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Rewiring Eukaryotic Signaling Networks using 

Synthetic Posttranslational Connections

Reid E. Williams

Abstract

Cells are dynamic, adaptive structures—able to sense their environment and change their 

behavior accordingly. This ability is largely driven by signaling pathways—networks of 

interconnected proteins and genes that sense environmental conditions and process this 

information to effect specific phenotypes through changes in gene-expression or protein 

activity. A major challenge in understanding how cells respond to their environment is 

to understand how the connections (or wiring) of signaling proteins determines network 

function. Here, several tools are engineered that allow novel regulatory connections to be 

made between proteins in a mitogen activated protein (MAP) kinase network. Specifical-

ly, these tools allow phosphorylation of a MAPK protein to be converted to degradation 

or to changes in nuclear / cytoplasmic localization of an arbitrary protein. These tools 

are then applied to (1) build a posttranslational positive feedback loop that alters the 

dynamic behavior of the Saccharomyces cerevisiae mating pathway, and (2) to tune the 

behavior of an existing gene-expression based bistable circuit to be more sensitive to the 

duration of input stimulus required to switch the circuit from one stable state to another. 

Computational modeling suggests that the addition of posttranslational feedback (positive 

or negative) is a general scheme by which an existing gene-expression based bistable 

circuit can be tuned to be more or less sensitive to the duration of input required to switch 

from one state to another.
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Chapter 1� General introduction

Cellular networks as information processing systems

Cells are dynamic objects; they change their behavior in response to the environment. 

They sense the presence of food like sugars and amino acids, toxins like heavy metals, 

and signal molecules from other cells. A haploid cell of the yeast Saccharomyces 

cerevisiae (which can exist in either a haploid or diploid state; haploid cells can mate to 

form diploid cells), for example, monitors its environment for the presence of a peptide 

pheromone produced by potential mating partners.33 When pheromone is detected, the 

cell undergoes a dramatic morphological and gene regulatory change. The cell produces 

an elongated pear shaped mating projection in the direction of the pheromone gradient 

called a “schmoo” as a means to reach out and ultimately fuse with a mating partner. 

It also changes the regulation of hundreds of genes in preparation for the possibility of 

mating6. What then are the molecular structures and patterns that allow a cell to sense its 

environment, and respond appropriately? 

Cells harbor networks of signaling molecules that sense conditions both inside and 

outside the cell, process this information, and generate changes to the cell’s phenotype. 

To effectively represent and transmit information, a molecule in a network must be able 

to adopt one of several states and be able to influence the state of downstream mole-

cules. Proteins can adopt myriad physical states that can be thought of as representing 

information, and proteins can influence downstream proteins in a signaling network in a 

state-dependent fashion15. The mating pathway in the yeast, Saccharomyces cerevisiae 

provides examples of several of these mechanisms.

Cerevisiae cells can exist in both a haploid or diploid state. In the haploid state, a-type 

cells sense the presence of α cells by sensing a soluble peptide pheromone called α-factor. 
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The presence of α-factor leads to gene regulatory and morphological changes in a-cells 

via a mitogen activated protein kinase pathway (MAPK) called the mating pathway6  

(Figure 1). Binding of α-factor to a transmembrane receptor protein (Ste2) leads to 

dissociation of two members of a cytosolic protein complex. Prior to ligand binding at 

the receptor, four proteins are in complex (Ste2, Ste4, Ste18, and Gpa1). After ligand 

binding, two of the proteins (Ste4 and Ste18) dissociate from the complex. The receptor 

thus adopts two physical states: bound by α-factor or unbound, and it transmits this state 

by affecting whether Ste4/Ste18 are in complex with Gpa1/Ste2. Dissociated Ste4/Ste18 

can recruit yet another signaling protein (Ste5), transmitting the signal further along the 

pathway.

Several steps later in the mating pathway, state information of a protein is encoded by 

phosphorylation. Ste7 is a kinase that is itself activated by phosphorylation. When Ste7 

is phosphorylated by the upstream kinase, it undergoes a conformational change and 

becomes an active kinase. It can then phosphorylate a downstream protein, Fus3, again 

transmitting the signal further along the pathway6.

To be useful this transmission of signals from protein to protein must ultimately alter a 

cell’s phenotype in some way that is adaptive to the cell’s environment. In the mating 

pathway, the state of several proteins are changed such that they lead to polarized actin 

polymerization and ultimately growth of the mating projection. The GTPase protein, 

Cdc42, changes state by exchanging GDP for GTP. Another protein, Cdc24 (which is a 

guanine nucleotide exchange factor for Cdc42), changes state by moving from a cytosolic 

to a plasma membrane bound localization.6

Mating pathway activation also leads to changes in gene regulation. A cascade of kinases 

(Ste11, Ste7, Fus3) leads to the phosphorylation of a transcription factor, Ste12, which 
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binds to specific DNA sequences of promoters (termed pheromone response elements) 

and leads to the transcription of genes necessary for mating.6

Network motifs: structures of signaling networks and their behaviors

Cell signaling networks often do more than just transmit information from one place to 

another; they actively interpret signals by reshaping them, embodying a kind of cellular 

intelligence.15 For example, in the Escherichia coli chemotaxis network, nutrient sensing 

receptor proteins and several signaling proteins form a network that allows the E. coli to 

swim up nutrient gradients. E. coli swim by rotating a flagellar protein motor that in turn 

rotates attached flagella. The motor can rotate either clockwise or counterclockwise—

spun in one direction, the flagella propel the cell forward; spun in the opposite direction 

the flagella cause the cell to tumble and randomly reorient. Part of the signaling network 

connects the nutrient sensing receptors to the flagella motor so that the presence of 

nutrient molecules biases the motor to turn in the direction that propels the cell forward. 

This mechanism alone would allow the cell to sense absolute levels of nutrients: the more 

nutrients the receptors sense, the more likely the cell is to move forward. Suppose a cell 

is approaching an area with a high concentration of nutrients. Sensing absolute nutrient 

levels would cause the cell to swim right through the area, and potentially exit the other 

side where nutrients would begin to drop again. In actuality, E. coli cells tend to swim up 

nutrient gradients, and then randomly reorient in isotropic environments. They do this by 

responding to the change in nutrient levels over time rather than absolute levels. To do 

this, they employ negative feedback in which receptors signal through several proteins 

to a methylase, CheW, which methylates receptors. Increased methylation of a receptor 

reduces its sensitivity to nutrients. Thus the signaling network is activated by increases in 

nutrient concentration, but over time it adapts, becoming less sensitive so that a further 

increase in nutrient concentration is required to activate it.40, 77
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Here, signals are shaped as they flow through portions of a protein network that contain a 

specific topology. The ability of an E. coli cell to swim up a nutrient gradient (and hence 

from less abundance to greater abundance of nutrients without overshooting) is mediated 

by negative feedback, which ensures that the cell swims straight only as long as the 

nutrient input signal is increasing. 

For even a small network (or a small subset of a larger network) there are numerous 

different ways to connect nodes. Amongst all possible patterns of connections between 

nodes, are there specific topologies that are favored by biological systems? Indeed work 

in recent years has identified a number of network motifs: topologies in cellular networks 

encountered more often than expected by chance alone.50

Some of the motifs observed in cells include feedback loops, feedforward loops, single 

input modules, dense overlapping regulons, and bifans. Feedforward loops are motifs 

with two signaling paths between a node X and Y where typically one path is shorter 

than the other. Single input modules are motifs where a single species signals to multiple 

downstream species; often single input modules are of the form of a single transcription 

factor that regulates several genes. Dense overlapping regulons involve an array of 

signaling species X1..m that regulate an array of output species Y1..n. Any given Xi might 

regulate a number of output species, Yj..k and any given output species, Yi might be 

regulated by a number of input species, Xi..j. Similarly, bifans contain two input nodes that 

each cross-regulate two output nodes.44, 66, 13

Feedback is of particular importance because it underlies several hallmark cellular behav-

iors: homeostasis, adaptation (as seen in the chemotaxis example above), and bistability.69 

Interestingly, a description of the topology of a network alone is insufficient to predict its 
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behavior. A negative feedback motif can lead to homeostasis but the same topology can 

also lead to a network that oscillates.38 To fully predict the behavior of negative feedback, 

it is necessary to know both the topology of the network as well as detailed parameters of 

the signaling nodes: for example the kinetics of reactions between signaling nodes.36, 56

Bistability, is a property whereby a system can exist in one of two stable states. The 

system tends to stay in its current state but if subjected to a particular stimulus it can 

switch to the alternate state.69 A cellular signaling network can be bistable, but individual 

molecules can be bistable as well. For example, a protein that is phosphorylated and 

dephosphorylated on multiple sites by an upstream kinase and phosphatase (respectively) 

can be bistable: unphosphorylated and doubly phosphorylated are the two stable states.47 

In digital electronics, a flip-flop is a bistable circuit that maintains a state (a logic level 

0 or 1) until it is altered by a SET or RESET input signal.72 In living systems, bistability 

plays a role in organism development and neuron long term potentiation.25, 37 Chapter 4 

begins with a more detailed introduction of bistable circuits.

Modularity in cellular signaling networks

Modularity plays a significant role in enabling the engineering of complex systems. A 

classic parable described by Herb Simon describes two watchmakers of equal mechanical 

skill named Hora and Tempus.67 Both watchmakers build complex machines of a thou-

sand basic parts, but their designs differed dramatically. Hora uses a modular design and 

creates a finished watch by combining ten different modules, each module built out of ten 

basic parts. Tempus employs a monolithic design, painstakingly combining a thousand 

basic parts all at once to create a finished watch. Each watchmaker works at his bench but 

whenever the phone rings, the watchmaker must put down his work to answer the phone. 

As he puts down a partially completed watch, it breaks into its constituent parts. If the 
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phone rings often, Hora will be much more efficient than Tempus at building watches. 

When Hora is nearly finished with a watch and the phone rings, he loses at most 10 steps 

as his watch breaks into 10 modular components. When Tempus is nearly finished and the 

phone rings he loses as much as 1000 steps as his watch breaks into 1000 basic parts.

Biology contains numerous examples of modularity. The genetic code which maps codon 

triplets to amino acids, with some exceptions, is the same across species and individuals 

within a species, permitting horizontal gene transfer, and function of exogenously 

expressed genes.3 Whole promoters, cis-regulatory elements within promoters, and the 

genes that these structures control are modular. The Cerevisiae promoter  pAdh1, for 

example, which naturally controls transcription of an alcohol dehydrogenase is frequently 

used as a constitutive promoter to drive expression of exogenous or engineered genes 

in yeast.52 Likewise, pGal1, which naturally controls transcription of a galactokinase 

enzyme that participates in metabolism of galactose is regulated by the presence of 

galactose in growth medium.51 and is frequently used out of its natural context to allow 

galactose induction of an arbitrary gene.

Exogenous DNA binding proteins and their cognate DNA sequences are frequently used 

to engineer protein control of gene expression into an existing promoter. For example, the 

TetO operator and its cognate tetracycline repressor protein are used to construct chimeric 

mammalian and yeast promoters that can be activated or repressed with tetracycline.27, 29

Proteins also often display modularity. Metazoan signaling proteins are often composed 

of protein domains that function independently, permitting engineers (and presumably 

evolution) to swap domains from one protein to another and thus re-wire connections 

and signaling network function.42 MAP kinase substrate proteins are also often modular, 

with the sequence responsible for kinase binding affinity (the dock) separate from the 
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sequence that is phosphorylated. The sequence that encodes kinase specificity for the 

substrate is contained in the dock, while the kinase’s preference for sequence flanking 

the phosphorylated residue has some restrictions (a phosphorylated Serine or Threonine 

followed immediately by a Proline) it is much more relaxed than kinases outside of the 

family.49, 63 

A synthetic biology approach

Beginning nearly a decade ago researchers began projects in a field known as synthetic 

biology, which, though it encompasses a diverse set of specific research projects and 

goals, is unified by a broad aim of developing a mature, rational, and quantitative 

engineering approach to creating novel biological function. Practitioners in the field have 

used existing or modified biological parts to build synthetic model systems that permit 

them to explore the design principles of such systems.10 Because these systems are built 

from the ground up, they tell us what biological structures are sufficient to create specific 

behaviors.

