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Fig. 2. A proposed molecular mechanism for three checkpoint controls in the fission yeast cell cycle. The G1/S transition is governed by CDK-
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“What I cannot create, I do not understand”
Richard Feynman, Prix Nobel de Physique 1965

“The expansion of biology from a discipline that focuses on natural organisms to 
one that includes potential organisms will have three long-term effects [...], it will 
alter the way in which scientists address the fundamental problem of how 
biological systems work [...]”

Elowitz and Lim, Nature 2010

La biologie synthétique pour comprendre le vivant 

“Exploring the biology that could be: The last decade has shown how even our first 
steps toward building and analyzing synthetic circuits can identify fundamental 
biological design principles and can produce useful new understanding”

Nandagopal and Elowitz, Science 2011



Biologie synthétique: approche ou discipline ?

La biologie synthétique est une façon d’aborder 
une question biologique

Biologie “traditionnelle” 

Description et analyse des 
mécanismes du vivant

Biologie synthétique 

Nouveaux circuits ou substitution 
des mécanismes endogènes: étude de 
principes fondamentaux, utilisation...

Conception intentionnelle de systèmes biologiques artificiels

Outils communs - outils de la biologie moderne:
Manipulation génétique, imagerie, modélisation, microfluidique, biophysique...



Biologie synthétique - Recherche fondamentale
une variété d’approches

Etablissement d’un oscillateur autonome in vivo
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Biologie synthétique - Recherche fondamentale
une variété d’approches

Modulation du contrôle de la morphologie cellulaire  

Yeh at al. - Nature 2007

a PKA substrate. Most importantly, we found that phosphorylation
by PKA disrupted binding to the PDZ domain (Supplementary
Fig. 1).

To build a Cdc42 GEF that could be activated by PKA, we fused
this PKA-sensitive PDZ–peptide interaction module to the Dbl
homology–pleckstrin homology (DH-PH) catalytic core from inter-
sectin (Itsn1)—a Cdc42-specific Dbl family member, the catalytic
activity of which is normally regulated by autoinhibitory SH3
domains10,11 (Fig. 2b). We refer to this construct as GEF1 (see
Supplementary Tables 1 and 2 for details of all synthetic GEFs). In
an in vitro Cdc42 nucleotide exchange assay, GEF1 was repressed
relative to the constitutively active DH-PH fragment (,20% activ-
ity), indicating that the intramolecular PDZ interaction sterically
occluded or conformationally disrupted the DH-PH domain
(Fig. 2c, d and Supplementary Fig. 2). Phosphorylation of GEF1 by
PKA relieved repression, increasing Cdc42 exchange activity (Fig. 2c,
d and Supplementary Fig. 2). For a control, we mutated the peptide
to a sequence that could still bind the PDZ domain but could not be
phosphorylated by PKA. A construct bearing this mutation (GEF1*)
was still repressed, but was not activated by PKA (Fig. 2d and
Supplementary Fig. 2).

To test if the PKA regulatory module could be transferred to
another GEF, we replaced the intersectin DH-PH with the amino-
terminal DH domain of Trio, which preferentially activates Rac1
(GEF2)12. GEF2 was also repressed in vitro (relative to the Trio DH
domain alone), and could be activated by PKA (Fig. 2d and Supple-
mentary Fig. 2). A control construct bearing a non-phosphorylatable
peptide (GEF2*) could not be activated by PKA (Supplementary
Fig. 3).

In total, we fused the PDZ-peptide module to the DH and/or DH-
PH fragments of five Dbl family members with varying GTPase
specificities (including intersectin and Trio), and tested their activity
in vitro. All seven constructs tested showed some degree of repression
under basal conditions, and four out of seven were activated by PKA
(Supplementary Table 3). No attempts were made to optimize
autoinhibitory affinity, domain orientation or interdomain linker
lengths, and it is likely that such efforts would improve activation
of the three remaining synthetic GEFs13.

To test if these synthetic GEF proteins could create new functional
signalling linkages in vivo, we introduced GEF1 and GEF2 into cells
by microinjection. We first tested the effect of microinjecting the
unregulated catalytic GEF modules into the REF52 fibroblast cell line
(Fig. 3a). As expected, microinjection of the Trio DH domain led
to a constitutive Rac1-associated lamellipodial phenotype. Micro-
injection of the intersectin DH-PH module yielded a constitutive
Cdc42-associated filopodial phenotype in a large fraction of cells;
however, a significant but inconsistent fraction of these cells showed
an alternative rounded phenotype that is distinct from filopodia and
lamellipodia (Supplementary Fig. 4). Co-injection of additional
Cdc42 with the intersectin DH-PH resulted only in cells with filopo-
dia, alleviating this dual phenotype problem. Thus, to simplify
phenotypic scoring, we co-injected the relevant GTPases in all of
the following experiments. We estimate that we are increasing the
cellular concentration of the specific GTPases by approximately two-
fold, which has no morphological effect in the absence of the GEF
domain. This method has previously been used to clarify scoring of
GEF-induced phenotypes14.
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Figure 2 | Modular recombination yields PKA-responsive synthetic GEFs.
a, We attempted to engineer GEFs that link PKA signalling to specific
cytoskeletal changes. b, PKA-sensitive GEFs were constructed by fusing Dbl
homology (DH) GEF output modules with a PKA input module composed
of the syntrophin PDZ domain and a peptide that binds the PDZ domain
and is a PKA substrate. c, In vitro assay of GEF1 showing activation by PKA.
Dissociation of fluorescent mant-GDP from Cdc42 was measured in the
presence of no GEF or constitutively active intersectin DH-PH (dotted

