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ABSTRACT

Rho family GTPase signaling regulates the actin cytoskeleton and is critical for behaviors that range
from the cell to tissue-scale. A theme in Rho GTPase biology is that there are many more regulators,
such as guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs), than
GTPases themselves. Here, we review different, modular cases where GEFs and GAPs function
together to elicit precise spatial and temporal control of signaling. We focus on examples from
metazoan development, where precise regulation of Rho GTPases is critical for proper tissue form

and function.

Introduction

Rho GTPases are highly conserved signaling proteins that
affect basic cellular processes, like cytoskeletal dynamics,
cell division, adhesion, migration, and vesicle traffick-
ing."** Because of this, Rho GTPases are critical to regu-
late highly complex, coordinated processes in multicellular
organisms.'*** The prevalence and importance of Rho
GTPase-regulated pathways indicates that Rho GTPases
themselves require precise and often sophisticated regula-
tion. On the protein/signaling level, most Rho GTPases
cycle between a GTP-bound, active state that is promoted
by GEFs (guanine nucleotide exchange factors), and a
GDP-bound, inactive state that is promoted by GAPs
(GTPase activating proteins). In addition, GDIs (GTPase
dissociation inhibitors) sequester Rho GTPases in the
inactive state in the cytosol. The number of predicted
RhoGEFs and RhoGAPs outweighs the number of Rho
GTPases, in humans (~80 GEFs, 70 GAPs, and 20 Rho
GTPases) and in other organisms (e.g. Drosophila: ~29
GEFs, 23 GAPs, and 6 Rho GTPases), implying complex-
ity of Rho GTPase regulation.”** The Rho family of Ras-
like GTPases are often described as “molecular switches,”
with GEF activity necessary to activate signaling and GAP
activity required for subsequent signal depletion. However,
there has long been evidence that Rho GTPase regulation
is not restricted to this simple scheme. For instance, inhib-
iting RhoGAP led to RhoA signal activation, similar to
activation by RhoGEFs.*® This suggested that simulta-
neous GEF and GAP activity could be required to set the
appropriate signaling level for a Rho-family GTPase. The
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oncogenic potential of a RhoGEF, which activates the
Cdc42 GTPase, was recapitulated by mutants that
increased the intrinsic GDP to GTP exchange rate.** In
contrast, a hydrolysis-deficient Cdc42 mutant only par-
tially recapitulated the oncogenic potential.*® These results
indicated that Rho GTPases are more than just molecular
switches and that cycling of the GTPase is essential for
proper Rho signaling activity. Since these pioneering stud-
ies, increasing numbers of complex interactions between
RhoGAPs and RhoGEFs have been observed in various
organisms. Therefore, it is important to understand the
design principles governing different modes of regulation.
Importantly, we need to move beyond the functions of
individual molecules and understand how modular com-
binations of GEFs and GAPs influence GTPase function.'®
This mini-review aims to categorize various regulatory
modules that have been observed to operate in metazoan
development. Several other excellent papers and reviews
have discussed the modular regulation of GTPase signal-
ing in polarity establishment, in general, or in yeasts.**’
Here, we discuss modules that have been shown to serve
as building blocks of complex regulatory systems that
function in metazoan growth and form. We hope to cre-
ate a framework for thinking about Rho GTPase signaling
and its roles in multicellular development.

Categories of regulation models

Dynamic processes, such as the activity or localization of
molecules in a cell, can always be described in terms of 2
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principal components: space and time. Therefore, the
relationship between the activities of 2 molcules, such as
a RhoGEF and a RhoGAP can roughly broken down
into 4 categories: 1) same place and same time; 2) same
place and different time; 3) different place and same
time; 4) different place and different time. The last cate-
gory indicates largely independent activities and is of less
interest to us because there would not be a functionally
interacting GEF/GAP module within a single cell.

Additionally, GEF/GAP relationships differ and there-
fore can be categorized by their outcome in terms of
effect on Rho activity. The functional outcome is not
necessarily uniform among GEF/GAP pairs that have
similar spatiotemporal relationships, which emphasizes
the complexity and versatility of Rho regulation modules.