An early example of such a system is a synthetic oscillator built by Elowitz and Leibler, 

termed the repressilator24. The system consisted of a network of three interacting genes 

that formed a circular topology, with each gene repressed by its upstream gene and 

repressing its downstream gene. This circuit topology is well known in digital electronics 

and is known as a ring oscillator. If each node is inverting (as is the case in the biological 

system), and the number of nodes is odd, then the system has the potential to exhibit 

oscillations, and indeed this is what Elowitz and Leibler observe.

The same year (2000) Gardner, et al. created a circuit of two genes where each gene 

inhibited the expression of the other gene28. Such a circuit topology has the potential to 

exhibit bistability, in which the system tends to be in one of two stable states. Again, this 
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is what the authors observe: when the system is induced into one state (abstractly, gene 

A not expressed, while gene B is expressed) it tended to stay in that state, and likewise 

when induced into the opposite state (gene A expressed and gene B not expressed) the 

system tended to stay in that state.

In both cases, simple differential equation models with only a few chemical species 

predict the behavior, while the engineered system verifies that the behavior is possible in 

a biological context. These works and similar projects that followed begin to tell us what 

minimal structures are sufficient to create basic network behaviors, in this case oscilla-

tions or bistability, and though natural networks tend to be more complex, the difference 

between these “toy” systems and natural systems is itself valuable: we can begin to ask 

what additional capabilities the natural system has that is missing from the toy system, 

and what structures in the natural system create the capabilities.

Overview of chapters 2 through 4

The work presented here is divided into three remaining chapters and illustrates two 

novel mechanisms to create posttranslational regulatory links and demonstrates how 

the addition of a posttranslational feedback loop can tune the sensitivity of a bistable 

circuit to brief stimuli. Chapter 2. Controlling abundance of cellular proteins through a 

synthetic phospho-degron, discusses the characterization of a synthetic protein sequence 

that converts activity of the Saccharomyces cerevisiae mating pathway MAP kinase, 

Fus3, into degradation of an arbitrary protein. This allows posttranslational regulatory 

links to be established between the MAP kinase and other proteins, paving the way for 

the construction of synthetic posttranslational signaling networks. Chapter 3. Controlling 

protein localization and reshaping MAP kinase pathway dynamics through sequestration 

and phospho-degradation of proteins, builds on the results of the phospho-degron and 
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introduces the use of phosphorylation to control the localization of a protein, another 

kind of posttranslational regulator link between proteins. The chapter discusses using this 

regulatory link to add a posttranslational positive feedback loop to the mating pathway 

resulting in a change to the pathway’s dynamical response to α-factor. Chapter 4. Using 

modular phospho-regulatory motifs to construct sensitive cellular memory circuits, is 

centered on constructing tools that allow the introduction of phosphorylation based 

regulatory links (two of which include phospho-degradation and phospho-controlled 

localization mentioned above) into the mating pathway, and using an engineered post-

translational feedback loop to tune the sensitivity of a transcription based bistable circuit 

to short durations of stimulus. The chapter also includes computational modeling of a 

bistable circuit with and without a second posttranslational feedback loop. 
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Chapter 2� Controlling abundance of cellular proteins through 

a synthetic phospho-degron

Introduction

Eukaryotic cells use ubiquitin dependent proteolytic degradation in a variety of situations 

to regulate protein activity. A variety of signals control degradation, including constitutive 

signals built into a protein’s sequence as is the case in N-end degrons, as well as protein 

state dependent signals, for example degradation of a protein only when it is phosphor-

ylated.22, 61 In all cases, the degradation signal (or degron) is recognized by a ubiquitin 

ligase protein that catalyzes the covalent attachment of a ubiquitin protein to the target. 

Successive rounds of attachment, lead to target proteins being marked by a chain of four 

or more ubiquitin molecules.60 This leads to recognition and subsequent proteolysis by 

the proteasome.

The ability to engineer phosphorylation controlled degradation would allow us to link 

proteins, so that activity of one protein would control the abundance (and hence activity) 

of another protein. This would be a powerful tool to allow us to begin constructing 

synthetic posttranslational signaling networks for industrial applications or to ask ques-

tions about the design principles of signaling networks.

This work uses the yeast Saccharomyces cerevisiae mating pathway as a model system 

in which to engineer phosphorylation controlled degradation of an arbitrary protein. The 

mating pathway is used for several reasons: first, cerevisiae grow relatively quickly and 

are easy to genetically manipulate; second, the mating pathway is a mitogen activated 

protein kinase (MAPK) pathway which are ubiquitous in eukaryotic organisms and play 

critical roles in development and cell proliferation in human cells3; third, the yeast mating 
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pathway is well studied and much of its basic biology has been elucidated.

A central protein in the yeast mating pathway is the MAP kinase Fus3. Fus3 is 

phosphorylated in response to α-factor, which activates it as a kinase. Fus3 has several 

downstream targets including Ste12, Tec1, and Far1. Ste12 is a transcription factor; when 

phosphorylated by Fus3, it binds pheromone response elements in the genome, leading 

to expression of mating dependent genes6. Tec1 is a transcription factor that controls the 

expression of genes related to the response to nutritional limitations but it is degraded 

when phosphorylated by Fus3 to prevent signaling pathway “crosstalk.” Far1 plays a role 

in the formation of the mating projection, but also acts to stop the yeast cell cycle so that 

cells in the process of mating are not also in the process of duplicating their DNA.5

Fus3, like other MAP kinases is dock directed. A dock is a short amino acid sequence 

found in proteins with which Fus3 interacts that directly bind Fus3. In the case of 

substrates of Fus3 (like Far1), the docking sequence is distinct from the phosphorylated 

residue. The docking sequence rather than sequence flanking the phosphorylated residue 

is responsible for Fus3-substrate affinity.62, 63

This natural modularity is the basis for the design of the Fus3 phospho-degron described 

here. The phospho-degron relies on a property of a signaling protein Tec1. In vivo, Tec1 

is phosphorylated and degraded within minutes of adding α -factor. Tec1 has been shown 

to be phosphorylated by Fus3 in vitro and shows α-factor dependent binding to Cdc4 

and degradation in vivo.5, 20 An N-terminal fragment of Tec1 has also been shown to be 

phosphorylated by Fus3 in vitro.16 Finally, a ten residue fragment, when synthesized 

phosphorylated, has been shown to bind to Cdc4 in vitro, though there is no evidence that 

it can be phosphorylated by Fus3.4 A thirty residue fragment that includes the ten residue 

fragment above, when fused to a Fus3 docking sequence from another Fus3 substrate, 
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1 486 Full length Tec1. Phosphorylated by 
Fus3 (in vitro) and shows α-factor 
dependent binding to Cdc4 and 
degradation in vivo (Chou, 2004; Bao, 
2004)

2801 N-term fragment. Phosphorylated by 
Fus3 in vitro (Bruckner, 2004)

Synthetic Phospho-ligand. We fused a 
Fus3 dock (from Ste7) to the minimal 
Cdc4 phospho-ligand using a �exible 
linker. (See chapter 4.)

Fus3 dock (Ste7)
   LQRRNLKGLNLNL  SR(GS)

10
SLQG  SKLLTPITASN

269 279 Minimal Cdc4 phospho-ligand. 
Synthesized phospho-peptide binds 
Cdc4 in vitro (Bao, 2010)

SKLLTPITASN

269 299

Synthetic phospho-degron. We fused 
a Fus3 dock (from Far1) to a longer 
fragment from Tec1 that includes the 
minimal Cdc4 phospho-ligand and 4 K 
residues (for ubiquitinylation) with a 
short linker. 

Fus3 dock (Far1)
   SKRGNIPKPLNLSKPI  PREF  SKLLTPITASNEKKIENFIKTNAASQAKTPL

linker

linker

269 279

Figure 2� Protein architecture of Tec1 based phospho-degron�
A ten residue fragment of Tec1 is known to bind Cdc4 in vitro when phosphorylated. 
The phospho-degron extends this fragment by an additional 30 residues on its C-termi-
nus to include several lysine residues and fuses a MAPK docking sequence from Ste7 
to the N-terminus.
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generates a functional phospho-degron.

The architecture of the phospho-degron is shown in Figure 2. Here a docking sequence 

from Far1 is fused to the N-terminus of the sequence identified by Bao et al. An addi-

tional span of residues rich in lysine (to which ubiquitin is typically covalently attached) 

is included. A short four amino acid linker (residues PREF) separates the dock form the 

Tec1 fragment.

Results and discussion

To test the function of the degron, it was fused to a reporter protein, tdTomato (Figure 

3). The expected behavior is that addition of α-factor leads to activation of Fus3. Fus3 

phosphorylates the phospho-degron, which leads to recruitment of the SCFCdc4 ubiquitin 

ligase, covalent attachment of ubiquitin, and subsequent degradation by the proteasome. 

(Figure 3A). Fluorescence microscopy was used to detect the degradation of phospho-de-

gron-tdTomato over time in response to α-factor (Figure 3B). Quantification of multiple 

microscopy images shows about 5-fold degradation after the addition of α-factor (Figure 

3C). Figure 4 shows representative microscopy images of the phospho-degron-tdTomato 

fusion before and after the addition of α-factor. Figure 5 shows representative microscopy 

images of a non-phosphorylatable control degron, where the phosphorylated residue 

has been mutated to valine. Figure 6 shows the protein sequence and detailed domain 

architecture of the phospho-degron-tdTomato fusion protein.

Cdc4 is an f-box protein and a member of the SCF ubiquitin ligase complex. Cdc4 binds 

phosphorylated Tec1 and the complex catalyzes the attachment of ubiquitin, leading 

to degradation. Cdc4, however, is only present in the nucleus.12 A natural question is 

whether the phospho-degron can direct degradation of a protein exclusively localized 
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Figure 3� tdTomato fused to the phospho-degron degrades in response 
to α-factor.
A. Addition of α-factor leads to activation of Fus3. Fus3 phosphorylates the 
phospho-degron (1), which leads to recruitment of the SCFCdc4 ubiquitin 
ligase, covalent attachment of ubiquitin, and subsequent degradation by the 
proteasome.
B. Microscopy of tdTomato degradation in response to α-factor.
C. Quantification of microscopy images shows about 5-fold degradation
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phospho-degron
(CB008 transformed
with pRW330)

before α-factor
3 hours
after α-factor

Figure 4� Representative microscopy images of phospho-degron fused to 
tdTomato�
Brightfield image (top) and red fluorescent channel (bottom).
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non-phosphorylatable
mutant degron
(CB008 transformed
with pRW331)

before α-factor
3 hours
after α-factor

Figure 5� Representative microscopy images of mutant control phospho-de-
gron fused to tdTomato�
Brightfield image (top) and red fluorescent channel (bottom). Mutant degron has 
phosphorylated residue mutated to valine.
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MGAGS -- zipper -- GSGSGSGSGSPKKKRKVGSSL -- tdTomato -- 
GSDSKRGNIPKPLNLSKPIPREFSKLLTPITASNEKKIENFIKTNAASQAKTPL*

KKKKNLS
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1x Phospho-
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Figure 6� Protein sequence and domain architecture of phospho-degron-tdTomato 
fusion proteins�
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to the cytoplasm. To test this, a fusion protein similar to the phospho-degron-tdTomato 

construct was built that additionally has a strong nuclear export signal (NES).45 When a 

degradation target fusion protein with the phospho-degron and tdTomato (but no NES) 

was expressed, degradation occurred with the addition of α-factor regardless of whether a 

Cdc4-NES fusion protein was also expressed. When the target protein contained an NES, 

degradation only occurred when the Cdc4-NES fusion protein was also expressed (Figure 

8). 

