparing the differences between wildtype and
oncogenic Ras across many different network configura-
tions, we were able to determine regimes in which onco-
genic alleles distorted wildtype signals most strongly. We
found that oncogenic alleles of Ras in a low GEF input /
high GAP background could distort integrated signals by
over 1000 fold compared to wildtype Ras. Intuitively,
these correspond to weak or noisy inputs to the system
that would normally be filtered out by the high basal
GAP activity, but that in the context of the oncogenic
allele are now sustained to high levels. This is consistent
with models of oncogenic Ras signaling in which the sys-
tem becomes hyper-activatable and erroneously
responds to noisy inputs, as opposed to simply being
‘constitutively active’. This is also in agreement with the
recent observation that Ras G12C can actively cycle in a
hyper-excitable state in cells. It further suggests that one
reason why Ras mutations are oncogenic in one cell or
tissue type but not another may reflect underlying differ-
ences in the network context in which those mutations
are manifest.

The fact that the most striking differences between
wildtype and oncogenic alleles of H-Ras occur under
network configurations in which wildtype Ras is nor-
mally fast-cycling suggests that these differences in
the lifetimes of certain GTPase states could be used
as a selectivity-handle to target only the mutated
form of Ras. For example, if a drug has slow assembly
kinetics on the GTPase, it may be unable to target a
fast-cycling wildtype Ras but would be able to assem-
ble on a slow-cycling mutant. The fact that we have a
simple high-throughput fluorescence-based assay in
which the behavior of wildtype and oncogenic Ras
can be compared side-by-side could prove useful for
screening for small molecules that can exploit these
dynamical differences in the GTPase.

In the future, we hope to extend the approach we
have taken with H-Ras to explore other aspects of
both Ras signaling as well as the signaling properties
of other small GTPase systems, such as the Rho and
Rab GTPases. How do the dynamic properties of the
system change if fluid lipid supports are used? Are
the ways in which the GEF/GAP/Effector shape the
amplitude and duration of H-Ras outputs similar in
other small GTPase systems, or do idiosyncratic fea-
tures of the molecules create a different “program-
ming language” for other systems? What happens
when signaling states are coupled to mechanical sys-
tems, such as actin polymerization? What happens
when multiple GTPases are connected together, as in
the Ras ! Ral ! Rho cascade?16 By building up net-
works of these signaling molecules in vitro and
watching how they operate with new methods like

the one we developed, we can begin to shed light on
these questions about these fascinating signaling
molecules.
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