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Using Synthetic Biology to Define the Evolutionary Building Blocks of 

Cellular Organizaion and Funciton 
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A fundamental issue in biology is how complex systems are organized, and how that 

organization changes during the process of evolution. The concept of hierarchical 

modularity has provided a useful framework for understanding this organization
4
. 

Systems are considered modular if the parts that compose them (modules) can be 

rearranged and retain their function in a context-independent fashion. It is undeniable that 

most biological systems exhibit features of modular organization. Viewing biological 

networks in terms of a hierarchy of interlinked, functional modules is a useful way to 

parse biological complexity into parts that are more easily understood. Thus, a systems 

level understanding of a complex entity such as a cell relies  on our ability to identify 

functionally important constituent modules and to delineate their relationship to one 

another within the cell’s organizational hierarchy 

 

Another reason to understand the modular organization of biological systems is to gain 

insight into the process of evolution. Modularity might itself be a property that improves 

the evolvability of biological systems by facilitating the rapid reconfiguration of network 

structure
35, 36, 37

. In other words, the reconnection of modules may provide a system with 

the ability to rapidly generate functional diversity in the face of continually changing 

selective pressures. Therefore, the identification of functional modules, and 

understanding the extent to which they can be rewired, can provide insight into the 

evolutionary process. 

 

Synthetic biology is a potenitially useful approach for investigating the modular 

organization of cellular networks. By attempting to identify a part or subsystem that can 
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be used to either rewire an existing network, or construct a new network, a synthetic 

biologist implicitly evaluates hypotheses about the modularity of that part or subsystem. 

For example, if the component in question is indeed a functional module, then it should 

retain its native functionality when wired into a synthetic network. By the same token, a 

deeper understanding of modularity at the molecular level may allow us to create entirely 

new types of connectivities within cellular networks. Below we describe how efforts to 

rewire cells have helped to functionally identify the modular building blocks of several 

types of cellular regulatory networks, and have lent general support to the idea that 

modularity promotes diversification of network function. 

 

Recombining Gene Expression Modules 
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It is worthwhile to examine the fundamental logic by which nature controls currencies 

such as phosphorylation. In general, the phosphorylation state of a target protein is 
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controlled by a set of modular input enzymes: Kinases are writer enzymes that make 

phosphorylation marks, whereas phosphatases are eraser enzymes that remove the marks. 

Inputs control this event by modulating the activity of the writer and eraser. The output of 

phosphorylation can be controlled by direct changes to the target protein activity. 

However, in many cases reader modules---such as  SH2 domains that bind to 

phosphotyrosine motifs---control output by facilitating the formation of a new complex. 

Most molecular information currencies are regulated by analogous modular 

writer/eraser/reader systems (Figure 1-5B). For GTPases, guanine nucleotide exchange 

factors (GEFs) and GTPase-activating proteins (GAPs) act as writers and erasers that 

activate and deactivate the GTPase, respectively, whereas effector modules that recognize 

only the GTP-bound state of the GTPase act as reader modules. 

 

Connecting arbitrary nodes within a natural network may involve linking distinct 

molecular currencies. In natural networks, linkages between currencies occur when a 

reader module of one currency regulates the writer or eraser modules of another currency 

(Figure 1-5C). In one example of an engineering such a connection, Yeh et al.
65

 linked a 

GTPase triad  to a kinase triad to create a novel linkage between two currency types. In 

their study, a synthetic, intramolecular interaction domain was used to allosterically 

regulate a GEF that modulates cell morphology in mamalian cells. By making the 

regulatory interaction responsive to protein kinase A (PKA) phosphorylation, the authors  

converted PKA activation into changes in cellular morphology. 
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What unexplored, reversible chemical currencies could be used for generating synthetic 

linkages? The attachment of ubiquitin to various protein targets may be one such system 

to which the reader/writer/eraser paradigm can be applied (Figure 1-5B). Ubiquitination 

tags are written to a protein target by ubiquitin (E3) ligases, read by a variety of ubiquitin 

binding domains (UBDs)
33

, and erased by deubiquitinating (DUB) enzymes
22

. 