To illustrate degradation of a protein besides the tdTomato reporter, the phospho-degron 

and a FLAG tag were fused to the cerevisiae metabolic protein, Ura3. The Western blots 

show the degradation of Ura3 with the addition of α-factor while fusion of a mutant 

control degron with the phosphorylated residue mutated to valine does not degrade with 

the addition of α-factor (Figure 9). 

Thus far, the phospho-degron described here has only been characterized in terms of 

its behavior when a saturating dose of α-factor has been administered. The mating 

pathway, however, exhibits a range of responses when stimulated with different α-factor 

concentrations.8, 32 What does the phospho-degron dose to degradation response look 

like and how does this compare to the dose response of a mating pathway transcriptional 

reporter (pFus1 driving expression of GFP)? To test this, a cerevisiae strain is used that 

has an integrated GFP gene driven by the mating pathway responsive promoter pFus1. 

This strain reports on mating pathway activity via GFP expression and has been shown to 

have a linear dose response (a hill coefficient close to 1) over an α-factor range of about 

10-4 to 1 μM.8 Figure 10 shows the degradation of tdTomato fused to the phospho-degron 

in response to a range of α-factor concentrations. Figure 11 shows the phospho-degron 

dose-degradation curve flipped and normalized and overlaid with a pFus1 driving 

expression of GFP dose-response curve. The two curves look very similar suggesting that 
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Figure 7� Model mechanism for phospho-degron ubiquitination�
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tdTomato-degron
-NES

+NES

-NES

+NES

NES-tdTomato-deg

�uorescence at 60 minutes /
 �uorescence before α-factorCdc4

expr
degradation
target 0 0.2 0.4 0.6 0.8 1.0

+α-factor

 no α-factor

Figure 8� Degradation of cytosolic proteins requires cytosolic Cdc4�
tdTomato fused to the phospho-degron is expressed with or without a 
strong nuclear export signal (NES). When tomato is fused to an NES, 
degradation only occurs if Cdc4 is also expressed with an NES.
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mutant
control degron

α-factor +- +-

α-FLAG

hexokinase
loading
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Figure 9� Degradation of a 
phospho-degron and FLAG 
tagged reporter assayed by 
Western blot�
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Figure 11� Overlay of  degradation-dose response and 
mating pathway transcriptional response�
The dose-degradation response of the phospho-degron 
fused to tdTomato from Figure 10 has been flipped up-
side down and normalized. Overlaid is the dose response 
of the mating pathway reported via GFP expression 
using the linear mating pathway promoter pFus1. The 
agreement of the two curves suggests that the degron 
could be a linear reporter of steady state Fus3 activity.
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Figure 12� Dose response of pFus1-GFP transcriptional reporter 
of mating pathway activity in a strain expressing the phospho-de-
gron fused to tdTomato�
The blue curve is the same data as the green curve in Figure 11, here 
displayed with raw fluorescence units. Expression of a phosphory-
latable degron does not change the pFus1-GFP dose response of the 
mating pathway when compared to a non-phosphorylatable control 
degron.



26

the degron can functions as a steady state reporter of mating pathway activity. Because 

output is inverted (increased pathway activity leads to a decreased concentration of 

tdTomato) the phospho-degron could be used to create a mating pathway activity selec-

tion scheme by fusing the degron to a metabolic gene such as Ura3 and growing in uracil 

dropout media. Culture growth then becomes tied to mating pathway activity. The pFus1 

GFP expression dose-response shown in Figure 11 is repeated in Figure 12 without being 

flipped or normalized and is shown alongside a mutant non-phosphorylatable control 

degron, showing that a phosphorylatable degron does not alter the mating pathway 

dose-response as reported by pFus1-GFP expression.

Several degron variants were made in order to determine whether phospho-degron 

behavior depends on the length and composition of the linker sequence between the Fus3 

dock and phosphorylated residue. Experiments by other members of the Lim lab on a 

different but similar system suggested that changes in linker length can have an effect on 

peptide sequences that combine a Fus3 dock and nearby phosphorylated residues. (Caleb 

Bashor personal communication). Three degron variants were generated that replaced the 

degron amino acid PREF linker with a 15 or 24 amino acid GS linker or a 12 amino acid 

GA linker. One report suggested that stretches of GA residues can frustrate proteasome 

proteolysis and affect degradation behavior.21 Strains were tested by fusing the degron 

variants to tdTomato and assaying for changes in fluorescence with and without addition 

of α-factor. Three or four clones of each of variant was tested. Figure 13 shows the result 

of this experiment. The data suggest that all three of the alternate linkers have little effect 

on tdTomato degradation after the addition of α-factor.

This chapter presents the characterization of a phosphorylation controlled degron 

sequence. Although specific sequence based degrons have been described,71, 81 these tools 

are strictly genetic: fusion of the degron sequence leads to constitutive degradation of the 
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Figure 13� Degradation of phospho-degron variants with differ-
ent linkers fused to tdTomato�
The phospho-degron PREF residue linker is replaced with several 
length GS or GA linkers. These linker variants have little effect 
on degradation. Each vertical line represents the result of a clonal 
population.
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protein. Here, a phosphorylation based degron is described; the property that degradation 

is condition specific and tied to a posttranslational modification makes this tool useful for 

rewiring signaling networks: phosphorylation leads to a change in a protein’s abundance. 

A change in the state of one protein leads to a change in the state of another downstream 

protein.
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Chapter 3� Controlling protein localization and reshaping 

MAP kinase pathway dynamics through sequestration and 

phospho-degradation of proteins

Introduction

As we’ve seen above, phosphorylation controlled degradation can be used to link a MAP 

kinase to the degradation of an arbitrary protein. This is a posttranslational regulatory 

link and has the potential to be used as a means to rewire a signaling network, such as 

the mating pathway, and result in altered behavior of the pathway. This chapter shows 

how phospho-degradation can be used to control a different protein state, the nuclear or 

cytosolic distribution of the protein, and how control of localization can be used to build 

posttranslational positive feedback in the mating pathway. The chapter ends with several 

computational results that show how sequestration can create nonlinear input output 

relationships between protein concentration and activity without any cooperative binding 

mechanisms.

Cellular signaling networks take advantage of the fact that proteins are often only active 

in a particular eukaryotic compartment. For example, transcription factors can remain in 

an inactive state by being localized to the cytoplasm where they physically cannot inter-

act with DNA. A specific signal then leads to translocation of the protein into the nucleus, 

where it is active as a transcription factor and can lead to gene expression. Mechanisms 

that control the cytoplasmic localization include regulation of nuclear import proteins, 

masking of nuclear localization signals (NLS) and anchoring by a cytoplasm localized 

protein.31, 55 This section discusses how leucine zipper protein domains can be used to trap 

a protein (the target) in the nucleus with another protein (the anchor). Here we use hete-

ro-binding leucine zippers as a tool to selectively and non-covalently bind two proteins of 
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interest.1, 70  

Phosphorylation control of protein nuclear / cytosolic localization can be achieved by 

controlling degradation of the anchor protein with phosphorylation. If the anchor protein 

is fused to a phospho-degron, phosphorylation by the MAP kinase Fus3 should lead to 

degradation of some fraction of the anchor protein, resulting in less anchor to bind the 

target protein. This should lead to a release of some fraction of the target protein from the 

nucleus into the cytoplasm. 

Results and discussion

Sequestering a protein in the nucleus using a nuclear localization signal 

and leucine zippers

The first test of this is hypothesis was to determine whether one protein could anchor 

another in the nucleus. For this, two synthetic proteins were constructed (Figure 14). The 

first, anchor protein contained tdTomato fused to a nuclear localization signal41 (NLS) to 

keep it localized to the nucleus, and a leucine zipper domain. The second, target protein 

consisted of GFP fused to the complementary leucine zipper pair. Both proteins were 

expressed using constitutive promoters.

As long as the concentration of the anchor protein is high enough, it should sequester the 

target protein in the nucleus. As the concentration of the anchor protein is titrated down 

(through the use of  weaker constitutive promoters) it should reach a point where it can 

no longer fully anchor all of the GFP population in the nucleus. Figure 15 shows the 

result of such an experiment. The tdTomato NLS leucine zipper protein is either not ex-
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nuclear
membrane

NLS

GFP

leucine
zipper
pair

nuclear
anchor

Tomato

constitutive
promoter

Figure 14� Anchor and target protein constructs to 
sequester target in the nucleus�
Constitutively expressed tdTomato fused to a nuclear 
localization signal (NLS) and a leucine zipper domain 
acts as a nuclear anchor. GFP fused to a complementary 
leucine zipper is held in the nucleus by the anchor protein.
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no anchor

Strong expression
of anchor (Adh1
promoter)

Medium expression
of anchor (Ura3
promoter)

Figure 15� An anchor protein can sequester a target protein in the nucleus�
Proteins in Figure 14 are expressed and visualized with fluorescence microscopy. Without an 
anchor (leftmost image), no red signal is seen and the green signal from GFP is localized 
to the cytoplasm. Addition of a strongly expressed anchor (middle image) leads to 
significant co-localization of GFP and tdTomato in the nucleus. Reducing the expression 
level of the anchor by substituting a weaker promoter (Ura3 promoter, right image) leads 
to some nuclear co-localization but also substantial cytoplasmic GFP.
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Figure 16� Phospho-degradation can be used to convert phosphorylation to changes 
in GFP localization�
A. Proteins used to control GFP localization with phosphorylation. Treatment with 
α-factor leads to activation of Fus3, which phosphorylates the phospho-degron (1). The 
degron is degraded (2) leading to release of GFP into the cytoplasm (3).
B. Fluorescence microscopy shows that upon the addition of α-factor, GFP changes 
localization from the nucleus to the cytoplasm. 
C. Quantification of the change in localization behavior with the addition of α-factor. 
After about an hour the ratio of cytoplasmic GFP to nuclear GFP has gone up by about 
50%.
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pressed (labeled “no anchor” in the figure) or expressed using a medium strength (Ura3) 

or strong constitutive promoter (Adh1). The GFP leucine zipper protein is expressed 

using a medium strength (Ura3) promoter. Without an anchor, no red signal is seen and 

the green signal from GFP is localized to the cytoplasm. Addition of a strongly expressed 

anchor leads to significant co-localization of GFP and tdTomato in the nucleus. Reducing 

the expression level of the anchor by substituting a weaker promoter (Ura3) leads to some 

nuclear co-localization but also substantial cytoplasmic GFP.