lines), GEF1 (solid black line), or GEF1 pre-treated with PKA (red line).
d, Activities of synthetic GEFs (relative to intersectin DH-PH or Trio DH).
GEF1 and GEF2 were basally repressed, but were activated by PKA. GEF1*
contains a mutation that abolishes phosphorylation by PKA, but retains
binding to the syntrophin PDZ. Error bars represent s.d. of three
experiments. Substrate specificities of GEF1 and GEF2 were identical to
those of their respective parental DH proteins, intersectin and Trio
(Supplementary Table 4).
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Injection of GEF1 into REF52 cells resulted in a new PKA-activated
filopodial response. After microinjecting the purified proteins, we
tested the cellular response to stimulation with increasing doses of
forskolin, a pharmacological activator of PKA15 (Fig. 3b). When
GEF1 was injected into cells, even in the absence of PKA stimulation,
there was a weak background activity; 14% of the cells showed filo-
podia, probably owing to somewhat leaky repression of GEF activity.
However, this phenotype was much weaker than that observed with
injection of an equivalent amount of the unregulated DH-PH mod-
ule (.95% of cells with filopodia). Most importantly, filopodia were
stimulated in a dose-dependent fashion as a function of forskolin
concentration such that .60% of the cells had filopodia at the high-
est forskolin concentrations tested (Fig. 3c). Furthermore, induction
of filopodia was observed within minutes of forskolin addition to
cells pre-injected with GEF1 (Supplementary Movie), demonstrating
the rapid timescale of response with protein-based networks that do
not require transcription and translation. Forskolin treatment of
cells lacking GEF1 (injected only with Cdc42) led to a small back-
ground stimulation of filopodia (,20%), indicating that there is only
a weak endogenous linkage between PKA and filopodia formation in
REF52 cells. As an important control, we observed no significant
stimulation of filopodia in cells microinjected with GEF1*, which
is autoinhibited but cannot be activated by PKA. These results imply
that the strong stimulation of filopodia is the result of a new, func-
tional signalling connection mediated directly by the engineered
GEF1 protein.

Similarly, injection of GEF2 into REF52 cells resulted in a PKA-
inducible lamellipodial response. Injection of GEF2 and Rac1 had
little basal effect on the cells (4% of cells with lamellipodia); however,
treatment with forskolin resulted in a dose-dependent increase
in the number of cells with lamellipodia (to .60%) (Fig. 3d).
Activation of lamellipodia also occurred within minutes of stimu-
lation (data not shown). Cells injected with GEF2* showed no sig-
nificant lamellipodial response to forskolin (Supplementary Fig. 3).
Thus, both synthetic GEFs are capable of mediating linkages between

the endogenous PKA signalling pathway and Rho GTPase-mediated
morphological rearrangements in live cells.

Many complex behaviours observed in living cells are mediated by
multiple signalling proteins that do not function alone, but instead
are linked into more complex multistep pathways16. For example, the
canonical GTPase Ras can activate multiple effectors, including the
Rac1 GEF, Tiam1 (ref. 17). Thus, we asked whether we could link
synthetic GEFs with specifically engineered input–output linkages
into a two GTPase cascade in which PKA would activate Cdc42,
and Cdc42 would in turn activate Rac1 (Fig. 4a). GEF1 could provide
the connection between PKA and Cdc42; however, the second step
required a Cdc42-responsive autoinhibitory module, which we
extracted from the signalling protein N-WASP as a GTPase-binding
domain (GBD) that recognizes a short central domain (C). The
GBD–C interaction is normally involved in autoinhibition of N-
WASP, and can be disrupted by activated Cdc42 (refs 18–21). We
fused the GBD-C module to the Trio DH domain, producing a Rac1-
specific GEF that is activated by Cdc42 (GEF3). In vitro analysis of
GEF3 showed that its Rac1 exchange activity was regulated by Cdc42,
as expected (data not shown), providing further evidence for the
flexibility of this overall framework for engineering diverse signalling
linkages.