We start by discussing the simplest case, case 3, in
which a GEF/GAP pair is active at the same time, but at
different places within a cell.

Compartmentalization of regulators creates
defined Rho activity zones

Rho GTPases as regulators of the actin cytoskeleton have
very broad function, but need to fulfill highly specialized
tasks. Therefore, restriction of Rho activity to defined
areas within the cell is essential to coordinate cell func-
tions. Spatial confinement of Rho GTPase signaling
activity can be achieved in a simple way: If inhibitors/
GAPs and activators/GEFs are active at the same time,
but occur in different locations within the cell, the Rho
GTPase signal will be restricted to the zone where posi-
tive regulators are present and inhibitors are absent
(Fig. 1).

One example in which this type of GEF/GAP relation-
ship was found is during Drosophila spiracle formation.
Spiracles are formed by a tissue folding event that is initi-
ated by constriction on the apical sides of cells. This api-
cal constriction requires apical-specific activation of
myosin 2 by the RhoA GTPase, Drosophila Rhol. Apical
constriction of spiracle cells depends on the coordinated
action of a RhoGAP, Crossveinless-c (Cv-c), and 2 GEFs,
RhoGEF64C and RhoGEF2.*” During spiracle cell invag-
ination, the GEFs are apically localized, and the GAP is
localized to the lateral sides of cells. These distinct GEF
and GAP localizations appear to restrict Rho signaling
activity to the apical domain of the cell.

A similar restriction of Rho signaling was also
observed during Drosophila gastrulation.”” During gas-
trulation, apical constriction of epithelial cells also causes
cell internalization and the formation of tissue layers.”
In this case, a Rho GAP, called Cumberland-GAP (C-
GAP), is partly localized to lateral junctions and is
required to restrict myosin 2 activity to the apical
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Figure 1. Compartmentalized activator and inhibitor lead to a
defined Rho activity zone. When GAP and GEF are spatially segre-
gated, Rho GTPase molecules will be activated in the area that is
populated by the GEF, and inactivated in the parts of the cell that
are populated by the GAP. This simple way of spatially restricting
Rho activity is used during Drosophila spiracle cell development.

domain of the cell. One difference, in this case, is that C-
GAP is also clearly localized to the cell apex. However,
these studies lend support to the existence of a signaling
module where differential localization of GAP and GEF
can lead to a zone of Rho GTPase signaling.

Cycles of GTPase activation and inactivation
tune Rho activity level

Next, we discuss examples of case 1, where a GEF and
GAP acting on the same GTPase are present at the same
cellular location at the same time and are sometimes
even in the same complex. Interactions of this category
initially appear counter-intuitive: Every event in which a
Rho GTPase is activated by the GEF could coincide with
immediate deactivation by the GAP—seemingly an
energy-consuming, zero-sum game. However, this pro-
cess would lead to cycling of Rho GTPases between the
GTP-bound, ON and GDP-bound, OFF states. From this
cycling arise interesting properties, which can be used by
the organism to create precise regulation of Rho
GTPases.”"”

A simplified view is that an increase in the GTP-
bound form positively influences GTPase function,
whereas a decrease in the amount of GTP-bound GTPase
will negatively affect its function. However, negative
effects of over-activation of a signal are well-documented
in many systems, most prominently in oncogenes such
as Ras. Loss of a Ras GAP leads to abnormal Ras signal-
ing.® Therefore, it is likely that other systems, such as the
Rho family GTPases, use GAPs and GEFs to tune Rho
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signaling activity to an optimal level, avoiding either
hyper- or hypoactivation (Fig. 2A).>*%’