Controlling nuclear vs cytoplasmic localization using sequestration and 

phospho-degradation

Protein-protein binding via leucine zippers can thus sequester a protein in the nucleus in a 

manner that can be titrated by the expression level of the anchor protein. Can degradation 

of the anchor protein via a phospho-degron lead to an α-factor dependent change in 

cytosolic concentration of GFP? To test this, the anchor protein previously used was 

modified to include a phospho-degron (Figure 16A). This dynamic anchor should then 

keep GFP in the nucleus. With the addition of α-factor, the anchor should degrade, poten-

tially releasing GFP into the cytoplasm. Figure 16B shows the result of this experiment 

visualized with fluorescence microscopy. Upon the addition of α-factor, GFP changes 

localization from the nucleus to the cytoplasm. Figure 16C shows a quantification of 

the change in localization behavior, that after about an hour the ratio of cytoplasmic to 

nuclear GFP has gone up by about 50%. Figure 17 shows the dynamics of phospho-con-

trol of GFP localization. Even at 15 minutes after the addition of α-factor, an increase in 

cytoplasmic GFP is detectable by eye. Figure 18 shows full frame microscopy images of 

phospho-control of GFP, while Figure 19 shows full fame images of a negative control 

where the phosphorylated residue of the phospho-degron has been mutated to valine.
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no α-factor 15 mins 30 mins 60 mins

Figure 17� Timecourse of phospho-control of GFP localization�
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phospho-degron and anchored GFP
(CB008 transformed with pRW330,
and pRW351)

before α-factor
1 hour
after α-factor

Figure 18� Full microscopy fields of phospho-control of cellular localization.
Full frame microscope images of the same cell strains as Figure 16. The top images are 
brightfield; the bottom images are GFP fluorescence.
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non-phosphorylatable mutant degron
and anchored GFP
(CB008 transformed with pRW331,
and pRW351)

before α-factor
1 hour
after α-factor

Figure 19� Full frame microscopy images of non-phosphorylatable mutant control 
degron showing no change in GFP localization upon addition of α-factor.
Top images are brightfield; bottom images are GFP fluorescence.
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Controlling protein activity with nuclear sequestration

Thus far this chapter has discussed using a phospho-degron combined with leucine 

zippers and sequestration to control nuclear / cytoplasmic localization of GFP using phos-

phorylation. Is it possible to also control a protein with signaling activity? This section 

discusses using phospho-localization to control the cytoplasmic localization of a mating 

pathway activator, Ste4. When overexpressed, Ste4 acts as a constitutive activator of the 

pathway. Ste4 is a member of the ßɣ complex which is bound to the plasma membrane, 

dissociates from the pathway receptor upon receptor binding to α-factor and transmits 

signal downstream by recruiting Ste5.6 This biology suggests that Ste4 may only be 

active when membrane bound and that sequestration of constitutively overexpressed Ste4 

to the nucleus may prevent its activation of the mating pathway. 

To test whether sequestration of Ste4 in the nucleus can inhibit its activation of the 

mating pathway, Ste4 was expressed and fused to a leucine zipper domain using a strong 

constitutive promoter (Adh1 promoter). An anchor protein was also expressed, driven by 

one of several different strength constitutive promoters. Both proteins were transformed 

into a yeast strain that contains a mating pathway transcriptional reporter, consisting of 

GFP driven by the mating pathway dependent promoter, pFus1. Thus pathway activity 

can be assayed via GFP expression, which is read out using flow cytometry. Figure 20 

shows that expressed Ste4 but no anchor produces about 4-fold higher signal than a 

control strain with no expressed Ste4 or anchor. As the anchor is expressed with increas-

ing strength promoters, pathway activity gradually goes down. Thus, the activity of a 

protein can be titrated by sequestering that protein in the nucleus, and in particular, Ste4’s 

activation of the mating pathway can be titrated by sequestering it in the nucleus.
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Figure 20� Increasing expression of a nuclear anchor protein 
can be used to titrate Ste4’s activation of the mating pathway�
Ste4 was expressed and fused to a leucine zipper domain using a 
strong constitutive promoter (Adh1 promoter). An anchor protein 
was also expressed, driven by one of several different strength 
constitutive promoters. Both proteins were transformed into a yeast 
strain that contains a mating pathway transcriptional reporter, con-
sisting of GFP driven by the mating pathway dependent promoter, 
pFus1. Pathway activity can be assayed via GFP expression, read 
out using flow cytometry. Expressed Ste4 but no anchor produces 
about 4-fold higher signal than a control strain with no expressed 
Ste4 or anchor. As the anchor is expressed with increasing strength 
promoters, pathway activity gradually goes down.
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Creating posttranslational positive feedback using phospho-control of 

protein localization

If we sequester Ste4 in the nucleus using an anchor protein that contains a phospho-de-

gron we will, in principle, create posttranslational positive feedback (Figure 21). Here, in 

the resting state, the phospho-controlled nuclear anchor sequesters Ste4 in the nucleus, 

preventing mating pathway activation. Upon stimulation of the pathway by α-factor, 

Fus3 is activated which phosphorylates the phospho-degron, leading to degradation of 

the anchor. This releases some amount of Ste4 into the cytoplasm where it then further 

activates the mating pathway. Figure 22 shows the result of a timecourse with three 

strains, one containing the Ste4 leucine zipper protein but no anchor, one containing 

both Ste4 and a phospho-degron containing nuclear anchor, and one with only the phos-

pho-degron nuclear anchor. All three strains were treated with α-factor at time 0. Mating 

pathway activity is monitored by pFus1 expression of GFP read out with flow cytometry. 

As expected, the Ste4 only strain shows pathway activity before α-factor is even added. 

The anchor + Ste4 strain, however, shows low activity before the addition of α-factor 

(similar to the anchor only control) but then upon addition of α-factor, activity rises faster 

than the anchor only control strain. Thus posttranslational positive feedback based on 

sequestration and Ste4 has reshaped the dynamics of the mating pathway, increasing the 

pathway’s early response.

Range of transfer functions in a three species equilibrium competitive 

binding model

In this chapter, sequestration of one protein by another is used to convert one signaling 

currency to another, namely to convert the abundance of one protein (the anchor) to the 
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Figure 21� Posttranslational positive feedback created by nuclear sequestra-
tion and phospho-degradation�
In the resting state, the phospho-controlled nuclear anchor sequesters Ste4 in the 
nucleus, preventing mating pathway activation. Upon stimulation of the pathway 
by α-factor, Fus3 is activated which phosphorylates the phospho-degron (1), 
leading to degradation of the anchor (2). This releases some amount of Ste4 into 
the cytoplasm (3) where it then further activates the mating pathway (4).
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Figure 22� Modification of mating pathway dynamics through posttranslation-
al positive feedback� 
Mating pathway induction timecourse with three strains, one containing the Ste4 
leucine zipper protein but no anchor, one containing both Ste4 and a phospho-de-
gron containing nuclear anchor, and one with only the phospho-degron nuclear 
anchor. All three strains were treated with α-factor at time 0. Mating pathway 
activity is monitored by pFus1 expression of GFP read out with flow cytometry. 
As expected, the Ste4 only strain shows pathway activity before α-factor is even 
added. The anchor + Ste4 strain, however, shows low activity before the addition 
of α-factor (similar to the anchor only control) but then upon addition of α-factor, 
activity rises faster than the anchor only control strain
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nuclear / cytoplasmic localization of another. A natural question is whether sequestration 

can also shape signals. What input-output relationships, or transfer functions are possible 

when one protein inhibits another through sequestration? Buchler and Louis show that 

sequestration or “molecular titration” whereby one protein sequesters another into an 

inactive complex can create ultrasensitive transfer functions17. In this section, we build 

on this work with a simple three species model. The model is shown in Figure 23 and 

contains three species, labeled protein A, protein B, and protein C. Protein A can bind to 

either B or C, but binding is mutually exclusive, making protein C a competitive inhibitor 

of AB binding. Each of the two binding events (AB and AC) has a specific binding 

affinity, Kd. Only the AB complex leads to downstream signaling. The concentrations 

of proteins A and B are fixed, but the concentration of C is varied. What does the con-

stellation of different possible transfer functions with input [Protein C] and output [AB 

complex] look like as we vary system parameters (KdAB, KdAC, [total protein A], [total 

protein B])? 

Figure 24 shows the transfer functions of 100 different parameter sets. Parameter sets 

were  sampled using the latin hypercube method48. All transfer functions have the same 

x-axis range but the y-axis range varies from one plot to another. The y-axes have been 

scaled so the shape of the transfer functions can be compared. All transfer functions have 

a downward slope as the concentration of protein C is increased owing to the fact that 

whatever the parameters, this protein inhibits AB complex formation. Notably, there is a 

variety of different transfer function shapes. Several of these are enlarged in Figure 25, 

showing a transfer function that is initially very sensitive to the concentration of protein 

C (top left), a transfer function that is initially not very sensitive to protein C but becomes 

very sensitive at higher concentrations of C (top right), a very linear transfer function 

(bottom right), and a sigmoidal transfer function (bottom left). Thus a simple three 

species system with competitive binding can create a variety of input-output transfer 
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Figure 23� Three species model for competitive 
inhibition�
Simple model for competitive inhibition contains 
three species, labeled protein A, protein B, and 
protein C. Protein A can bind to either B or C, but 
binding is mutually exclusive, making protein C a 
competitive inhibitor of AB binding. Each of the 
two binding events (AB and AC) has a specific 
binding affinity, Kd. Only the AB complex leads 
to downstream signaling.
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Figure 24� Steady state transfer functions between inhibitor concentration and 
active complex concentration�
Arrayed in a ten by ten grid are steady state transfer functions of 100 different parameter 
sets for the three species inhibition model. All transfer functions have the same x-axis 
range but the y-axis range varies from one plot to another. The y-axes have been scaled so 
the shape of the transfer functions can be compared. All transfer functions have a down-
ward slope as the concentration of protein C is increased owing to the fact that whatever 
the parameters, this protein inhibits AB complex formation. Notably, there is a variety of 
different transfer function shapes. 
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Figure 25� Selected transfer functions showing range of possible 
curve shapes�
Four specific transfer functions from Figure 24 are reproduced in 
more detail showing the range of input-output relationships. At 
top left is one that is initially very sensitive to the concentration of 
protein C. At top right is a transfer function that is initially not very 
sensitive to protein C but becomes very sensitive at higher concentra-
tions of C. At bottom right, a very linear transfer function. At bottom 
left a sigmoidal transfer function.
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functions including nonlinear transfer functions.

This chapter has focused on the role sequestration can play in determining the behavior 

of a signaling pathway. Subcellular compartments, like the endoplasmic reticulum for 

example, endow their host cells with specific capabilities. The ER gives eukaryotic 

cells an environment with a redox potential that mimics the extracellular milieu where 

proteins meant to be secreted can fold and be prepared for their extracellular functions.3 

Compartments also restrict the passive diffusion of proteins. For example, proteins 

larger than about 50 kDa cannot passively diffuse into the nucleus; they must be actively 

transported.45 This compartmentalization allows the activity of a protein to be regulated 

not by inactivating the protein itself but by localizing it to a compartment where there is 

no target of activity. This chapter has shown how a  protein anchored in the nucleus by an 

NES can trap a second protein in the nucleus via leucine zipper protein-protein binding. 

This effect is titratable: as the abundance of the anchor protein is reduced, more of its 

target spills into the cytoplasm. This chapter shows this property to be true beyond the 

use of GFP as a visual marker of a protein’s compartment and that sequestration in the 

nucleus by an anchor protein can titrate the activity of the mating pathway activator Ste4. 

Finally, by degrading an anchor in response to pathway activity, we can combine these 

several principles to create a posttranslational positive feedback loop that alters mating 

pathway signaling dynamics.
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Chapter 4� Using modular phospho-regulatory motifs to con-

struct sensitive cellular memory circuits

This chapter is from a submitted manuscript and includes contributions from several 

authors.

Russell M. Gordley (co-author), Reid E. Williams (co-author), Caleb J. Bashor, Jared 

Toettcher, Shude Yan, Jes Alexander, Michael B. Yaffe, Wendell A. Lim.

Abstract

Cells utilize phosphorylation and other post-translational modifications to transmit 

regulatory information more rapidly than can be relayed through gene expression, but 

novel phospho-regulated links are challenging to engineer. Here we engineer composite 

phospho-regulatory motifs that, when appended to an arbitrary target protein, can 

control its interaction, degradation or localization in a manner dependent on MAP kinase 

phosphorylation. A synthetic biology toolkit that combines fast phosphorylation links 

with slow transcriptional links gives us the capability to systematically build circuits with 

interlinked multi-timescale dynamical properties, such as a synthetic cellular memory 

circuit that combines a fast timescale short-term memory with a slow timescale long-term 

memory. We find that a combined fast/slow positive feedback network, similar to circuits 

observed in neuronal or developmental memory systems, confers an efficient combination 

of both rapid triggering and long-term stability. Dual timescale loops thus provide a 

simple way to independently tune memory dynamics and stability.