Co-injection of GEF1 and GEF3 (along with Cdc42 and Rac1) into
REF52 cells resulted in a new signalling cascade: PKA stimulation by
forskolin ultimately led to Rac1 activation and a lamellipodial pheno-
type (Fig. 4b). Almost no filopodial response was observed, perhaps
because lamellipodia tend to be dominant over filopodia, and
because much of the activated Cdc42 may be sequestered by binding
to GEF3 instead of other effectors. To confirm that signal is passing
through both synthetic GEFs, we disrupted each individual compon-
ent. GEF3 was selectively disrupted by a small deletion in the GBD
that blocks binding to Cdc42(GTP) but does not affect autoinhibi-
tion (GEF3*)20,21. When GEF1 and GEF3* were injected into REF52
cells, forskolin treatment led to only the activation of Cdc42, result-
ing in robust formation of filopodia (Fig. 4b). Similarly, GEF1* is a
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Rewiring cellular morphology pathways with
synthetic guanine nucleotide exchange factors
Brian J. Yeh1,2*, Robert J. Rutigliano3*, Anrica Deb2, Dafna Bar-Sagi3,4 & Wendell A. Lim2

Eukaryotic cells mobilize the actin cytoskeleton to generate a
remarkable diversity of morphological behaviours, including
motility, phagocytosis and cytokinesis. Much of this diversity is
mediated by guanine nucleotide exchange factors (GEFs) that
activate Rho family GTPases—the master regulators of the actin
cytoskeleton1–3. There are over 80 Rho GEFs in the human genome
(compared to only 22 genes for the Rho GTPases themselves), and
the evolution of new and diverse GEFs is thought to provide a
mechanism for linking the core cytoskeletal machinery to a wide
range of new control inputs. Here we test this hypothesis and ask
if we can systematically reprogramme cellular morphology by
engineering synthetic GEF proteins. We focused on Dbl family
Rho GEFs, which have a highly modular structure common to
many signalling proteins4,5: they contain a catalytic Dbl homology
(DH) domain linked to diverse regulatory domains, many of which
autoinhibit GEF activity2,3. Here we show that by recombining
catalytic GEF domains with new regulatory modules, we can gen-
erate synthetic GEFs that are activated by non-native inputs. We
have used these synthetic GEFs to reprogramme cellular behaviour
in diverse ways. The GEFs can be used to link specific cytoskeletal
responses to normally unrelated upstream signalling pathways. In
addition, multiple synthetic GEFs can be linked as components in
series to form an artificial cascade with improved signal proces-
sing behaviour. These results show the high degree of evolutionary
plasticity of this important family of modular signalling proteins,
and indicate that it may be possible to use synthetic biology
approaches to manipulate the complex spatio-temporal control
of cell morphology.

Rho family GTPases are central signalling molecules in the regu-
lation of the actin cytoskeleton1 (Fig. 1a). These proteins are con-
formational switches that exist in GDP- and GTP-bound states;
however, only the GTP-bound state actively transduces signal to
downstream effectors. Cycling between states is primarily controlled
by opposing enzymes: GTPase activating proteins promote hydro-
lysis of bound GTP to GDP (inactivation), whereas GEFs promote
exchange of bound GDP for GTP (activation). The three canonical
members of the Rho family—Cdc42, Rac1 and RhoA—stimulate the
distinct morphological outputs of protrusive filopodia (thin actin
microspikes), protrusive lamellipodia (broad membrane ruffles)
and contractile actin:myosin filaments, respectively.

As an initial target for rewiring GTPase signalling, we attempted
to reprogramme Dbl family GEFs (Fig. 1b) so that their activity
was controlled by protein kinase A (PKA), a well-characterized
prototypical kinase6 (Fig. 2a). We first designed a PKA-sensitive
autoinhibitory module, inspired by natural examples7, that consisted
of a PDZ (PSD95, Dlg, ZO-1) domain–peptide interaction pair that

could be disrupted by PKA phosphorylation. The syntrophin PDZ
domain recognizes short carboxy-terminal peptide motifs (con-
sensus sequence (R/K)E(S/T)xy-COOH; y denotes aliphatic resi-
dues)8, which are close in sequence to the ideal PKA substrate
(RRRRSIIFI)9. A hybrid sequence (RRRESIV-COOH) could serve
both as an interaction ligand for the syntrophin PDZ domain and

*These authors contributed equally to this work.

1Chemistry and Chemical Biology Graduate Program, University of California, San Francisco, San Francisco, California 94158-2517, USA. 2Department of Cellular and Molecular
Pharmacology and the Cell Propulsion Lab, UCSF/UCB NIH Nanomedicine Development Center, University of California, San Francisco, San Francisco, California 94158-2517, USA.
3Department of Molecular Genetics and Microbiology, School of Medicine, State University of New York at Stony Brook, Stony Brook, New York 11794, USA. 4Department of
Biochemistry, New York University School of Medicine, New York, New York 10016, USA.
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a PKA substrate. Most importantly, we found that phosphorylation
by PKA disrupted binding to the PDZ domain (Supplementary
Fig. 1).