Polyubiquitination is classically considered a signal that targets cellular proteins for 

proteasomal degradation. However, in many systems ubiquitin plays a recruitment and 

regulatory function beyond degradation. Monoubiquitination and alternative 

polyubiquitin linkages can specify altered cellular localization, mediation of kinase 

activity, and DNA damage repair
15

. This diversity of outcomes and the inherent 

modularity of the enzymes involved suggest that control of ubiquitination would be a 

useful tool not only for synthetically controlling protein lifetime, but also for engineering 

new recruitment and regulatory interactions.
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Figure 1-1 Synthetic rewiring experiments can help to define the modular hierarchy of 

transcriptional and signaling networks. Cellular regulatory networks are built up from 

hierarchies of interlinked modules. Function is achieved from the assembly of molecular 

building blocks into network nodes that perform a defined input/output function. Nodes, 

in turn, are assembled into network motifs---patterns of connectivity that execute specific 

information-processing tasks. By attempting to rewire the components of cellular 

networks, we can impose upon those components a test for functional modularity. A. In 

transcriptional networks, nodes are composed of cis-regulatory elements, which define 

input, and coding regions, which specify output. Groups of nodes are often found 

interlinked in specific connectivity patters known as motifs, which often perform specific 

information processing functions. B. In protein signaling networks, interactions between 

signaling proteins (nodes) are mediated by interaction domains (input modules) that 

recruit catalytic domains (output modules) to specific targets. Interaction domains can 

also allosterically regulate catalytic domains, creating protein switches. Scaffold proteins 

are assemblies of regulatory domains that bind multiple catalytic components and thereby 

organize the connectivity of entire pathways. 
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Figure 1-2. (continued on the following page) 
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Figure 1-2. Synthetic rewiring experiments can be used to test predictions about the 

function and plasticity of cellular networks. A. Understanding the basis for modular 

connectivity in cellular networks allows us to design hypothesis-driven rewiring 

experiments. B. A circuit diagram representation of the model that Suel et al.
56, 57

 used to 

describe the transition between sporulation and competence states in Bacillus subtilis. 

Two feedback loops control levels of the master transcriptional regulator, ComK: a 

positive autoregulatory loop (purple) and a ComS-mediated triple-negative (net negative) 

feedback loop (green. This architecture defines an excitatory circuit: Stochastic 

fluctuation in ComK levels can cause the basal state of the circuit (which specifies 

sporulation) to transition to an unstable, excitatory state (which specifies competence). 

The transition is controlled by the positive feedback loop, whereas return to the basal 

state is mediated by the negative loop. Rewiring the circuit to bypass the negative 

feedback loop resulted in cells that switched irreversibly to competence. The addition of 

negative feedback regulation to the positive autoregulatory loop resulted in faster 

recovery from competence back to the basal state as well as lower cell-to-cell variability 

in switching times.  Plots are replicas of data from figures in references 56 and 57 

redrawn with permission. C. The mitogen-activated protein kinase (MAPK) pathway that 

mediates mating in yeast displays a graded, linear response with respect to dose and 

simple, monotonic activation over time. The scaffold protein Ste5 specifies mating 

pathway connectivity by coordinating the kinase cascade. Bashor et al.
6 
recruited positive 

and negative pathway modulators to the scaffold using synthetic protein-protein 

interaction domains. These modulators up- and downregulated pathway activity in a 

recruitment-dependent fashion. When placed under the control of pathway-responsive 

promoters, positive and negative feedback loops were created. When competitive 

interactions were used to create a sink for modulator binding, or to create competitive, 

reciprocal recruitment of modulator to the scaffold, a number of complex input/output 

behaviors were achieved, including adaptive and activation-delayed temporal profiles, as 

well a conversion of the dose-response profile for the circuit from graded to switch like. 

Data panels are redrawn from Bashor et al
6
. 
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Figure 1-3. (continued on the following page)  
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Figure 1-3. Using forward engineering to understand circuit design principles. 