Introduction

A major goal of synthetic biology is to flexibly engineer regulatory circuits to generate 

arbitrary desired cellular behaviors. To date, most engineered circuits have been con-
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structed from gene expression components, taking advantage of the modular nature of 

promoters and transcriptional regulators. To control the expression of an arbitrary output 

gene, one can simply link that gene to the proper upstream promoter. Multiple gene 

expression units can be flexibly linked to form circuits that generate diverse behaviors, 

including oscillation24, adaptation7, and cellular memory.2, 9, 18, 28, 35, 39 The dynamic prop-

erties of transcriptional circuits, however, are constrained to the slow timescale of gene 

expression.

In native regulatory networks, rapid responses are often mediated by posttranslational 

modifications, such as protein phosphorylation. Our ability to create novel phosphoryla-

tion-based circuits, however, is far less developed. Successful examples of rewiring of 

kinase pathways have largely involved redirecting a kinase preferentially to one of sever-

al alternative pre-existing substrates via engineered recruitment interactions.58, 73. It would 

be extremely useful to be able to link the activity of a particular kinase to arbitrary targets 

in a manner that predictably alters target activity, much as can be done with transcription-

al regulation. This capability would allow the engineering of diverse fast output, feedback 

and feedforward control links. Fast regulatory links would also allow the construction 

of dual-timescale circuits (composed of fast post-translational and slower transcriptional 

regulation) that are postulated to yield more diverse and robust behaviors than single 

timescale circuits.14, 68, 80 Here we develop a toolkit of MAP kinase phospho-regulated 

modules, and show how these can be combined with transcriptional circuits to engineer 

cellular memory switches that display hybrid behaviors of fast triggering and long-term 

stability.

Phosphorylation of a protein substrate by a kinase can lead to downstream functional con-

sequences through several mechanisms (Figure 26). Covalent attachment of a phosphate 

group can cause a conformational change in the substrate protein that leads to a change in 
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Figure 26� Conversion of kinase activity to downstream 
signaling currencies�
In natural systems, phosphorylation by kinases regulates 
diverse downstream cellular events including conformation-
al changes, protein-protein interactions, protein degradation, 
and changes in protein sub-cellular localization.
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the substrate’s enzymatic activity. Alternatively, phosphates attached to residues of linear 

peptides can serve as binding sites to induce protein complex formation, degradation of 

the protein, or changes to the protein’s sub-cellular localization.53, 64 Proteins regulated in 

this manner contain bifunctional sequences that are efficient phosphorylation substrates 

for the upstream kinase as well as effective ligands for a downstream recognition domain. 

Here we focus on using bifunctional sequences to generate phospho-regulons that are 

controlled by the yeast mating MAP kinase Fus3.

Engineering synthetic phospho-regulons

We employed two strategies to create synthetic MAPK phospho-regulons. The first 

strategy focused on used an existing protein that already contains the desired regulatory 

link (e.g. a proteins that bind in response to phosphorylation by the kinase of interest), but 

minimizes the protein to generate a short bifunctional motif that can be transplanted to 

new target proteins. The WD40 domain of the yeast protein Cdc4 naturally recognizes a 

native Fus3 (MAPK) substrate, the transcription factor Tec1.4 Full length Tec1, however, 

is a protein of 486 amino acids. Thus our approach here was to try to convert this large 

substrate into a far more compact motif (Figure 2). We were able to minimize the WD40 

phospho-binding motif by using a short 11 residue peptide from Tec1 that binds to the 

WD40 domain (but does not serve as a Fus3 substrate), and appending a docking motif 

(full length Tec1 lacks a known docking motif, so the basis of Fus3 recognition is un-

clear) and an optimized 26 residue linker, resulting in a 51 residue motif. Docking motifs 

are peptide sequences that bind to a pocket on the backside of MAP kinases. Appending 

a docking motif to a protein containing a substrate motif effectively decreases the Km for 

that protein, making it a far better MAP kinase substrate.63

In the second strategy, a phospho-regulon is created by generating a bifunctional se-
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Figure 27� Sequence overlap of kinase sub-
strate motif and phospho-dependent binding 
motif�
The overlap is a bi-functional synthetic phos-
pho-binding motif that can be both phosphorylat-
ed by a MAP kinase and bound by a recognition 
domain in a phospho-dependent manner.
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quence that combines substrate sequence requirements and phospho-recognition domain 

binding requirements (Figure 27). To determine the ideal requirements for a Fus3 (MAP) 

kinase substrate, we used oriented peptide library screening.34, 46 The peptide library 

revealed the sequence preferences at positions surrounding the core Ser/Thr-Pro motif 

that is common to all MAP kinase substrates (Figure 28). We found that Fus3 does not 

have rigid requirements for residues flanking Ser/Thr-Pro but does have a preference for 

non-polar and neutrally charged residues over charged residues. To further optimize a 

potential bifunctional sequence as a substrate, we can also fuse a MAP kinase docking 

motif to it.

To build synthetic phospho-regulated binding modules using this second approach, we 

selected two natural phospho-Ser/Thr recognition domains as starting points that were 

compatible with the core Ser/Thr-Pro motif and Fus3’s flanking residue preferences: the 

human Pin1 WW domain 75 and the human Plk1 PBD domain.23 When tested, known 

binding motifs for the WW and PBD domains did not serve as Fus3 substrates, even 

when we appended a docking motif. Nonetheless, we were able to obtain bifunctional 

motifs by either mutating the binding motif towards the Fus3 profile, or by mutating a 

working Fus3 substrate towards the binding motif (Figure 29). In vitro binding assays 

showed that all three of these designed compact motifs, whether they were minimized 

from known substrates or built from consensus sequences, were able to recruit their target 

recognition domain only after phosphorylation by the Fus3 MAPK (Figure 30 and Figure 

31).

Conversely, we were also able to engineer a motif whose recognition was disrupted 

by MAPK phosphorylation (phospho-OFF). The Saccharomyces cerevisiae Sho1 SH3 

domain binds to peptides with the core proline-rich motif PXXP.79 By mutating this to 

contain the required Ser-Pro substrate motif (PSPP) and fusing it with a MAPK docking 
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Figure 30� Synthetic phospho-regulons were derived from three natural phos-
pho-binding domains�
Synthetic phospho-regulons were derived from human Pin1 WW, human Plk1 PBD, and 
Saccharomyces cerevisiae Cdc4 WD40. Conversely, a constitutive ligand for Saccha-
romyces cerevisiae Sho1 SH3 was modified so that MAPK phosphorylation disrupted 
binding (phospho-OFF). Pulldown assays confirmed phospho-dependent binding of 
designed phospho-regulated modules in vitro. Experiments performed by Caleb Bashor.
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motif, we could now convert this motif into a good MAPK substrate, that when phos-

phorylated on this serine residue by Fus3, disrupted SH3 domain recognition (Figure 30 

and Figure 31). The relative ease with which these binding and substrate motifs can be 

overlaid to generate bifunctional elements illustrates how such phospho-regulons might 

arise during the evolution of native signaling pathways.53

We then asked whether this type of simple Fus3 MAPK phospho-binding motif could be 

used as a building block to construct in vivo phospho-regulatory functions observed in 

natural signaling pathways, such as phospho-induced recruitment to the plasma mem-

brane, phospho-induced degradation, and phospho-induced changes in nuclear/cytoplas-

mic distribution (Figure 32). To build a module that induced membrane recruitment upon 

phosphorylation, we fused three tandem copies of the optimized Cdc4 WD40 domain 

recognition motif to a plasma membrane targeting sequence (CAAX motif), and fused 

two copies of the Cdc4 WD40 domain to a cytoplasmic fluorescent reporter (tdTomato) 

(Figure 33). Basally, the phospho-binding protein is distributed throughout the cytoplasm, 

but upon addition of the mating pheromone, α-factor (which activates the Fus3 MAPK), 

Fus3 phosphorylates the motif, triggering rapid recruitment of the cytoplasmic reporter to 

the plasma membrane within minutes (Figure 34).

To engineer phospho-regulated degradation, we modified our WD40 recognition motif so 

that it is ubiquitinated and degraded upon phosphorylation. Here we extended the WD40 

binding motif from Tec1 to include additional lysine residues which could serve as sites 

of ubiquitination (intact Tec1 is natively degraded upon phosphorylation, but no minimal 

degron motif has been identified5, 20; see Figure 2). The native Cdc4 protein, which 

recognizes this motif, is part of the endogenous SCFCdc4 E3 ubiquitin ligase complex in 

the nucleus. Thus, this extended Cdc4 binding motif, when appended to the fluorescent 

protein tdTomato (and targeted to the nucleus by a nuclear localization signal (NLS)), led 
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be used to engineer diverse cellular 
response behaviors�
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used to create rapid regulatory links 
between Fus3 and novel downstream 
cellular events or to create rapid pathway 
feedback loops.
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Figure 34� Phospho-regulated protein-protein recruitment�
Phospho-regulated plasma membrane recruitment was generated by fusing the synthetic 
Cdc4 phospho-regulon to mCerulean and a CAAX membrane targeting sequence, and 
by fusing two copies of the Cdc4 WD40 domain to tdTomato (cytoplasmic). Stimulation 
with the pathway inducer (α-factor) led to membrane recruitment of tdTomato in less 
than 10 minutes. Shaded region: population mean ± SD. Experiments performed by Jared 
Toettcher.
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to α-factor induced degradation of the reporter by ~5-fold (Figure 3).

To engineer phospho-regulated control of nuclear localization, we took the phospho-de-

gron described above, and fused it to both an NLS and a leucine zipper motif. We then 

fused the complementary heterodimerizing leucine zipper to a GFP reporter. In the 

absence of α-factor, the zipper-tdTomato-NLS-degron fusion protein served as an anchor 

sequestering the GFP reporter in the nucleus. Stimulation of the mating pathway, howev-

er, triggered phospho-dependent degradation of the anchor and subsequent release of GFP 

into the cytoplasm (Figure 16).