To build a Cdc42 GEF that could be activated by PKA, we fused
this PKA-sensitive PDZ–peptide interaction module to the Dbl
homology–pleckstrin homology (DH-PH) catalytic core from inter-
sectin (Itsn1)—a Cdc42-specific Dbl family member, the catalytic
activity of which is normally regulated by autoinhibitory SH3
domains10,11 (Fig. 2b). We refer to this construct as GEF1 (see
Supplementary Tables 1 and 2 for details of all synthetic GEFs). In
an in vitro Cdc42 nucleotide exchange assay, GEF1 was repressed
relative to the constitutively active DH-PH fragment (,20% activ-
ity), indicating that the intramolecular PDZ interaction sterically
occluded or conformationally disrupted the DH-PH domain
(Fig. 2c, d and Supplementary Fig. 2). Phosphorylation of GEF1 by
PKA relieved repression, increasing Cdc42 exchange activity (Fig. 2c,
d and Supplementary Fig. 2). For a control, we mutated the peptide
to a sequence that could still bind the PDZ domain but could not be
phosphorylated by PKA. A construct bearing this mutation (GEF1*)
was still repressed, but was not activated by PKA (Fig. 2d and
Supplementary Fig. 2).

To test if the PKA regulatory module could be transferred to
another GEF, we replaced the intersectin DH-PH with the amino-
terminal DH domain of Trio, which preferentially activates Rac1
(GEF2)12. GEF2 was also repressed in vitro (relative to the Trio DH
domain alone), and could be activated by PKA (Fig. 2d and Supple-
mentary Fig. 2). A control construct bearing a non-phosphorylatable
peptide (GEF2*) could not be activated by PKA (Supplementary
Fig. 3).

In total, we fused the PDZ-peptide module to the DH and/or DH-
PH fragments of five Dbl family members with varying GTPase
specificities (including intersectin and Trio), and tested their activity
in vitro. All seven constructs tested showed some degree of repression
under basal conditions, and four out of seven were activated by PKA
(Supplementary Table 3). No attempts were made to optimize
autoinhibitory affinity, domain orientation or interdomain linker
lengths, and it is likely that such efforts would improve activation
of the three remaining synthetic GEFs13.

To test if these synthetic GEF proteins could create new functional
signalling linkages in vivo, we introduced GEF1 and GEF2 into cells
by microinjection. We first tested the effect of microinjecting the
unregulated catalytic GEF modules into the REF52 fibroblast cell line
(Fig. 3a). As expected, microinjection of the Trio DH domain led
to a constitutive Rac1-associated lamellipodial phenotype. Micro-
injection of the intersectin DH-PH module yielded a constitutive
Cdc42-associated filopodial phenotype in a large fraction of cells;
however, a significant but inconsistent fraction of these cells showed
an alternative rounded phenotype that is distinct from filopodia and
lamellipodia (Supplementary Fig. 4). Co-injection of additional
Cdc42 with the intersectin DH-PH resulted only in cells with filopo-
dia, alleviating this dual phenotype problem. Thus, to simplify
phenotypic scoring, we co-injected the relevant GTPases in all of
the following experiments. We estimate that we are increasing the
cellular concentration of the specific GTPases by approximately two-
fold, which has no morphological effect in the absence of the GEF
domain. This method has previously been used to clarify scoring of
GEF-induced phenotypes14.
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Figure 2 | Modular recombination yields PKA-responsive synthetic GEFs.
a, We attempted to engineer GEFs that link PKA signalling to specific
cytoskeletal changes. b, PKA-sensitive GEFs were constructed by fusing Dbl
homology (DH) GEF output modules with a PKA input module composed
of the syntrophin PDZ domain and a peptide that binds the PDZ domain
and is a PKA substrate. c, In vitro assay of GEF1 showing activation by PKA.
Dissociation of fluorescent mant-GDP from Cdc42 was measured in the
presence of no GEF or constitutively active intersectin DH-PH (dotted

lines), GEF1 (solid black line), or GEF1 pre-treated with PKA (red line).
d, Activities of synthetic GEFs (relative to intersectin DH-PH or Trio DH).
GEF1 and GEF2 were basally repressed, but were activated by PKA. GEF1*
contains a mutation that abolishes phosphorylation by PKA, but retains
binding to the syntrophin PDZ. Error bars represent s.d. of three
experiments. Substrate specificities of GEF1 and GEF2 were identical to
those of their respective parental DH proteins, intersectin and Trio
(Supplementary Table 4).
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Injection of GEF1 into REF52 cells resulted in a new PKA-activated
filopodial response. After microinjecting the purified proteins, we
tested the cellular response to stimulation with increasing doses of
forskolin, a pharmacological activator of PKA15 (Fig. 3b). When
GEF1 was injected into cells, even in the absence of PKA stimulation,
there was a weak background activity; 14% of the cells showed filo-
podia, probably owing to somewhat leaky repression of GEF activity.
However, this phenotype was much weaker than that observed with
injection of an equivalent amount of the unregulated DH-PH mod-
ule (.95% of cells with filopodia). Most importantly, filopodia were
stimulated in a dose-dependent fashion as a function of forskolin
concentration such that .60% of the cells had filopodia at the high-
est forskolin concentrations tested (Fig. 3c). Furthermore, induction
of filopodia was observed within minutes of forskolin addition to
cells pre-injected with GEF1 (Supplementary Movie), demonstrating
the rapid timescale of response with protein-based networks that do
not require transcription and translation. Forskolin treatment of
cells lacking GEF1 (injected only with Cdc42) led to a small back-
ground stimulation of filopodia (,20%), indicating that there is only
a weak endogenous linkage between PKA and filopodia formation in
REF52 cells. As an important control, we observed no significant
stimulation of filopodia in cells microinjected with GEF1*, which
is autoinhibited but cannot be activated by PKA. These results imply
that the strong stimulation of filopodia is the result of a new, func-
tional signalling connection mediated directly by the engineered
GEF1 protein.