Traditional reverse engineering of biological networks involves determining the 

structure-function relationship between one type of observed behavior and a single circuit 

architecture. Alternatively, a forward engineering approach may be employed in which a 

number of solutions that fulfill a given behavior can be evaluated either experimentally or 

computationally. Such an approach might illuminate basic design requirements and 

provide clues to achieve optimal behavior. A. Progressive iteration of synthetic oscillator 

designs have varied in terms of architecture and implementation (type of molecules used 

to construct the circuit), but most designs consist of a set of transcriptional nodes that 

regulate each other. A reporter node that allows for the observation of circuit behavior is 

linked to one node in the circuit. The first oscillator design (repressilator) was a three-

member ring network based on repressor-operator interactions
20

. Subsequent circuits
3, 55, 

60
 utilized an interlinked positive and negative feedback design that was shown 

computationally to be more robust to parameter variation
62

. The circuit constructed by 

Atkinson et al.
6
 was transcription based, but it also utilized phosphorylation to mediate 

one branch of the feedback. The robust, stable oscillator constructed by Stricker et al.
55

 

was entirely transcription based. Quantitative modeling approaches that accompanied the 

designs were also variable. Repressilator modeling was simple, with numerous implicit 

assumptions. Whereas Atkinson et al. used a more rigorous approach for modeling, 

Stricker et al. used a fully parameterized model and recognized the importance of several 

key parameters. Oscillator time course data are redrawn, with permission, from 

references 20 and 62. B. Combinatorially searching network space to define families of 

circuits that can achieve target functions is an alternative approach to learning about 

circuit design. Ma et al.
42

 searched all possible three-node networks for topologies that 

exhibited perfect adaptation behavior (which was defined as a return to baseline after 

stimulus). The search identified ~400 robustly adapting circuits. All these networks 

mapped to two simple topology families that were sufficient to confer adaptive behavior: 

negative feedback loop with a buffering node (NFBLP) and a incoherent feed forward 

loop (IFFLP). These core topologies can be used for identifying possible perfect 

adaptation networks in natural systems and can serve as blueprints for building synthetic 

circuits. 
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Figure 1-4. (continued on the following page) 
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Figure 1-4. Synthetic biology offers an expanded set of research tools for making genetic 

perturbations in cells. A. Traditional approaches for investigating cellular systems are 

limited in how they can investigate network structure-function relationships. Classical 

genetics makes mutations, which eliminate network nodes, whereas chemical biology 

primarily provides tools that disrupt network links by inhibiting protein function. 

Synthetic biology augments these approaches by providing a diverse set of research tools 

for the experimental perturbation of cellular networks. By co-opting the modular building 

blocks that are used to construct networks, synthetic biology allows an investigator to 

rewire a network with new linkages. These links can either be constitutive, precisely 

tunable (dials), or turned on and off in a controlled fashion (switches). By wiring new 

functional subsystems into networks, an investigator can introduce a genetically encoded 

functionality that can be used to alter network behavior. These include reporters that can 

be programmed to detect a variety of complex cellular events. B. Phytochrome domains 

that dimerize upon light activation can be used to non-invasively direct highly localized 

protein-protein association events within a cell.  In a recent example in Levskaya et al 
39b

, 

actin polymerization was induced by the light-activated association of Rac and an 

activating GEF, resulting in localized cell protrusions. C. A genetic circuit that counts 

events is one example of a type of network module that can be used to introduced 

engineered function into a cellular network.  In work by Friedland et al.
23

, a circuit was 

implemented which activates only after the occurrence of two consecutive stimulation 

events (data redrawn from reference 23 with the authors’ permission). 
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Figure 1-5. (continued on the following page) 
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Figure 1-5. Harnessing the diversity of cellular information currencies to generate 

synthetic linkages in cellular networks. A. The diversity of cellular information encoding 

currencies presents a challenge to the synthetic biologist who wants to engineer novel 

links into a network. B. Many of the reversible reactions that are used as signaling 

currencies in posttranslational networks can be understood in terms of a 

reader/writer/eraser paradigm. Writers enzymatically catalyze the transfer of chemical 

marks onto target molecules, whereas erasers catalyze the removal of the chemical mark. 