One system in which the level of contractile function
appears to be tuned is polarity establishment in the cor-
tex of the C. elegans single cell embryo. In the C. elegans
embryo, polarity establishment involves the assembly of
a cortical actin and myosin 2 (actomyosin) network that
contracts and flows toward the anterior side of the
embryo.” This contraction sets the position of the
boundary between the anterior contractile cortex and
posterior non-contractile cortex, where asymmetrically
distributed partitioning defective (Par) proteins also
accumulate (Fig. 2B). Importantly, the actomyosin net-
work reaches a steady-state occupying the anterior half
of the embryo. This contraction is regulated by the C. ele-
gans RhoA homolog, Rho-1, and its GEF, Ect-2.>"* Evi-
dence that this is a tuned contraction and not simply an
“on” switch comes from studies that identified Rga-3
and Rga-4, 2 Rho-1 GAPs, as being required for proper
positioning of the contractile network.*** Thus, proper
positioning of the anterior/posterior boundary requires
both the Ect-2 GEF and the Rga-3/4 GAPs. Loss of the
Rga-3/4 GAPs results in over-contraction that results in
the boundary to be positioned too far to the anterior**
(Fig. 2B). This effect is rescued by the co-depletion of
both Rga-3/4 and Ect-2, suggesting that GAP and GEF
activities need to be balanced for proper Rho-1 function.
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Figure 2. Coordinated GEF and GAP tune Rho activity level. (A)
Simultaneous, co-localized activator (GEF) and deactivator (GAP)
activities create constant cycling between Rho GTPase activation
and inactivation. As opposed to Rho GTPases exclusively being
activated by a GEF (right case) or just inactivated by a GAP (left
case), this GEF/GAP coordination can create a moderate level of
Rho GTPase signaling activity (middle cases), which is essential
for some Rho GTPase functions. (B) Example, C. elegans embryo:
Rho activity needs to be optimized to correctly position the
boundary between the anterior, contractile cortex (A) and the
posterior, non-contractile cortex (P) (middle case). Depletion of
GAP activity leads to excessive contractility and a boundary that
is too far to the anterior (A) (right case), whereas depletion of the
GEF has the opposite effect (left case).

This balance calibrates the position of the boundary
between anterior and posterior domains (Fig. 2B). Inter-
estingly, Rga-3/4 and Ect-2 both localize to the anterior,
contractile cortex, suggesting that they operate in the
same domain to modulate the levels of active Rho-1.**

Such a tuning of GTPase activity extends beyond
RhoA functionality. Balanced activation and inactivation
of Rac-1 promotes spine and synapse formation in
rodent neurons.”® In these neurons, the Rac-1 GEF,
Tiam1, and the Rac-1 GAP, Bcr, are present not only in
the same place, but are in the same protein complex.
Loss of the GAP, Bcr, leads to increased Rac-1 activation
and excessive spine growth, which can be rescued by
Tiam1 inhibition. This result indicates that, again, bal-
ance between GEF and GAP activities is key to achieve
optimal Rac-1 activation and synaptogenesis. In this sys-
tem, the existence of this physical complex of GEF and
GAP implies strong spatiotemporal coupling of their
activities.

These examples show how coinciding GEF and GAP
activities can tune functional levels of Rho GTPase sig-
naling activity. This type of module may have the advan-
tage of establishing a greater dynamic range in GTPase
activity, such that the optimal level of Rho signaling
activity can be adjusted to a setpoint that is needed by
the cell.

A question that will be important to understand is
how GEFs and GAPs in this type of module can be regu-
lated. How is the GTPase signaling activity held at an
optimal level, or adjusted if necessary? One idea is that,
within a complex, GAP and GEF activities could be mod-
ulated independently by varying the components of the
complex.'”> However, to our knowledge, this model is yet
to be verified experimentally.

Cycles of GTPase activation and inactivation
create Rho signaling zones

Rather than simply tuning activity level, a paired GEF/
GAP in the same place can also affect the spatial distri-
bution of the signal. Many cellular functions, from the
most basic to the highly specialized, depend on compart-
mentalization and polarity. There are several ways in
which spatial restriction can be achieved.” One such
mechanism emerges from simultaneous, co-localized,
spatially restricted activity of positive (GEF) and negative
(GAP) regulators. In the cell region in which the regula-
tors are active, Rho GTPase molecules are activated by
GEFs and then either bound by local effectors or inacti-
vated by the GAP. On the one hand, binding of the GAP
to active, unoccupied Rho GTPase molecules could have
an anchoring effect. In addition, this GEF/GAP relation-
ship creates constant GTPase flux between active and



inactive states. Therefore, the fraction of Rho GTPase
molecules that is active and not bound by effectors will
likely be deactivated and not move to other parts of the
cell. This interaction could then create a stable, restricted
zone of active Rho (Fig. 3).