 

The fastest phospho-induced response we observed was that of the phospho-regulated 

protein interaction module (Figure 34). Thus to test if we could engineer fast positive 

feedback regulation, we linked the phospho-interaction module to a pair of mating path-

way signaling domains (full length Ste18 and Ste50 SAM domain) that had previously 

been shown to yield constitutive activation of the mating pathway when they were fused 

together.59 This engineered fast positive feedback loop led to significant acceleration and 

amplification of the mating pathway response (transcriptional reporter pFUS1-GFP) and 

a somewhat more sustained output, even after α-factor stimulation was removed (Figure 

35 and Figure 36). This phospho-regulated feedback, however, did not lead to bistable 

memory behavior–locking on to a high activation state—most likely because this positive 

feedback loop lacked sufficient positive cooperativity to confer bistability.26 , 28  

Tuning the sensitivity of a gene-expression based bistable circuit to 

stimulus duration using posttranslational positive feedback

After having engineered this toolkit of fast, phospho-regulated modules, we then turned 

to the question of how we could utilize such modules to generate new or useful cellular 

behaviors. A number of recent theoretical studies have suggested that many of the most 
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Figure 35� Phospho-regulated positive feedback using phospho-recruitment�
Phospho-regulated positive feedback was generated by fusing the synthetic Cdc4 phos-
pho-regulon to the mating pathway protein, Ste18, and by fusing the Cdc4 WD40 domain to 
an N-terminal domain of the yeast mating pathway protein Ste50. Stimulation with α-factor 
led to co-localization of Ste18 and Ste50N. This complex acts as a positive regulator of 
pathway activity. α-factor could be rapidly removed by proteolytic digestion (Pronase), 
quenching pathway activity, and leading to dilution of GFP by cell division. Phosphoryla-
tion sites in the negative control phospho-regulon were mutated (T→V) to block recruit-
ment. Similar control experiments for panels b-d are shown in Figs S6-8. Fluorescent values 
were measured in at least two independent experiments, each time in triplicate. Error bars: 
mean values ± SD. Experiment performed by Russell Gordley.
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(a) Our memory assay was derived from the protocol for high throughput analysis of yeast cultures reported by 
Peisajovich et al., 20103. Yeast cells in log phase were stimulated with mating pathway inducer (1 μM α-factor) for 
various periods of time before the input was quenched by addition of Pronase (200 μg/mL), a cocktail of proteases 
that rapidly degrades α-factor. Cells were then allowed to relax toward steady state over 3 hours. (b) Three hours 
after removal of α-factor, strains that supported bistability and memory displayed two distinct populations (ON and 
OFF) in dot plots of cellular fluorscence (FSC vs GFP). The gate used to quanify the %ON in each experiment was 
drawn to exclude all control cells (lacking positive feedback). In addition, populations shown in Fig. 3c were 
sonicated to facilitate comparison of multiple GFP histograms. In all cases, data analysis was performed using the 
program Flowjo (Treestar).
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Figure 36� Protocol and data analysis for flow cytometry experiments.



65

robust cellular behaviors observed in nature involve interlinking fast and slow dynamical 

systems.14, 68, 80 An example are cellular memory circuits—the ability of a cell to detect a 

transient pulse of activation, but then lock on to a permanently high activation state, even 

after the stimulus is removed. Several seminal synthetic biology analyses have shown 

that the minimal requirement for a bistable switch is a positive feedback (or double 

negative feedback) circuit with sufficient cooperativity to yield two distinct stable steady 

states.28, 74 Minimal bistable circuits have been constructed using transcriptional links, and 

although they are extremely stable, a drawback is that they are relatively slow – stimulus 

of hours to days is required to trigger switching. By contrast, in nature, bistable switches 

involved in neuronal memory,37 developmental fate changes,19 or epigenetic switching,7 

frequently combine slow transcriptional positive feedback interlinked with a faster 

posttranslational positive feedback, forming what appears to be a composite short-term 

and long-term memory system.68,80 Theoretical analysis indicates that these dual-timescale 

switches have efficient properties ideal for these biological functions – they can be 

triggered with the much shorter timescale of the fast feedback loop, but retain the stability 

of the longer-timescale slow feedback loop.

Thus, we asked if we could empirically test this model by taking a simple bistable 

transcriptional positive feedback circuit, and overlaying it with a fast timescale phos-

pho-regulated positive feedback loop (Figure 37). As our core bistable circuit, we used a 

variant of a transcriptional positive feedback circuit constructed by Ingolia and Murray35 

in which a constitutive activator of the mating MAPK cascade (here we used a fusion of 

Ste4 with the C-terminal domain of Ste5 59) was placed under control of a cooperative 

mating responsive promoter (pFig2) (Figure 38). This SLOW only positive feedback 

circuit shows bistable memory, switching to a high pFUS1-GFP state after removal of 

α-factor stimulation, but requires several hours of stimulation to trigger. We then coupled 

this slow loop with the fast feedback loop mediated by synthetic phospho-recruitment, 
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Combining transcriptional positive feedback (transcriptional induction of constitutive 
pathway activator – Ste4 fused to Ste5 C-terminal domain25) with phospho-feedback 
(Fig. 2e) to create a dual-timescale circuit.
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described above (Figure 35), which by itself was insufficient to yield bistability.

To measure the triggering time required for commitment to memory formation, we 

induced the mating pathway for varied periods of time before quenching stimulation by 

adding Pronase, a cocktail of proteases that degrades α-factor (Figure 39 and Figure 36). 

Then, 3 hours after removal of the input pulse, we measured pathway activity using a 

transcriptional GFP reporter. Cells that do not pass the threshold for memory activation 

return to basal GFP levels after 3 hours due to dilution by cell division. Yeast cells 

containing the SLOW positive feedback, required >250 minutes of stimulation to trigger 

memory formation in >50% of the cells (Figure 40 and Figure 41). In contrast, for cells 

containing the combined FAST + SLOW positive feedback loops, only a brief stimulus 

pulse of 20 minutes was required to trigger memory in 50% of the cells.

Computational models of bistable dual-timescale feedback circuits

Several theoretical analyses suggest that a combination of fast and slow positive feedback 

loops provides a simple strategy to construct a cellular memory circuit that is both highly 

stable, but switches with relatively fast kinetics. Here we examine the dynamics of 

memory formation in the context of a minimal dual-timescale positive feedback system. 

The minimum requirements for a bistable memory system is a positive feedback (or 

double negative feedback loop) in which at least one of the links is highly cooperative.26 , 

28 As illustrated in Figure 42, this yields three steady states, only two of which are stable, 

leading to a bistable system that can exist in the OFF state of low A/low B, or an ON 

state of high A/high B. Several synthetic systems of this type have been constructed 

using cooperative feedback loops mediated by gene expression of a pathway activator 

(here molecule B), and these have been shown to lead to highly stable memory behavior 

(state switching after stimulation).2, 9, 18, 28, 35, 39 These gene expression based memory 

switches, however, take hours to days of stimulation to switch from the OFF state into 
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back�
After a 240 minute stimulation with the mating pathway inducer (α-fac-
tor), circuits composed of only slow feedback showed sustained activation 
3 hours after removal of α-factor. After 20 minutes of stimulus, only the 
circuit with both slow and fast timescale feedback showed sustained 
activation. Experiment performed by Russell Gordley.
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the ON state. Thus they are both relatively slow to turn ON and OFF, largely because the 

feedback is mediated by the slow process of gene expression, and its reverse reaction of 

protein degradation. In the case of the single slow positive feedback circuit shown here, 

this is illustrated by system trajectories upon either 80 or 180 minute stimulation. Here 

the system returns to the OFF state after the 80’ pulse, but commits to the ON state after a 

180’ pulse. The theoretical triggering time for commitment is ~140’.

The phase-plane plots illustrate what happens if a fast positive feedback loop (e.g. one 

mediated by phosphorylation instead of gene expression) is layered on top of the gene ex-

pression memory circuit. Here the trajectories illustrate how an 80 minute and 180 minute 

pulse are both able to result in the system committing to the ON state. There are two 

main reasons for this acceleration. First, the input stimulation trajectories (orange lines) 

move much further within this phase space for a given time stimulus duration, because 

the phosphorylation-based feedback loop operates on a faster timescale (in this model, 

about 40 times faster). Second, the dual loop system shifts the unstable steady state and 

the separatrix (the demarcation of where the system will return to either the OFF or ON 

states). Thus, together, these effects result in a switch that is able to commit to switching 

ON after a much shorter input pulse. Nonetheless, the system remains highly stable – it is 

still difficult to switch the system back OFF because the ON state is still highly stable and 

would only degrade on the slow timescale of the gene expression positive feedback loop.

This kind of fast ON and slow OFF memory circuit would seem ideal for many biological 

processes, and is postulated to explain why two-timescale memory loops (short-term 

and long-term systems) are observed in diverse processes such as neuronal memory 

(phosphorylation + gene expression),37 developmental fate changes (miRNA + gene 

expression),19 and epigenetic switches (acetylation + methylation).7 
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What happens generally when a fast-timescale feedback loop (either positive or negative 

feedback) is added to an existing gene-expression based memory circuit? Additional 

simulations were performed to answer this question. The results are summarized in 

Figure 43. Two classes of gene-expression based memory circuits are considered: cross 

activating and cross inhibiting. For both classes, either additional fast positive or fast 

negative feedback was added. For both classes of circuits, additional positive feedback 

increased the sensitivity of the circuit, meaning a shorter duration stimulus was required 

to switch the circuit from the resting state to the active state. Additional positive feedback 

also increases the stability of the active state, meaning the length of an interruption in 

signaling required to push the circuit back to the resting state is longer. Conversely, 

in both circuit classes, additional negative feedback means longer duration inputs are 

required to switch from resting to active while shorter interruptions are required to switch 

from active to resting. Figure 44 shows the effect of additional positive and negative 

feedback on activation of a mutually co-activating gene-expression circuit. Figure 45 

details the effect on inhibition. Figure 46 shows the same details of additional positive 

and negative feedback on activating sensitivity but with the mutual inhibition circuit. 

Note here that labeling of resting and active states is somewhat arbitrary as one state has 

a high amount of active species A and low B, and the other state has a low amount of 

active A and a high amount of B. Figure 47 details the effect of additional positive and 

negative feedback on inhibition sensitivity for mutual inhibition circuits. Figure 48 shows 

that the increase in input duration sensitivity seen in previous figures does depend on the 

timescale of the additional feedback. When additional feedback is added to node A in the 

model, the feedback increases the sensitivity of the circuit to short duration inputs when 

node A operates on a fast timescale (characteristic timescale of  5 minutes) but not when 

node A operates on a slow timescale (characteristic timescale of 200 minutes). Figure 49 

shows more detail of the models described above. 
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Conclusion

Thus we are able to build a more efficient synthetic cellular memory system by combin-

ing the fast response time of the short-term phosphorylation-based positive feedback loop 

with the bistability and memory duration of the long-term gene-expression based positive 

feedback loop. We also showed that by tuning the strength of the phosphorylation-based 

positive feedback loop (by varying the number of phospho-regulon recruitment sites), we 

could tune the required triggering time for the memory response (Figure 50). Thus this 

composite memory system allows independent tuning of triggering time and duration.

This work demonstrates a basic strategy for flexibly engineering novel phosphoryla-

tion-based links in synthetic biology. This work also shows how these modules allows 

one to combine fast-time scale phosphorylation links with slow-time scale transcriptional 

links, which can yield more native-like dynamical behaviors. Here we engineer an 

efficient composite short-term/long-term memory akin to that observed in neurons, which 

combine phosphorylation and transcription to lock in activation dependent state changes. 

Further development of toolkits to manipulate diverse timescale currencies that operate in 

cells should greatly catalyze our ability to engineer synthetic circuits that operate with the 

efficiency and robustness of native cellular circuits.
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Materials and Methods

Strain and plasmid construction

Synthetic genes were introduced into yeast strains as either CEN/ARS episomal plasmids 

or plasmids cut with a restriction enzyme to yield linear double-stranded DNA that singly 

integrates into the yeast genome using the plasmids described in Zalatan et al., 2012.78 

Transformations were performed with the lithium acetate method.30 

Three DNA assembly methods were used. The first method results in one plasmid per 

ORF and is a derivative of the type IIs AarI combinatorial cloning method described by 

Peisajovich et al.59 

Here we modified the above strategy to also include the promoter as a part. We intro-

duced another 4-base sequence (GTTG) called “S”, and used a modified acceptor plasmid 

that contains no promoter. Instead the promoter is supplied as a linear piece of DNA, 

generated by restriction digestion with AarI from a donor plasmid with flanking “S” and 

“A” 4-base sticky ends.