Inputs to the node are used to control the writers and erasers. The presence of a mark is 

then read out by a reader module, which can come either in the form of an altered 

functionality, or as some type of binding partner that recognizes and binds to the 

molecule that bears the chemical mark. Reader/writer/eraser triads can be used to 

generate reversible linkages in a signaling a network and are attractive targets for 

synthetic biology. Phosphorylation is the most familiar example of a chemical currency 

that conforms to the reader/writer/eraser paradigm. Kinases are responsible for 

transferring phosphates onto different types of cellular targets, whereas phosphatases act 

as erasers by dephosphorylating the targets. Readers for phosphate marks include 

phosphorylation-dependent binding partners. GTPases, ubiquitination, and histone 

modification follow the reader/writer/eraser paradigm as well. C. Natural networks link 

nodes of different currencies by using modular connecter devices---devices that read in 

the output of the upstream currency and use it to control the input to a downstream 

currency. Making diverse modular connecter devices is a key goal in developing a 

synthetic biology toolkit. D. Using phosphorylation as an example currency, we illustrate 

the range of downstream connections that could potentially be regulated by synthetic 

linkages. 
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Figure 1-6. Complementarity of discovery and engineering approaches in reaching a 

deeper understanding of complex biological systems. Discovery biology generates the 

medium that synthetic biology appropriates for engineering purposes. In the process of 

creating useful applications and tools, synthetic biology uncovers principles of design and 

organization that improve our understanding of biological systems. 
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For quantitative experiments performed in this section using either strains CB009 or 

CB011 (See Table 2-2) cells were grown overnight in 1 mL of the appropriate SD media 

at 30 °C under constant shaking.  This was followed by 4-5 hours of outgrowth to log 

phase in 3 mL cultures.  Cell were treated with indicated concentrations of -factor and 

sampled at indicated times using an LSR-II flow cytometer (BD Biosciences).  Just prior 

to reading, cells were exposed to brief sonication at low power to disrupt cell clumps. 

Cellular fluorescence was measured by exciting at 488 nm with a 20 mW Sapphire argon 

ion laser (Coherent) detecting emission on the FITC channel using 515-545 nm filters. 

For each reading, 10,000 events were recorded.   

 

Fluorescence data from flow cytometry experiments were analyzed using the program 

FlowJo (TreeStar, Inc.).  Cell populations were gated based upon forward scatter to 

exclude cell aggregates.  After pheromone treatment, a corresponding population of cells 

shifted along the FITC axis to higher fluorescence at the same forward scatter.  The gate 

used for data analysis in the absence of alpha factor was allowed to re-center on the 

treated population using the “magnetic gate” feature of the FlowJo software.  Mean 

cellular fluorescence was calculated for this gated population.  Data for dose-response 

experiments were fit using ProFit software (Quantum Soft) to a Hill equation: F(a) 

= Fmin + (Fmax – Fmin)*a^(nH)/(Cm^(nH) + a^(nH)) , where F = mean fluorescence, a = 

concentration of alpha factor, Fmin = mean fluorescence with no alpha factor, Fmax = mean 

fluorescence with saturating -factor, Cm = concentration of alpha factor at which 

fluorescence is half-maximal, and nH = Hill coefficient. 
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GFP 
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W303 MATa, STE5, BAR1, FAR1, MFA2, his3, trp1, leu2, ura3 

W303 MATa, STE5, bar1::NatR, FAR1 MFA2, his3, trp1, leu2, ura3 
W303 MATa, STE5, BAR1, FAR1 mfa2::pFUS1-GFP, his3, trp1, leu2, ura3 
W303 MATa, ste5::KanR, BAR1, FAR1, mfa2::pFUS1-GFP, his3, trp1, leu2, 
ura3 
W303 MATa, STE5, bar1::NatR, FAR1, mfa2::pFUS1-GFP, his3, trp1, leu2, 
ura3 
W303 MATa ste5::KanR, bar1::NatR, FAR1, mfa2::pFUS1-GFP, his3, trp1, 
leu2, ura3 
W303 MATa, STE5,  bar1::NatR, FAR1, mfa2::pFUS1-GFP, his3, trp1, leu2, 
ura3 
W303 MATa, ste5::KanR, bar1::Nat, FAR1, mfa2::pFUS1-GFP, his3, trp1, 
leu2, ura3 
W303 MATa, STE5, , bar1::NatR, , far1 , MFA2, his3, trp1, leu2, ura3 
W303 MATa, STE5, , bar1::NatR, , far1 , mfa2::pFUS1-GFP, his3, trp1, 
leu2, ura3 
W303 MATa, ste5::KanR, , bar1::NatR, , far1 , MFA2, his3, trp1, leu2, ura3 
W303 MATa, ste5::KanR, bar1::NatR, far1D, mfa2::pFUS1-GFP, his3, trp1, 
leu2, ura3 
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Introduction 
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Our goal was overlay the endogenous pathway with synthetic feedback loops in order to 