This mode of signal restriction has been proposed to
create a RhoA activity zone at the cell equator during
cytokinesis in Xenopus laevis embryos.”® Restricting
RhoA activity to this zone is essential for proper forma-
tion of the cytokinetic ring. This process was found to
depend on the GEF Ect2 and the GAP MgcRacGAP.In a
classic, sequential model of RhoA signaling during cyto-
kinesis, RhoA would be first activated by the GEF, Ect2,
and then inactivated by the GAP, MgcRacGAP, when
cytokinesis finished. In contrast, the GAP activity of
MgcRacGAP is already required during cytokinesis.™
MgcRacGAP depletion leads to an unfocused Rho activ-
ity zone, with instability and oscillations. Consistent with
MgcRacGAP and Ect2 functioning together, they form a
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Figure 3. Cycling between Rho GTPase inactivation and activa-
tion creates a restricted Rho activity zone. The Rho activity cycling
that emerges from spatially and temporally overlapping GAP and
GEF activities can create spatially defined Rho activity zones. In
this model, the Rho GTPase is only activated by a GEF within a
specific part of the cell. The active form of the Rho GTPase is
anchored in the Rho activity zone by the GAP, which is also area-
specific (or even in a complex with the GEF). GAP-bound active
Rho GTPase is immediately inactivated, leading to constant
cycling between active and inactive states. However, effectors
can bind to the active form of the Rho GTPase, and thereby
enable downstream Rho signaling. This type of spatial restriction
is necessary for successful cytokinesis in the Xenopus embryo.
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physical complex, which accumulates at the position of
the RhoA activity zone.*”*” It is possible that MgcRac-
GAP anchors GTP-bound RhoA in the zone where it has
been activated by the GEF Ect2. Secondly, the GEF/GAP
complex leads to rapid turnover/flux of active RhoA.
RhoA that has been activated by the GEF Ect2 is either
bound by MgcRacGAP and inactivated immediately, or
tethered away by binding to an effector, which initiates
signaling. The combination of: 1) anchoring of active
RhoA; and 2) sustained cycling between active and inac-
tive RhoA within the Rho activity zone, mediated by the
Ect2-McgRacGAP complex, appears to stop active RhoA
from moving out of the Rho activity zone during its life-
time. These 2 effects could lead to the creation of a stable
RhoA activity zone during cytokinesis. It has also been
proposed that the GAP domain of MgcRacGAP could
promote Rho activation by Ect2.*

In the model of GTPase cycling above, effectors are
predicted to play a role in tethering the GTPase. Effector
binding to RhoA could tether active RhoA to a certain
domain and possibly prevent RhoA inactivation. How-
ever, there are many open questions about the role of
effectors in creating a restricted RhoA activity zone. For
example, how is effector-bound active RhoA restricted to
that zone? Is the effector-RhoA complex still bound and
anchored by the GAP? And in that case, how is RhoA
kept from being inactivated by the GAP immediately?
Experimentally investigating these questions will be
essential to understand this module better.

A similar module may be at play during vertebrate
development. In zebrafish and other vertebrates, neural
crest cells undergo epithelial-to-mesenchymal transition
(EMT) on-path to giving rise to craniofacial cartilage
and other cell types.** EMT requires drastic changes in
cell morphology, adhesion, and cytoskeletal behavior. In
a critical early step, cells detach from the apical side and
retract their apex as they delaminate from the epithe-
lium. Apical detachment of zebrafish neural crest cells
depends on RhoA and myosin 2 activity.” On the other
hand, the RhoGAP, ArhGAPI, a negative regulator of
both RhoA and Cdc42 signaling,* is also required for
efficient apical detachment. Similar to cytokinesis, Arh-
GAP1 depletion leads to a less focused zone of active
RhoA, which might be the cause of reduced apical
detachment. Exogenous AthGAP1-GFP is evenly distrib-
uted throughout the cell, although an occasional reduc-
tion in apical domain was reported.” The available data
on this system allows for several different models. The
authors of the study propose a model whereby global
inhibition by a ArhGAP1 is combined with local activa-
tion by an unknown GEF. In this case, GTPase cycling
might restrict RhoA signaling, similar to the GTPase flux
model for cytokinesis.
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Because endogenous ArhGAP1 localization is not
known, it is not yet clear whether there could be com-
partmentalized GAP activity, as described previously
(Fig. 1).” If this were the case, one would expect Arh-
GAPI to be excluded from the cell apex where RhoA is
normally active. In addition, ArhGAP1 exhibits GAP
activity toward both RhoA and Cdc42 and it is not clear
which GTPase ArhGAPI1 regulates to modulate the
polarity of RhoA.*