Similarly, injection of GEF2 into REF52 cells resulted in a PKA-
inducible lamellipodial response. Injection of GEF2 and Rac1 had
little basal effect on the cells (4% of cells with lamellipodia); however,
treatment with forskolin resulted in a dose-dependent increase
in the number of cells with lamellipodia (to .60%) (Fig. 3d).
Activation of lamellipodia also occurred within minutes of stimu-
lation (data not shown). Cells injected with GEF2* showed no sig-
nificant lamellipodial response to forskolin (Supplementary Fig. 3).
Thus, both synthetic GEFs are capable of mediating linkages between

the endogenous PKA signalling pathway and Rho GTPase-mediated
morphological rearrangements in live cells.

Many complex behaviours observed in living cells are mediated by
multiple signalling proteins that do not function alone, but instead
are linked into more complex multistep pathways16. For example, the
canonical GTPase Ras can activate multiple effectors, including the
Rac1 GEF, Tiam1 (ref. 17). Thus, we asked whether we could link
synthetic GEFs with specifically engineered input–output linkages
into a two GTPase cascade in which PKA would activate Cdc42,
and Cdc42 would in turn activate Rac1 (Fig. 4a). GEF1 could provide
the connection between PKA and Cdc42; however, the second step
required a Cdc42-responsive autoinhibitory module, which we
extracted from the signalling protein N-WASP as a GTPase-binding
domain (GBD) that recognizes a short central domain (C). The
GBD–C interaction is normally involved in autoinhibition of N-
WASP, and can be disrupted by activated Cdc42 (refs 18–21). We
fused the GBD-C module to the Trio DH domain, producing a Rac1-
specific GEF that is activated by Cdc42 (GEF3). In vitro analysis of
GEF3 showed that its Rac1 exchange activity was regulated by Cdc42,
as expected (data not shown), providing further evidence for the
flexibility of this overall framework for engineering diverse signalling
linkages.

Co-injection of GEF1 and GEF3 (along with Cdc42 and Rac1) into
REF52 cells resulted in a new signalling cascade: PKA stimulation by
forskolin ultimately led to Rac1 activation and a lamellipodial pheno-
type (Fig. 4b). Almost no filopodial response was observed, perhaps
because lamellipodia tend to be dominant over filopodia, and
because much of the activated Cdc42 may be sequestered by binding
to GEF3 instead of other effectors. To confirm that signal is passing
through both synthetic GEFs, we disrupted each individual compon-
ent. GEF3 was selectively disrupted by a small deletion in the GBD
that blocks binding to Cdc42(GTP) but does not affect autoinhibi-
tion (GEF3*)20,21. When GEF1 and GEF3* were injected into REF52
cells, forskolin treatment led to only the activation of Cdc42, result-
ing in robust formation of filopodia (Fig. 4b). Similarly, GEF1* is a
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Rewiring cellular morphology pathways with
synthetic guanine nucleotide exchange factors
Brian J. Yeh1,2*, Robert J. Rutigliano3*, Anrica Deb2, Dafna Bar-Sagi3,4 & Wendell A. Lim2

Eukaryotic cells mobilize the actin cytoskeleton to generate a
remarkable diversity of morphological behaviours, including
motility, phagocytosis and cytokinesis. Much of this diversity is
mediated by guanine nucleotide exchange factors (GEFs) that
activate Rho family GTPases—the master regulators of the actin
cytoskeleton1–3. There are over 80 Rho GEFs in the human genome
(compared to only 22 genes for the Rho GTPases themselves), and
the evolution of new and diverse GEFs is thought to provide a
mechanism for linking the core cytoskeletal machinery to a wide
range of new control inputs. Here we test this hypothesis and ask
if we can systematically reprogramme cellular morphology by
engineering synthetic GEF proteins. We focused on Dbl family
Rho GEFs, which have a highly modular structure common to
many signalling proteins4,5: they contain a catalytic Dbl homology
(DH) domain linked to diverse regulatory domains, many of which
autoinhibit GEF activity2,3. Here we show that by recombining
catalytic GEF domains with new regulatory modules, we can gen-
erate synthetic GEFs that are activated by non-native inputs. We
have used these synthetic GEFs to reprogramme cellular behaviour
in diverse ways. The GEFs can be used to link specific cytoskeletal
responses to normally unrelated upstream signalling pathways. In
addition, multiple synthetic GEFs can be linked as components in
series to form an artificial cascade with improved signal proces-
sing behaviour. These results show the high degree of evolutionary
plasticity of this important family of modular signalling proteins,
and indicate that it may be possible to use synthetic biology
approaches to manipulate the complex spatio-temporal control
of cell morphology.