systematically alter response to mating pheromone (alpha-factor) stimulation.  A simple 

way to construct a synthetic feedback loop would be to dynamically recruit pathway 

modulators to the scaffold in a manner that is dependent on pathway output.  We first 

tested whether constitutive recruitment of modulator proteins could alter pathway flux.  

We created a new recruitment site on Ste5 by fusing a leucine zipper heterodimerzation 

module21 to its C-terminus.  Modulator proteins fused to complementary zippers were 

then expressed and recruited to the scaffold (Figure 3-1B) (this leucine zipper pair 

interacts with Kd =  6 nM 21 - Figure 3-S3).   Two pathway modulators were recruited: 

Ste50 and Msg5 (Figure 3-1A).  Ste50 is a positive modulator – an adaptor that promotes 

interaction of the MAPKKK Ste11 with its upstream activator, the PAK-like kinase, 
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Ste20 22-23.  Msg5 is a negative modulator – a MAPK phosphatase that inactivates 

phosphorylated Fus3 MAPK 24-25.   When artificially recruited to the Ste5 scaffold 

through a leucine zipper interaction, Msg5 and Ste50 showed strong but opposite effects 

on pathway output, measured using a mating pathway-responsive green fluorescent 

protein (GFP) transcriptional reporter (See SOM or reference 26 for methods).  

Recruitment of the positive modulator (Ste50), increased the steady-state output of the 

activated pathway, while recruitment the negative modulator (Msg5), decreased output, 

nearly eliminating any input–stimulated response.  Unrecruited Ste50 and  Msg5 had  

much smaller effects on pathway output when expressed at the same level.  Thus the 

impact of modulators on pathway flux is enhanced by recruitment to the scaffold.  

To build synthetic feedback loops we then placed the modulators under the control of a 

mating-dependent promoter (pFIG1; Figure 3-2A), so that they are only expressed upon 

pathway activation.  The positive feedback circuit, (using Ste50) increased steady-state 

pathway output and led to a more switch-like dose-response.  The apparent Hill 

coefficient (nH) increased from 1.12 ± 0.08 (wild-type) to 2.42 ± 0.19.  Similar behavior 

was generated using positive feedback loops in which constitutive pathway alleles were 

expressed from a mating-responsive promoter27.   

The engineered negative feedback circuit (using Msg5)  displays adaptation – the cells 

responded initially like wild-type, but after 35 minutes, showed a decrease in output, even 

with continued stimulation.  Adaptation is a critical for homeostatic and sensing systems.  

It can be important to limit the magnitude and duration of an output that is harmful or has 

a high metabolic cost.    Adaptation is also critical for sensing systems (e.g. vision or 
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chemotaxis) that automatically desensitize to a continuous stimulus, allowing for 

detection of input changes over a large dynamic range28,29. 

One advantage of engineered feedback loops is the ability to systematically explore how 

the alteration of specific circuit parameters affects pathway behavior.  Simulations 

indicate that adaptation in the simple negative feedback circuit can be tuned by adjusting 

feedback strength (Figure 3-3A).  We explored two methods for adjusting feedback 

strength.  First, we changed the strength of the leucine zipper interaction used to recruit 

Msg5 (Figure 3-3B), using a set of three leucine zipper pairs that bind with the following 

affinities: Kd = 6 nM, 40 nM, and 810 nM 21. Second, we changed the strength of 

promoter controlling expression of recruited Msg5 (Figure 3-3C), using a pair of mating 

promoters: pFIG1 (strong) and pPRM2 (weak -see Figure 3-S4).  As predicted, either 

method results in a decrease in the steady-state pathway output. 
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Materials and Methods 
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Genotypes of yeast strains used in this study are listed in Table 3-S3.  Gene knockouts 

were made using standard gene disruption techniques.  Unless specifically indicated, all 

experiments were conducted in the background strain CB011, a far1 strain which does 

not show cell cycle arrest upon -factor treatment, and shows no shmooing behavior.  