Co-localized GEFs and GAPs lead to dynamic
Rho activity

In contrast to establishing a setpoint of Rho signaling
activity, another possible outcome of GEF and GAP
activity being present in the same cellular domain is the
possibility of signaling dynamics. This category includes
the classic model of a ‘molecular switch’, where a GEF
might appear first and a GAP then subsequently turns
off the signal. In this case, the combined presence of
GEF and GAP can result in unique functional outcomes
in terms of Rho signaling activity, such as oscillations
(Fig. 4).

One such example of Rho-mediated dynamics is that
there are assembly and disassembly cycles of actin and
myosin 2 (actomyosin pulses).”> These actomyosin
pulses are found in single cells,”>*° but are also found
associated with a variety of tissue-level phenom-
ena.*'*?>* It was shown that actomyosin pulses coin-
cide with increases and decreases of RhoA effectors, such
as Rho-associated and coiled-coil kinase (ROCK).**** In
the Drosophila early embryo, a RhoGEF, called Rho-
GEF2, is required for contraction of the cell’s apical side
(apical constriction) and tissue folding.l’17 A RhoA GAP,
called Cumberland GAP (C-GAP), was identified as
being critical for tissue folding, as well.* Interestingly,
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Figure 4. Dynamic GEF and GAP activities lead to oscillatory/pul-
satile Rho activity. Co-localized GEFs and GAPs can also create
temporal dynamics of Rho activity levels. For example, alternat-
ing GEF-mediated activation with GAP-mediated inactivation can
result in oscillatory or pulsatile Rho activity, which is observed in
the C. elegans single cell embryo and the Drosophila ventral
furrow.

both RhoGEF2 and C-GAP localize to the apical surface,
suggesting that both RhoA activation and inhibition are
required in the same cellular domain to fold the tissue.

The RhoGEF2 protein exhibits dynamic behavior,
exhibiting pulses that are similar in timescale to RhoA/
ROCK pulses.”” RhoGEF2 appearance precedes that of
ROCK and actomyosin, suggesting that RhoA activation
initiates an actomyosin pulse. Depletion or overexpres-
sion of C-GAP changes the amount of myosin 2 that is
left remaining at the end of a pulse, suggesting that C-
GAP’s function is to inactivate RhoA at the end of the
pulse. The dynamics of C-GAP activity and localization
are still not known. However, analysis of pulsing in the
C. elegans embryo has demonstrated that the Rho GAP
Rga-3 exhibits delayed recruitment relative to RhoA
activity.*' This suggests that there is delayed negative
feedback in the system and that increases and decreases
of GEF and GAP activities that are offset, but in the
same general location can create dynamic changes in
Rho activation. Importantly, we pointed out before, that
C-GAP also appears to restrict actomyosin to the apical
domain. Therefore, C-GAP functions in 2 modules dur-
ing tissue folding: 1) localizing with RhoGEF2 to pro-
mote Rhol dynamics, and 2) localizing to a distinct
compartment to restrict Rhol activity to the apical side
of the cell. This example illustrates that different mod-
ules, i.e. GEF/GAP relationships of different categories,
can be combined to fulfill complex tasks regarding
proper Rho signaling activity.