Rho family GTPases are central signalling molecules in the regu-
lation of the actin cytoskeleton1 (Fig. 1a). These proteins are con-
formational switches that exist in GDP- and GTP-bound states;
however, only the GTP-bound state actively transduces signal to
downstream effectors. Cycling between states is primarily controlled
by opposing enzymes: GTPase activating proteins promote hydro-
lysis of bound GTP to GDP (inactivation), whereas GEFs promote
exchange of bound GDP for GTP (activation). The three canonical
members of the Rho family—Cdc42, Rac1 and RhoA—stimulate the
distinct morphological outputs of protrusive filopodia (thin actin
microspikes), protrusive lamellipodia (broad membrane ruffles)
and contractile actin:myosin filaments, respectively.

As an initial target for rewiring GTPase signalling, we attempted
to reprogramme Dbl family GEFs (Fig. 1b) so that their activity
was controlled by protein kinase A (PKA), a well-characterized
prototypical kinase6 (Fig. 2a). We first designed a PKA-sensitive
autoinhibitory module, inspired by natural examples7, that consisted
of a PDZ (PSD95, Dlg, ZO-1) domain–peptide interaction pair that

could be disrupted by PKA phosphorylation. The syntrophin PDZ
domain recognizes short carboxy-terminal peptide motifs (con-
sensus sequence (R/K)E(S/T)xy-COOH; y denotes aliphatic resi-
dues)8, which are close in sequence to the ideal PKA substrate
(RRRRSIIFI)9. A hybrid sequence (RRRESIV-COOH) could serve
both as an interaction ligand for the syntrophin PDZ domain and

*These authors contributed equally to this work.

1Chemistry and Chemical Biology Graduate Program, University of California, San Francisco, San Francisco, California 94158-2517, USA. 2Department of Cellular and Molecular
Pharmacology and the Cell Propulsion Lab, UCSF/UCB NIH Nanomedicine Development Center, University of California, San Francisco, San Francisco, California 94158-2517, USA.
3Department of Molecular Genetics and Microbiology, School of Medicine, State University of New York at Stony Brook, Stony Brook, New York 11794, USA. 4Department of
Biochemistry, New York University School of Medicine, New York, New York 10016, USA.
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(Wee1, Mik1, and Cdc25), as well as Rum1 and Ste9, thereby
down-regulating the activity of Cdc13!Cdc2.

The mechanism in Fig. 1 is converted into a set of differential
equations by using standard principles of biochemical kinetics
(Table 1). After specifying the numerical values of numerous
rate constants and Michaelis constants in these equations,
numerical solution gives the concentrations of the variables as
functions of time. Numerical values of the parameters were
chosen so that the concentration profiles of cell cycle regulators
are consistent with experiments on wild-type (WT) and mutant
cells.

Simulations with the Deterministic Model
The simulated cell cycle of WT fission yeast is presented in Fig.
2. The cell is born at a relative mass of 1, grows exponentially in
time, and at a mass of 2 divides symmetrically into two identical
daughter cells. During the short G1 phase (Fig. 2, Table 2),
Cdc13!Cdc2 activity is kept low by high activities of Ste9, Rum1,
and Wee1. (Nonetheless, our simplified version of G1!S control
in this model overestimates the duration of G1 phase.) Soon after
mitosis, Cdc13 level starts to rise as SK switch off Ste9 and
promote degradation of Rum1. However, Cdc13!Cdc2 cannot
be fully activated because Wee1 and Mik1 remain active. We
assume that the tyrosine-phosphorylated form of Cdc13!Cdc2
retains some activity (5% of the unphosphorylated form), and
this activity is sufficient to initiate DNA synthesis (with the help
of SK). Meanwhile, cells are growing, and larger cells (we
assume) synthesize Cdc13 at a faster rate, so the nuclear
concentration of Cdc13!Cdc2 increases. When MPF activity in
the nucleus reaches a threshold value, it inactivates Wee1 (and
Mik1) and activates Cdc25. As a result, preMPF is converted
autocatalytically to active MPF, and the cell enters mitosis. Sister
chromatids are rapidly aligned on the mitotic spindle, and then
MPF activates Slp1!APC, which releases PP from its inactive
complex with inhibitor. PP then activates Wee1, Mik1, Ste9, and
Rum1, bringing the cell back into G1 phase. Observe that, before
mitotic exit, there is a considerable peak in the tyrosine-

phosphorylated form of Cdc13!Cdc2 (Fig. 2) because Wee1 and
Mik1 get activated slightly earlier than Ste9!APC.

With the parameter set in Table 1, we could easily simulate
different cell cycle mutants (temperature-sensitive and loss-of-
function) by reducing or zeroing the appropriate parameter
values. Table 2 summarizes some properties of these simulations.
Because many of these mutants have been described by our
earlier model (4), they are not discussed further here.