Use of this strain is necessary for quantitatively reproducible FACS analysis, as Far1-

dependent cell cycle arrest leads to a wide variation in cell size and GFP expression per 

cell38.  For this work, the far1 strain is arbitrarily defined to be the starting “wild-type” 

strain, although it has slightly different behavior from a FAR1 strain.  
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Quantitative Modeling 
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Equations used for simulating circuits: 

 

 

Common to all circuits: 

 

dTFactive
dt

= kTFScaffoldactive( )TFinactive TFTFactive

d FB

dt
= kFB

TFactive
nH

kd TF
nH + TFactive

nH
+ kFBbasal FBFB

1= fbound + funbound
ScaffoldTOTAL = Scaffoldactive + Scaffoldinactive

TFTOTAL = TFactive + TFinactive

 

 

 

 

Negative feedback: 

 

d Scaffoldactive
dt

=
S

k + S
Scaffoldinactive funbound scaffold Scaffoldactive

fbound _ negkcat _ neg( )Scaffoldactive
funbound kcat _ negkcat off scaffold _ ratio( )FBunbound Scaffoldactive

 

 

 

 

Positive feedback: 

 

d Scaffoldactive
dt

=
S

k + S
Scaffoldinactive funbound scaffold Scaffoldactive

+ fbound _ poskcat _ pos( )Scaffoldinactive
+ funbound kcat _ poskcat off scaffold _ ratio( )FBunbound Scaffoldinactive

 

 

 

 

Accelerator: 
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d Scaffoldactive
dt

=
S

k + S
Scaffoldinactive funbound scaffold Scaffoldactive

+ fbound _ poskcat _ pos( )Scaffoldinactive
+ funbound kcat _ poskcat off scaffold _ ratioSte50unbound Scaffoldinactive

fbound _ negkcat _ neg( )Scaffoldactive
funbound kcat _ negkcat off scaffold _ ratio( )FBunbound Scaffoldactive

 

 

 

Delay: 

 

d Scaffoldactive
dt

=
S

k + S
Scaffoldinactive funbound scaffold Scaffoldactive

fbound _ negkcat _ neg( )Scaffoldactive
funbound kcat _ negkcat off scaffold _ ratio( )FBunbound Scaffoldactive

 

 

 

Variables (concentrations): 

 

Scaffoldactive = lumped element variable that represents the activated MAPK 
pathway (note: ScaffoldTOTAL = fixed value) 

TFactive = transcription factor (fixed total amount, either active or inactive) 

FB = feedback effector 
 

 

 

Parameters: 

 

Kinetic rate contants: 

 

kTF = rate constant for activation of inactive transcription factor via active 
Scaffold 

kFB = rate constant for creation of feedback effector via active 

transcription factor 
kFBbasal = basal rate of creation of feedback effector (in absence of 

pheromone) 

gTF = endogenous decay rate of active TF to inactive TF 

gFB = endogenous degradation rate of FB 
gscaffold = endogenous decay rate of active scaffold complex to inactive 

scaffold complex 

 
 

 Binding constants: 

 

ka = binding constant of alpha-factor 
kd-TF = dissociation constant of TF from promoter of FB 
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 Catalytic constants: 

 

kcat = catalytic rate of feedback effector (e.g. rate constant for 

phosphatase converting active scaffolds to inactive scaffolds) 
kcat-off-scaffold-ratio = ratio corresponding to reduced effectiveness of unbound 

effectors to catalyze reactions on the scaffold. 