The second DNA assembly method was used to create multi-gene episomal constructs 

(for Figure 34). This strategy utilized transformation-associated recombination (TAR), 

where homologous recombination in yeast is used to join many DNA fragments 

in a single step.43, 65 Building on the AarI strategy described above, two additional 

4-base overhangs were selected: “X” (AATA) and “Y” (ATTT), and used to assemble 

individual genes in a plasmid that could only replicate in E. coli. Each gene contained 

genetic sequences encoding a promoter and one or more protein domains flanked by 

250bp-400bp terminators and AarI restriction sites (e.g. AarI→X—5’ terminator—S—

promoter—A—protein domain 1—B—protein domain 2—C—protein domain 3—D—3’ 
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terminator—Y←AarI) such that AarI digestion could excise the entire gene as a linear 

fragment. Multi-gene constructs could then be assembled from any combination of genes 

whose terminators could undergo homologous recombination to build an unbroken genet-

ic chain that included both a minimal acceptor plasmid (pRGmin; containing a CEN/ARS 

sequence) and LEU2 (similar to Shao et al.)65 Once genetic parts (promoters, domains, 

terminators) have been prepared, this method facilitates rapid synthesis of genetic circuits 

(2-3 days to transformation) with minimal labor (one-pot ligation, transformation into 

E. coli, DNA purification, one-pot digestion, transformation into yeast). High efficiency 

and low background make this method suitable for use in constructing libraries of genetic 

circuits in yeast.

The third DNA assembly method allowed us to create multi-gene constructs that could 

be integrated into the yeast genome (for Figure 35, Figure 39, Figure 40, and Figure 

41). For this purpose, we modified the TAR protocol described above in several ways. 

Principally, we replaced homologous recombination-based assembly with a second round 

of AarI multi-fragment cloning. For this purpose, a set of donor plasmids were generated 

in which two AarI sites flanked two BbsI cut sites (e.g. AarI→S—BbsI→X←BbsI—Bb-

sI→D←BbsI—A←AarI; extra BbsI sites added to ensure efficient digestion). Donor 

plasmids were cleaved with BbsI and ligated with AarI cut parts (promoters, domains, 

terminators) to build individual genes. These genes were sequenced, digested with AarI, 

gel purified, and ligated into pNH605sd. Note that the internal BbsI sites are common 

to all genes, while the external AarI sites determine that gene’s position in the final 

assembly. Multi-gene assembly in pNH605sd was confirmed by AarI restriction analysis. 

While slower and more labor intensive than TAR, this method of assembling gene circuits 

allows the precise specification of gene copy number per cell—particularly important in 

reducing cell-to-cell variation in protein synthesis rates. The strategy of using orthogonal 

TypeIIS restriction enzymes could be readily adapted for additional rounds of multi-part 
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ligation (to assemble >10 genes from individual regulatory parts), traditional Golden Gate 

cloning (no gel purification), or high efficiency yeast transformation (to make libraries of 

genetic circuits).

Generation of Fus3 LOGO

Combinatorial peptide library screening of Fus3 was performed as previously described 

with minor modification.76 In brief recombinant Fus3 was incubated with 1 mg of a 

degenerate peptide library with sequence Gly-Ala-X-X-X-X-Ser-Pro-X-X-X-X-Ala-Lys-

Lys-Lys, where X denotes all amino acids except Cys, Ser, Thr and Tyr in 300 μl reaction 

volumes containing 20 mM HEPES, pH 7.5, 10 mM MgCl2, 3 mM 2-mercaptoethanol, 

and 100 μM ATP containing 2.5 μCi of 32P-γ-ATP for 60 min at 30C. Under these condi-

tions, approximately 1% of the peptide mixture was phosphorylated. The reaction mixture 

was diluted with 300 μl of 30% acetic acid, and peptides separated from unincorporated 

32P-γ-ATP by DEAE column chromatography (1 ml bed volume) using isocratic elution 

with 30% acetic acid, followed by drying in a Speed-Vac apparatus. Asp and Glu residues 

were methyl esterified by resuspending the peptides in 1 ml of dry methanol to which 40 

μl of thionyl chloride had been added drop-wise with stirring, followed by incubation 

for 1 hr at room temperature with continual stirring. The peptide library was dried down 

overnight and resuspended in 100 μl of a 1:1:1 mixture of methanol/acetonitrile/water. A 

0.5 ml iminodiacetic acid column was charged with 2.5 ml of 20 mM FeCl3 and exten-

sively washed with H2O, then with 3 ml of 500 mM NH4HCO3 (pH 8.0), 3 ml of H2O, 

and 3 ml of 50 mM MES, pH 5.5, 1 M NaCl. The peptide mixture was applied and the 

column was developed with 4 ml of H2O followed by 3 ml NH4HCO3, pH 8.0, to remove 

non-phosphorylated peptides. Phosphorylated peptides were eluted with 2 ml of 500 mM 

NH4HCO3, pH 11.0, dried in a Speed-Vac apparatus, resuspended in 40-80 μl H2O, and 

subjected to automated Edman sequencing using an Applied Biosystems model 477A 

peptide sequencer. Data was analyzed by normalizing the abundance (mol-%) of each 
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amino acid in the phosphorylated peptide mixture to that present in the starting libraries. 

The sums of the final preference ratios were normalized to the total number of amino 

acids in the degenerate positions within the peptide libraries so that a particular amino 

acid has preference value of 1.0 in the absence of selectivity at a particular position.

Protein expression and purification 

An overview of proteins used as bait (bifunctional motif peptides) and prey (reader 

domains) in Figure 30 pulldown experiments are show in Figure 31. All proteins were 

expressed in Rosetta (DE3) pLysS cells (Novagen). Expression was induced at 37 °C 

for 6 hours for all proteins, with the exception of the Cdc4 WD40 domain, which was 

expressed at 20 °C overnight. Bifunctional motif peptides were expressed with N-ter-

minal GST and C-terminal 6xHis fusion tags using Pet-13b-based expression plasmid62. 

Affinity purification of bifunctional peptide motif fusions were carried out using Ni-NTA 

agarose (Qiagen), followed by affinity capture on GSH-agarose resin (Sigma). The WW 

domain from human Pin1 (AA’s 1-39) and the tandem PBD domains from human Plk1 

(AA’s 325-603) were PCR amplified from a human cDNA library.23, 75 The SH3 domain 

of Sho1 was PCR amplified from yeast genomic DNA (Invitrogen). Each of these three 

domains were cloned into the pMAL expression vector (New England BioLabs), and 

expressed as an N-terminal MBP fusion. MBP fusions were purified to homogeneity in a 

single step using high-flow amylose resin (New England Biolabs), followed by dialysis 

into a binding assay buffer containing 20 mM Tris pH 8.0, 25 mM NaCl, 1 mM DTT 

0.2% NP40, and 10% glycerol. Cdc4 WD40 was purified in complex with Skp1 using the 

expression vector pMT3169 (generously provided by Frank Sicheri and Hiten Madhani), 

according to the methods of Orlicky et al.57 Following affinity purification, fusion tags 

were removed by thrombin cleavage, and the complex was dialyzed into binding buffer 

for pulldown experiments.
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Phosphorylation of bifunctional motifs

Following purification, peptide fusion proteins representing bifunctional motif can-

didates were eluted from GSH-agarose and dialyzed into a kinase reaction buffer for 

phosphorylation reactions (20 mM Tris pH 7.5, 100 m NaCl 2.5 mM MgCl2, 500 µM-1 

mM ATP, 10% glycerol). Phosphorylation reactions were initiated by mixing ~10 µg of 

peptide fusion with Fus3 (~100 ng) and 0.5 µCi of [γ−32P]ATP, and allowed to proceed 

at room temperature for 6 hours, whereupon reactions were stopped with the addition 

of boiling SDS-PAGE buffer. Samples were run on SDS-PAGE gels, and the gels dried. 

Incorporation of [32P]PO4 into bifunctional motif candidates was assessed by phos-

phorimaging using a Typhoon 8600 imager (GE Healthcare). For pulldown experiments, 

peptide fusions were phosphorylated while bound to GSH-agarose resin by mixing kinase 

reaction buffer and Fus3, incubating overnight at 4 °C, and then washing resin in binding 

buffer for pulldown experiments.

GST pulldown binding experiments

Pulldown experiments were conducted by co-incubating GSH-agarose resin harboring 

~250 µg of phosphorylated bifunctional motifs with 10-50 µg of the appropriate reader 

domain. After extensive washing with binding buffer, proteins were eluted from the resin 

by boiling in SDS-PAGE buffer. Samples were run on an SDS-PAGE gel and western 

blotting was used to detect binding of reader domains. For MBP fusion domains (WW, 

PBD, and SH3) rabbit anti-MBP (Santa Cruz Biotechnology, inc, #sc-808) was used as 

the primary antibody. For detection of WD40 binding, mouse anti-His-tag (Cell Signaling 

#2366) was used. With primary antibodies, an IRDye 800CW-conjugated IgG (Licor) was 

used, and blots were imaged on an Odyssey infrared imager (Licor).

Microscopy and data analysis of phospho-recruitment of tdTomato to 

the plasma membrane
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Strains were grown overnight in synthetic complete medium and diluted 1:100 in the 

morning, then grown 3-4 hours before beginning microscopy. 384-well glass- bottomed 

plates were pre-coated for 1 hour with 1 mg/mL Concanavalin A and washed. Diluted 

yeast cultures were added to each well, and the plate was briefly spun to immobilize cells 

on the plate surface. Imaging was conducted using a Nikon Eclipse inverted microscope 

with an automated Prior XY stage, Perfect Focus system, and PLAN Apo 100X oil 

immersion TIRF objective lens. RFP and CFP epifluorescent images were collected once 

per minute for 23 minutes. After three minutes without stimulus, pheromone was added 

to wells to a final concentration of 1 µM.

To analyze membrane translocation of cytoplasmic WD40-tdTomato constructs, we com-

puted the correlation between the measured intracellular distributions of (phospho-reg-

ulon)-mCerulean-CAAX and WD40-tdTomato at each timepoint. Cells were identified 

by thresholding both fluorescent channels to separate cells from background, and the 

correlation between each cell’s mCerulean and tdTomato pixel intensities was computed 

at each timepoint. The membrane-tethered (phospho-regulon)-mCerulean-CAAX 

construct was robustly present on the plasma membrane throughout each experiment, and 

the WD40-tdTomato redistribution to the plasma membrane. α-factor stimulation robustly 

led to an increase in mCerulean-tdTomato membrane localization and a corresponding 

increase in correlation. As a negative control, strains expressing a non-phosphorylatable 

phospho-regulon variant did not show an alpha factor-dependent tdTomato localization 

change (Figure 19).

Microscopy and data analysis of tdTomato degradation and change in 

localization of GFP

For phospho-degradation and phospho-localization experiments, strains were grown 

overnight in synthetic complete medium and diluted 1:100 the morning before the experi-
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ment, then grown for 3 - 4 hours before beginning the experiment. A 96-well clear bottom 

glass plate was treated with Concanavalin A for 20 minutes and washed. Strains were 

diluted to about 0.1 OD600, sonicated briefly (Fisher Sonic Dismembrator, 11% power 

for 5 seconds using a microtip), and 100 µL was added to wells of plate. Plate was spun 

down briefly to adhere yeast to bottom of plate. 150 µL of α-factor was added to wells, 

diluted so that final concentration was 3.6 µM. tdTomato, GFP, and brightfield images 

were collected using a Nikon TE-2000 inverted microscope with an automated Prior XY 

stage, Perfect Focus System, 30°C incubator box, and a PLAN Apo 60X oil lens.

Degradation of tdTomato was quantified using ImageJ (Rasband, W.S., ImageJ, U. 

S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 

1997-2011). TdTomato signal was quantified for a cell by drawing a mask around the 

cell and recording the integrated pixel intensity inside the mask at different timepoints. 

Background was subtracted by subtracting the product of the mask area and the image 

background mean pixel intensity. For quantification of the population, each trajectory for 

a single cell was normalized by the maximum value of the trajectory to normalize cell to 

cell variation in tdTomato expression prior to addition of pheromone.