Because tyrosine phosphorylation plays a role in inactivation
of Cdc13!Cdc2 at the end of mitosis, wee1! mutants spend more
time in the high Cdc13!Cdc2 activity state (mitosis), compared
with WT cells (see all of the mutants with wee1! background in
Table 2). This is consistent with experiments showing that wee1!

mutants spend more time between mitosis and cytokinesis (26).
Our model also correctly describes the phenotypes of mik1",
cdc25!, and pyp3" single and mik1" wee1ts double mutants
(Table 2).

The rum1" mutant of fission yeast grows normally; however,
a rum1" wee1ts double mutant, after a shift-up to the restrictive
temperature, becomes progressively smaller and dies (Table 2)
(27). Deletion of ste9 has a similar effect: viable in wee1# and
lethal in wee1! backgrounds (15, 16). In our simulations, Rum1
cannot accumulate during the short G1 phase in ste9" mutants,
and consequently ste9" wee1ts double mutant cells die similarly
to the rum1" wee1ts mutant.

Recent observations show that fission yeast survives in the
absence of both Rum1 and Ste9 (16), in contrast to the lethality
of the homologous budding yeast mutant (cdh1! sic1!) (28).
This difference in viability can be attributed to a species-specific
difference either in cyclin degradation (Slp1 may be more
effective in degrading Cdc13 in fission yeast than is Cdc20 in
degrading mitotic cyclins in budding yeast), or in inhibitory
tyrosine phosphorylation of Cdk1 (fission yeast activates ty-
rosine kinases during its normal mitotic cycle, whereas budding
yeast does not). We prefer the latter hypothesis, and our
simulations of ste9" rum1" (Fig. 3) show that these cells could

Fig. 1. A molecular mechanism for the regulation of Cdc13-associated kinase activity in fission yeast. All of the events of the fission yeast cell cycle can be
orchestrated by fluctuations of the activity of a single cyclin-dependent kinase, Cdc13!Cdc2. Cdc13 is synthesized from amino acids (AA) and combines readily
with catalytic subunits, Cdc2, which are assumed to be always present in excess. The activity of Cdc13!Cdc2 is modulated by Rum1 inhibition, by Tyr-15
phosphorylation (via Wee1 and Mik1, which is reversed by Cdc25 and Pyp3; the last molecule is not shown on figure), and by Ste9-dependent cyclin degradation.
Other cyclins (Puc1, Cig1, and Cig2, which are represented by X on the figure) in complex with Cdc2 can assist these processes.
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Un réseau de contrôle minimal
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Wild type 160 ± 3
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other hand, are so large at mitosis that they can exe-
cute the G1/S transition quite soon after anaphase. To
see the G1/S size requirement, cells must be born very
small, either by wee mutations or by germination from
spores).
The G1/S transition (Start) is controlled by antag-

onistic interactions between Rum1 and cyclin/Cdc2
dimers (Cig2/Cdc2 and Cdc13/Cdc2): Rum1 binds
to and inhibits the dimers, whereas the dimers phos-
phorylate Rum1, making it more susceptible to pro-
teolysis [47]. Below the critical size, Rum1 is
predominant and progress through the cell cycle is
stalled. Above the critical size, Rum1 inhibition is
removed and cyclin/Cdc2 dimers drive the cell into
S-phase. Recently, Novak and Tyson [30] have turned
these ideas into a mathematical model, which can
explain the behavior not only of wee1− (size control
at Start), but also of cdc13D and rum1OP (endoreplica-
tion) and wee1− rum1D (rapid division with diminish-
ing cell size).

2.3. Mitotic checkpoint

At the end of mitosis, MPF is inactivated by degra-

dation of its Cdc13 subunits. The degradation step is
mediated by a multi-enzyme complex, called the ana-
phase promoting complex (APC), which attaches ubi-
quitin labels to cyclin molecules and renders them
susceptible to proteolysis (for review see Ref. [31]).
In addition to cyclin B molecules, the APC also
induces degradation of the tether molecules that
hold the sister chromatids together. The mitotic
checkpoint ensures that APC is activated only after
all chromosomes are properly attached to the bipolar
mitotic spindle.
Two facts about the APC must be kept in mind.

First, in frog egg extracts, for which normal check-
point controls are inoperative, addition of active MPF
can turn on cyclin degradation, but only after a sig-
nificant time delay [32], suggesting that MPF acti-
vates (and/or induces production of) an intermediary
protein that activates the APC. Second, APC activity
and cyclin B accumulation seem to be mutually exclu-
sive: in budding yeast [33] and fission yeast [34] the
APC is active during G1-phase, when B-type cyclins
are absent, and is inactive during S + G2 + M, when
B-type cyclins are present. These facts led Nasmyth
[44] to propose that cyclin B-dependent kinase activ-

Fig. 2. A proposed molecular mechanism for three checkpoint controls in the fission yeast cell cycle. The G1/S transition is governed by CDK-
Rum1 interactions; the G2/M transition by Wee1-Mik1-Cdc25-controlled tyrosine-phosphorylation of CDK; and the meta/anaphase transition
by an ‘APC activating enzyme’ (AAE). See text for more details.
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(Wee1, Mik1, and Cdc25), as well as Rum1 and Ste9, thereby
down-regulating the activity of Cdc13!Cdc2.