Another example in which the timing of a Rho
GAP is regulated to promote cyclical actomyosin con-
traction is during fertilization in the C.elegans sper-
matheca.”® In this process, oocytes enter the
spermatheca, remain inside it for fertilization, and are
subsequently expulsed by Rhol-mediated contraction.
Depletion of the GAP, Spv-1, leads to premature con-
traction of the spermatheca, which causes embryo
deformation and increased lethality of the offspring.
Interestingly, the Spv-1 GAP also contains an F-BAR
domain, which binds to curved phospholipid bilayers.
When the spermatheca is empty, and plasma mem-
branes are possibly corrugated, the Spv-1 GAP is
present on the plasma membrane where it inhibits
Rho-1 and actomyosin contractility. When an oocyte
enters the spermatheca and stretches out the cell
membrane folds, Spv-1 is released from the mem-
brane and RhoA is then activated. This mechanism
creates a timed cycle between Rho activation and
inactivation, allowing cycles of spermatheca relaxation
and then contraction that are connected with when
an oocyte is present.

In many cases, it is unknown what regulates the local-
ization of GAPs; for instance, C-GAP does not have any



other protein interaction motifs. One possibility is that
the GAP is localized through feedback by downstream
effectors of the Rho signaling pathway. Feedback loops
have been observed as crucial elements of the RhoA sig-
naling pathway in several contexts.'”*>*> Several Rho-
GAPs seem to bind to actin filaments or cables,""*'
which suggests that actin filament assembly downstream
of Rho signaling might have a role in recruiting Rho-
GAPs. This actin-mediated GAP recruitment could rep-
resent delayed negative feedback. However, it should be
noted that active RhoA and ROCK can also be associated
with actin structures and that RhoGAPs could be bind-
ing to the active form of the GTPase.”>”! In the case of
the F-BAR-containing GAP, Spv-1, its membrane locali-
zation is linked to whether or not the spermatheca cells
are stretched, suggesting mechanical feedback in
localization.

Concluding remarks

This review discusses a variety of modules for GEF-GAP
interactions. These modules can precisely regulate Rho
GTPase signals and in some cases operate together at the
same time. Thus, these modules are not in conflict or
mutually exclusive. All modules likely reflect some part
of the reality of Rho regulation. Importantly, various
GEF/GAP interactions can occur in the same organism
and are likely even combined in the same processes.
Even though we only consider interactions between 2
regulators here, we already describe a variety of elaborate
Rho signal patterns; and combination of these modules
renders an even larger toolbox for specialized, fine-tuned
regulation. The amount of possible regulation is even
larger, given the numbers of regulating RhoGEFs and
RhoGAPs in various genomes. In addition, Rho GTPases
are regulated on the levels of transcription and transla-
tion, by post-translational modifications, and by guanine
dissociation inhibitors (GDIs), suggesting even more
elaborate mechanisms of regulation.>”

Another powerful role for GEF/GAP interactions,
which we have not discussed in depth, is the crosstalk
between different Rho GTPases.'® For example, if GAPs
and GEFs which are specific to different Rho GTPases,
respectively, are co-localized, in a complex, or even in
the same protein, they can promote signaling activity of
one Rho GTPase in that region, while inhibiting the
other Rho GTPase in the same area.”"** This signaling
system can lead to mutually exclusive Rho activity zones
and is also critical for Rho GTPase function.

Understanding how Rho GTPases are regulated and
how they can be manipulated is important because of the
ubiquitous medical relevance of Rho signaling pathways.
Altered Rho GTPase signaling has been strongly
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implicated in diseases ranging from mental retardation
and neurodegeneration to cancer and developmental
defects.’® A telling example of the importance of Rho
GTPase regulation in particular is cancer. Although
over-activation of Rho pathway signaling has been impli-
cated in many cancer types, the Rho GTPases themselves
are not usually found to be mutated."> This result implies
that changes in the upstream GTPase regulation could be
the cause of over-active Rho signaling. For X-linked
mental retardation, genes implicated in the disease
include the RhoGAP oligophrenin-1 and the RhoGEF
oPIX.*® These findings emphasize the importance of
understanding the general rules that define Rho GTPase
regulation.

Here, we have categorized regulatory modules that
have been found to operate on Rho GTPases in meta-
zoan and predominantly developmental systems. As the
mode of regulation used in a system depends strongly on
the spatiotemporal relationship between regulators, bet-
ter spatial and especially temporal resolution in experi-
ments will be imperative. Furthermore, what exactly
elicits the various specific activity patterns observed in
GAPs and GEFs is unknown in most cases and will be an
exciting area of future research.
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