 
 

 Other constants: 

Sa = concentration of alpha-factor (strength of alpha-factor signal) 

fbound_neg = fraction of scaffolds bound by the negative feedback effector 
(between 0-1) 

fbound_pos = fraction of scaffolds bound by the positive feedback effector 

(between 0-1) 
funbound = fraction of scaffolds not bound by any feedback effector 

(between 0-1) 

nH = Hill coefficient for transcription of feedback gene 
Ste50unbound = Total Ste50 (fixed value) minus Ste50 bound in complex 

with Scaffold. 

 

 
In order to calculate the concentration of complexes with competing molecular species, 

the assumption that the binding reactions come to equilibrium on a fast time scale 

compared to other system dynamics leads to a cubic equation that can be solved 
numerically.  Specifically, consider three molecular species A, B, and C which can form 

complexes AB and BC (but not AC) – namely, A and C compete for binding to B.  If k1 is 

the dissociation constant for A binding to B and k2 is the dissociation constant for C 

binding to B, then the concentration of the complex AB is the solution of the following 
equation which is between zero and the smaller of AT and BT, where: 

 

 

a AB[ ]
3

+ b AB[ ]
2

+ c AB[ ] + d = 0 

k = k1 /k2
a = k 1

b = 2AT + BT + k1 + k CT BT AT k1( )

c = AT AT + 2BT + k1 + k CT BT( )( )

d = AT
2BT

 

Parameters: 

 
Global (common to all simulations): 

 

k  20 

kTF 0.004 



 91 

TF 0.018 

scaffold 0.2 

kd weak zipper 150 

kd medium zipper 15 

kd strong zipper 5 

kd-TF 6 

TFTOTAL 50 

ScaffoldTOTAL 50 

kcat negative feedback 0.5 

kcat positive feedback 1 

kFB_strong_basal_ratio 0.028 

kFB_weak_basal_ratio 0.059 

kcat_off_scaffold_ratio 0.006 

nHill 2 

 

Circuit-specific parameters: 

 
Parameters for Figure 2 (simple negative and positive feedback): 

circuit 

negative 

feedback 

positive 

feedback 

feedback promoter strong strong 

zipper medium medium 

S _basal 0.003 0.01 

kTF 2.1 0.75 

FB 0.0025 0.001 

Parameters for Figure 3 (variations of negative feedback): 

feedback 

promoter strong strong strong weak weak weak 

zipper strong medium weak strong medium weak 

S _basal 0.018 0.003 0.002 0.018 0.001 0.015 

kTF 1.5 2.1 2.1 1 2.1 0.5 

FB 0.0025 0.0025 0.0025 0.0025 0.0025 0.0025 

Parameters for Figure 4 (advanced circuits with binding competition): 

circuit decoy decoy decoy accelerator delay 

feedback 

promoter strong weak none strong strong 

zipper 

decoy-

strong; 

Msg5-

medium 

decoy-

strong; 

Msg5-

medium 

Msg5-

medium 

Ste50-

medium; 

Msg5-

strong 

decoy-medium; 

Msg5-strong 

S _basal 0.0015 0.02 0.005 0 0.05 

kTF 2.85 2.25 2.55 4.35 12 

DecoyTOTAL 300 150 0 0   
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Ste50constitutive_TOTAL       35   

Msg5constitutive_TOTAL         280 

FB 0.0025 0.0025 0.0025 0.0025 0.0005 
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Table 3-S1. Plasmids used in this study 

MSG5 
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Scaffold Modulator 
CB551    Msg5: CB500, CB501 