The change in localization of GFP was quantified using ImageJ. For each cell, two masks 

were drawn. One mask was around the periphery of the cell using the brightfield channel. 

The second mask was around the cell nucleus, using NLS-tdTomato as a marker. A 

trajectory for each mask for each cell was calculated using the integrated pixel intensity 

inside each mask. Background was subtracted for each mask as above for tdTomato. 

Cytoplasmic to nuclear GFP was calculated using the formula: (c - n) / n, where c is 

the background subtracted integrated pixel intensity for the whole cell, and n is the 

background subtracted integrated pixel intensity for the nucleus. For quantification of the 

population, each trajectory of cytoplasmic to nuclear GFP ratio was normalized by the 
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trajectory’s mean value to normalize for cell to cell variation in protein expression prior 

to the addition of pheromone.

Flow cytometry

For flow cytometry experiments, we used a W303-derived strain (RG006) with the 

following genotype: MATa, bar1::NatR, far1Δ, mfa2::pFUS1-GFP, kss1Δ, fus3:: fus3-as1 

(Q93G), his3, trp1, leu2, ura3. Triplicate cultures were either (1) grown overnight in 

synthetic leucine dropout medium and diluted 1:100 the morning before the experiment, 

or (2) grown overnight in synthetic leucine dropout medium with sufficient dilution to 

ensure cultures remained in log phase (OD600 < 1.0) and diluted to 0.05-0.1 OD600 

immediately before the experiment. These dilutions split each initial culture into multiple 

500 µL cultures (e.g. A-H) that were grown in parallel in 96-well blocks. The protocol 

for the memory assay (Figure 36) had three steps: (1) staggered induction with 1 µM 

α-factor (Zymo Research) (e.g. culture A induced at time 0, B at 60 min, C at 120min…), 

(2) simultaneous termination of induction with Pronase (0.2 µg/mL; Roche); (3) removal 

of 50 µL aliquots at time 0, 1 hr, 2 hr, and 3 hr that were immediately mixed with 10µL 

cycloheximide (30 µg/mL) in 96-well plates. For timecourses (Figure 35 and Figure 39), 

data during the period of α-factor induction reflect a composite of cultures induced for 

varied periods of time and sampled at time 0, while data after Pronase addition corre-

spond to continuously monitored cultures that were induced for the maximal period of 

time. For memory assays (Figure 40 and Figure 41), data reflect a composite of cultures 

induced for varied periods of time and sampled 3 hours after the addition of Pronase. 

Within these samples, the percent of cells with persistent activation (i.e. memory) was 

quantified using Flowjo (Treestar), as depicted in Figure 36. In all cases, following 

incubation in the dark to allow for GFP fluorophore maturation (>2 hrs), plates containing 

treated cultures were analyzed with a BD LSR-II flow cytometer (BD Biosciences) using 

a high-throughput sampler. GFP fluorescence was measured with excitation at 488 nm 
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using a 100 mW Coherent Sapphire laser. All experiments were repeated at least twice 

and pathway induction and memory responses were found to be in good agreement.
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Quantitative modeling

The competitive inhibition model presented in Chapter 3 consisted of five algebraic 

equations. Two equations modeled the two mutually exclusive binding states (AB and 

AC) and three equations modeled constraints on the total concentration of the thee 

species. These five equations are

y1 = A * B - K1 * A_B

y2 = A * C - K2 * A_C

y3 = A + A_B + A_C - Atotal

y4 = B + A_B - Btotal

y5 = C + A_C - Ctotal

where A, B, C, represent the concentration of species A, B, and C respectively; A_B, and 

A_C represent the concentration of the complexes AB and AC; and Atotal, Btotal, and Ctotal 

represent the total concentrations of A, B, and C. K1 and K2 are binding coefficients.
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Equations for Chapter 4 circuit models.

Mutual activation circuits with no additional feedback

 

 

Mutual activation circuit with additional positive feedback

 

 

Mutual activation circuit with additional negative feedback
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Parameters and values for mutual activation circuits

parameter Value

τA 5 * 60 seconds

τB 200 * 60 seconds

k1 1.00E+05

k2 1.00E+05

k3 1.00E+05

k4 1.00E+05

k5 6000

k6 1.00E+05

k7 1.00E+05

k8 1.00E+05

k9 1.00E+05

b1 1.00E+05

b2 1.00E+05

I 4.00E+04

N 5

s1 1.70E+06

s2 1.00E+06

s3 5.00E+05



Mutual inhibition circuits with no additional feedback

 

 

Mutual inhibition with additional positive feedback

 

 

Mutual inhibition with additional negative feedback
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Parameters and values for mutual inhibition circuits

parameter Value

τA 5 * 60 seconds

τB 200 * 60 seconds

k1 1e5

k2 1e5

k3 1e5

k4 1e5

k5 6000

k6 1e5

k7 1e5

k8 1e5

k9 1e5

b1 1e5

b2 1e5

I 1e5

N 5

s1 6e6

s2 5e6

s3 5e5

s4 1.5e6



A+ A* =10000
B+B* =10000

dA
dt

=
dA*

dt

dB
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=
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For all circuits:

Simulations were performed with built-in functions in MATLAB (Mathworks, Natick, 

MA).



Base strains used in this study. DNA was integrated into these strains.
Strain Description
CB008 W303 MATa, bar1::KanR, far1Δ, his3, trp1, leu2, ura3 
CB009 W303 MATa, bar1::KanR, far1Δ, mfa2::pFUS1-GFP, his3, trp1, leu2, ura3 
RG006 CB009 background, kss1Δ, fus3::fus3-as1 (Q93G)11

Domains / protein sequences used in the study
Domain Domain amino acid sequence
R34 zipper LEIRAAFLEKENTALRTRAAELRKRVGR-

CRNIVSKYETRYGPL
NLS PKKKRKV
NES MNELALKLAGLDINK
Fus3 dock (from Far1 SKRGNIPKPLNLSKPI
long phospho-ligand SKLLTPITASNEKKIENFIKTNAASQAKTPL
non phosphorylatable 
T->V long phospho-li-
gand

SKLLVPITASNEKKIENFIKTNAASQAKTPL

E34(I) zipper ITIRAAFLEKENTALRTEIAELEKEVGRCENIVSKY-
ETRYGPL

Ste50N EDGKQAINEGSNDASPDLDVNGTILM-
NNEDFSQWSVDDVITWCISTLEVEETDPLCQRL-
RENDIVGDLLPELCLQDCQDLCDGDLNKAIK-
FKILINKMRDSKLEWKDDKTQEDMITVLKN-
LYTTTSAKLQEFQSQYTRLRMDVLDVMKTS

Cdc4 WD40 LENIFILKNWYNPKFVPQRTTLRGHMTSVIT-
CLQFEDNYVITGADDKMIRVYDSINKKFLLQLS-
GHDGGVWALKYAHGGILVSGSTDRTVRVWDIKK-
GCCTHVFKGHNSTVRCLDIVEYKNIKYIVTGSRD-
NTLHVWKLPKESSVPDHGEEHDYPLVFHTPEEN-
PYFVGVLRGHMASVRTVSGHGNIVVSGSYD-
NTLIVWDVAQMKCLYILSGHTDRIYSTIYDHER-
KRCISASMDTTIRIWDLENIWNNGECSYATN-
SASPCAKILGAMYTLQGHTALVGLLRLSDK-
FLVSAAADGSIRGWDANDYSRKFSYHHTNLSAIT-
TFYVSDNILVSGSENQFNIYNLRSGKLVHANILK-
DADQIWSVNFKGKTLVAAVEKDGQSFLEILDF
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Cdc4 WD40 K402A 
(Low affinity mutant 
from Bao et al.4)

LENIFILKNWYNPKFVPQRTTLRGHMTSVIT-
CLQFEDNYVITGADDAMIRVYDSINKKFLLQLS-
GHDGGVWALKYAHGGILVSGSTDRTVRVWDIKK-
GCCTHVFKGHNSTVRCLDIVEYKNIKYIVTGSRD-
NTLHVWKLPKESSVPDHGEEHDYPLVFHTPEEN-
PYFVGVLRGHMASVRTVSGHGNIVVSGSYD-
NTLIVWDVAQMKCLYILSGHTDRIYSTIYDHER-
KRCISASMDTTIRIWDLENIWNNGECSYATN-
SASPCAKILGAMYTLQGHTALVGLLRLSDK-
FLVSAAADGSIRGWDANDYSRKFSYHHTNLSAIT-
TFYVSDNILVSGSENQFNIYNLRSGKLVHANILK-
DADQIWSVNFKGKTLVAAVEKDGQSFLEILDF

Fus3 dock (from Ste7) LQRRNLKGLNLNL
3x phospho-ligand SKLLTPITASNGSGSGSSKLLTPITASNGSGSGSSK-

LLTPITASN
3x phospho-ligand (non 
phosphorylatable, T->V)

SKLLVPIVASNGSGSGSSKLLVPIVASNGSGSGSSK-
LLVPIVASN

2x phospho-ligand -- 1x 
phospho-ligand (non 
phosphorylatable, T->V)

SKLLTPITASNGSGSGSSKLLTPITASNGSGSGSSK-
LLVPIVASN

Ste18 Full length cerevisiae Ste18 without Start / Stop codon
Ste4 Full length cerevisiae Ste4 without Start / Stop codon
Ste5C SPLLPPFGLSYTPVERQTIYSQAPSLNPNLILAAP-

PKERNQIPQKKSNYTFLHSPLGHRRIPSGAN-
SILADTSVALSANDSISAVSNSVRAKDDETKT-
TLPLLRSYFIQILLNNFQEELQDWRIDGDYGLLRL-
VDKLMISKDGQRYIQCWCFLFEDAFVIAEVDND-
VDVLEIRLKNLEVFTPIANLRMTTLEASVLKCT-
LNKQHCADLSDLYIVQNINSDESTTVQKWIS-
GILNQDFVFNEDNITSTLPILPIIKNFSKDVGN-
GRHETSTFLGLINPNKVVEVGNVHDNDTVIIR-
RGFTLNSGECSRQSTVDSIQSVLTTISSILSLKREK-
PDNLAIILQIDFTKLKEEDSLIVVYNSLKALTIK-
FARLQFCFVDRNNYVLDYGSVLHKIDSLDSISN-
LKSKSSSTQFSPIWLKNTLYPENIHEHLGIVAVSN-
SNMEAKKSILFQDYRCFTSFGRRRPNELKIKV-
GYLNVDYSDKIDELVEASSWTFVLETLCYSF-
GLSFDEHDDDDEEDNDDSTDNELDNSSGSLS-
DAESTTTIHIDSPFDNENATANMVNDRNLLTEGE-
HSNIENLETVASSVQPALIPNIRFSLHSEEEGTNE-
NENENDMPVLLLSDMDKGIDGITRRSSFSSLIES-
GNNNCPLHMDYI

Yeast promoters used in this study
Promoter Description
pADH1 1500 bp sequence upstream of cerevisiae ADH1 ATG
pURA3 215 bp sequence upstream of cerevisiae URA3 ATG
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pTEF1(M10) TEF1 mutant 10 promoter54

pFIG2 750 bp sequence upstream of cerevisiae FIG2 ATG

Yeast terminators used in this study
Terminator Description
tADH1 (C. albicans) 692 bp immediately downstream of C. albicans ADH1 stop 

codon
tADH2 400 bp immediately downstream of S. cerevisiae ADH2 stop 

codon
tENO2 400 bp immediately downstream of S. cerevisiae ENO2 stop 

codon
tCYC1 250 bp immediately downstream of S. cerevisiae CYC1 stop 

codon, extended with flanking sequences (5', AATAGTGCT-
GATTGGCTATGTAAGGTAA; 3', CCAGAATACAGACCTG-
CAACGGTTG)
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