The mechanism in Fig. 1 is converted into a set of differential
equations by using standard principles of biochemical kinetics
(Table 1). After specifying the numerical values of numerous
rate constants and Michaelis constants in these equations,
numerical solution gives the concentrations of the variables as
functions of time. Numerical values of the parameters were
chosen so that the concentration profiles of cell cycle regulators
are consistent with experiments on wild-type (WT) and mutant
cells.

Simulations with the Deterministic Model
The simulated cell cycle of WT fission yeast is presented in Fig.
2. The cell is born at a relative mass of 1, grows exponentially in
time, and at a mass of 2 divides symmetrically into two identical
daughter cells. During the short G1 phase (Fig. 2, Table 2),
Cdc13!Cdc2 activity is kept low by high activities of Ste9, Rum1,
and Wee1. (Nonetheless, our simplified version of G1!S control
in this model overestimates the duration of G1 phase.) Soon after
mitosis, Cdc13 level starts to rise as SK switch off Ste9 and
promote degradation of Rum1. However, Cdc13!Cdc2 cannot
be fully activated because Wee1 and Mik1 remain active. We
assume that the tyrosine-phosphorylated form of Cdc13!Cdc2
retains some activity (5% of the unphosphorylated form), and
this activity is sufficient to initiate DNA synthesis (with the help
of SK). Meanwhile, cells are growing, and larger cells (we
assume) synthesize Cdc13 at a faster rate, so the nuclear
concentration of Cdc13!Cdc2 increases. When MPF activity in
the nucleus reaches a threshold value, it inactivates Wee1 (and
Mik1) and activates Cdc25. As a result, preMPF is converted
autocatalytically to active MPF, and the cell enters mitosis. Sister
chromatids are rapidly aligned on the mitotic spindle, and then
MPF activates Slp1!APC, which releases PP from its inactive
complex with inhibitor. PP then activates Wee1, Mik1, Ste9, and
Rum1, bringing the cell back into G1 phase. Observe that, before
mitotic exit, there is a considerable peak in the tyrosine-

phosphorylated form of Cdc13!Cdc2 (Fig. 2) because Wee1 and
Mik1 get activated slightly earlier than Ste9!APC.

With the parameter set in Table 1, we could easily simulate
different cell cycle mutants (temperature-sensitive and loss-of-
function) by reducing or zeroing the appropriate parameter
values. Table 2 summarizes some properties of these simulations.
Because many of these mutants have been described by our
earlier model (4), they are not discussed further here.

Because tyrosine phosphorylation plays a role in inactivation
of Cdc13!Cdc2 at the end of mitosis, wee1! mutants spend more
time in the high Cdc13!Cdc2 activity state (mitosis), compared
with WT cells (see all of the mutants with wee1! background in
Table 2). This is consistent with experiments showing that wee1!

mutants spend more time between mitosis and cytokinesis (26).
Our model also correctly describes the phenotypes of mik1",
cdc25!, and pyp3" single and mik1" wee1ts double mutants
(Table 2).

The rum1" mutant of fission yeast grows normally; however,
a rum1" wee1ts double mutant, after a shift-up to the restrictive
temperature, becomes progressively smaller and dies (Table 2)
(27). Deletion of ste9 has a similar effect: viable in wee1# and
lethal in wee1! backgrounds (15, 16). In our simulations, Rum1
cannot accumulate during the short G1 phase in ste9" mutants,
and consequently ste9" wee1ts double mutant cells die similarly
to the rum1" wee1ts mutant.

Recent observations show that fission yeast survives in the
absence of both Rum1 and Ste9 (16), in contrast to the lethality
of the homologous budding yeast mutant (cdh1! sic1!) (28).
This difference in viability can be attributed to a species-specific
difference either in cyclin degradation (Slp1 may be more
effective in degrading Cdc13 in fission yeast than is Cdc20 in
degrading mitotic cyclins in budding yeast), or in inhibitory
tyrosine phosphorylation of Cdk1 (fission yeast activates ty-
rosine kinases during its normal mitotic cycle, whereas budding
yeast does not). We prefer the latter hypothesis, and our
simulations of ste9" rum1" (Fig. 3) show that these cells could

Fig. 1. A molecular mechanism for the regulation of Cdc13-associated kinase activity in fission yeast. All of the events of the fission yeast cell cycle can be
orchestrated by fluctuations of the activity of a single cyclin-dependent kinase, Cdc13!Cdc2. Cdc13 is synthesized from amino acids (AA) and combines readily
with catalytic subunits, Cdc2, which are assumed to be always present in excess. The activity of Cdc13!Cdc2 is modulated by Rum1 inhibition, by Tyr-15
phosphorylation (via Wee1 and Mik1, which is reversed by Cdc25 and Pyp3; the last molecule is not shown on figure), and by Ste9-dependent cyclin degradation.
Other cyclins (Puc1, Cig1, and Cig2, which are represented by X on the figure) in complex with Cdc2 can assist these processes.
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