Ste50: CB535, CB536  
CB551    Neg. feedback: CB510   

Pos. feedback: CB542 
CB551    Strong zipper: CB513   

Medium zipper: CB514    
Weak zipper: CB515     

CB551    Strong promoter: CB511  
Weak promoter: CB515 

CB553     No decoy: CB508   
low decoy: CB508, CB521 
High decoy: CB508, CB532  

CB553    Neg feedback only: CB508   
Accelerator circuit: CB508, CB538  

CB553    Neg modulator only: CB504  
Delay circuit: CB504, CB525  

CB551 Switch: CB506, CB543 
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W303 MATa, ste5::KanR, bar1::NatR, far1 , mfa2::pFUS1-GFP, his3, trp1, 
leu2, ura3 
W303 MATa, bar1::NatR, far1 , mfa2::pFUS1-GFP, his3, trp1, leu2, ura3 
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Figure 3-1. Output from the yeast mating MAPK pathway can be significantly increased 
or decreased by artificially recruiting positive or negative pathway effectors to the 
scaffold protein Ste5. A. Schematic of the mating pathway.  Alpha-factor activates the G-
protein coupled receptor, Ste2, and heterotrimeric Gbeta subunit, Ste4.  Activated Ste4 
recruits the Ste5 scaffold complex to the membrane, allowing PAK- kinase Ste20 
(membrane-localized) to activate MAPKKK Ste11.  Ste11 and its downstream kinases, 
Ste7 (MAPKK) and Fus3 (MAPK), are co-localized on the Ste5 scaffold protein.  
Activation of the MAPK cascade leads to the mating transcriptional program (pathway 
reporter: Fus1 promoter-GFP).  In this work we have focused on pathway modulators that 
are not part of the core kinase cascade: Ste50 (positive effector, blue) promotes activation 
of Ste11 by Ste20;  Msg5 (negative effector, red) is a MAPK phosphatase that 
dephosphorylates activated Fus3.  B. Synthetic recruitment of pathway modulators to the 
Ste5 scaffold complex with a heterodimeric leucine zipper protein-protein interaction pair 
(see Materials and Methods )A basic zipper module was fused to Ste5 and the 
complementary acidic zipper module was fused to either a negative modulator, Msg5, or 
a positive modulator, Ste50 (this recruited leucine zipper pair has a Kd = 6.1 nM).  As a 
negative control (”unrecruited”), Ste50 and Msg5 were fused to the non-complementary 
zipper.  Effect of recruitment on pathway output was assessed by measuring pFUS1-GFP 
expression by FACS.  Basal output was measured prior to stimulation; induced output 
was measured 120 min. after stimulation with a saturating concentration of alpha-factor 
(2 μM).  Error bars represent std. dev. of three experiments.  Unshaded area in the bar 
graph highlights the input-dependent output change observed for the wild-type pathway.  
All strains were constructed from a STE5 background using an integrated Ste5-zipper 
fusion expressed from the native pSTE5 promoter.  Modulator-zipper fusions were 
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expressed from pCyc1 promoter and integrated using pRS305 (Msg5) or pRS304 (Ste50) 
plasmids.  At these expression levels, Ste50 and Msg5 only show significant effects on 
induced pathway output (Ste50 - increase; Msg5 - decrease) when recruited to Ste5, 
where a higher effective concentration may facilitate their actions. Control experiments in 
which recruitment domain orientation was reversed (basic zipper fused to modulators and 
acidic zipper was fused to scaffold) gave similar results (Figure 3-S3E). 
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In order to identify promoters that were appropriate for circuit design, we measured 
mRNA transcript levels from housekeeping genes and mating pathway inducible genes 
by RT-PCR (see materials and methods for experimental details).  Promoters identified 
for constitutive expression of circuit components, pAdh1, pCyc1, and pSte5, show no 
expression dependence on -factor, while promoters used for feedback of circuit 
components, pFig1 and pPrm2, showed dose-dependent transcriptional enhancement.  
Error bars represent standard deviation for three separate experiments.  Dose-response 
profiles were fitted with a Hill equation: R(a) =  (Rmin + (Rmax – Rmin)) * (a^(nH)/(Cm^(nH) 
+ a^(nH))), where R = mean RNA abundance, a = concentration of alpha factor, Rmin = 
mean basal RNA abundance (no alpha-factor), Rmax = mean fluorescence with maximal 
pathway output (saturating alpha-factor), Cm = alpha-factor concentration at which RNA 
abundance is half-maximal, and nH = Hill coefficient.  
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Where Ifluor = fluorescence intensity,  I0 =  initial intensity (t=0), t  = t time. 
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Figure 3-S6. Loading controls for Western blotting experiment.  In order to control for 
sample loading, blots from the western blotting experiment shown in Figure 2-4A were 
striped and reprobed with an anti-hexokinase antibody and analyzed using fluorescence 
detection (see Materials and Methods). 
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