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Protein scaffolds in synthetic biology 
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Chapter 1 

 
 
 
Abstract 

Interactions between proteins control their molecular functions such as signalling or metabolic 

activity. Assembly of proteins via scaffold proteins or in self-assembled higher-order complexes is a 

key regulatory mechanism. Understanding and functionally applying this concept requires the 

construction, study, and utilization of synthetic scaffolds. This chapter first describes protein 

scaffolding in the context of its natural function as well as the underlying mechanistic origins via 

mathematical models and simulations. This is then funnelled into examples of synthetic biology 

approaches to engineer new scaffolds and their usage as regulators of signalling networks and 

metabolic engineering. Subsequently the scaffold protein of interest in this thesis is introduced and 

an overview of the succeeding chapters is given. 
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Protein scaffolds in synthetic biology

Introduction 

 Cell signalling is amongst others controlled by protein complexes that are able to bind 

several interaction partners simultaneously. These protein complexes lead to 

spatiotemporal control over signal transduction by influencing subcellular localization, 

altering the properties of protein interaction partners and allowing proximity induced 

activation (reviewed by Reményi et al.[1], Lim et al.[2] and Shaw et al.[3]). These protein 

complexes can be classified into two categories, i.e. scaffold proteins and higher-order 

complexes. Scaffold proteins are defined as proteins that bind and colocalize two or more 

interaction partners of a signalling pathway[4], while higher-order complexes are 

oligomerizations of receptor and signalling proteins consisting of multiple proteins 

arranged in an open-ended fashion (Figure 1.1).[5] Scaffold proteins usually lack intrinsic 

enzymatic activity and are characterized by modular protein domains.[4],[6] They function as 

mediators, wiring together biochemical input and output responses via linear pathways, 

pathway branching or feedback mechanisms. In addition, they can also be targets for 

external regulation.[2] Recently it has been discovered that signalling proteins can also 

assemble into structured, higher-ordered signalling machines, i.e. signalosomes (Figure 

1.1b).[5] Structural studies of these complexes show that higher-order oligomerization is 

common in immune signalling cascades but presumably is also important in other 

signalling pathways.[5] 

 This chapter describes a selection of scaffold and higher-order complex proteins and 

discusses their function in the living cell. Scaffold proteins can tune the selectivity, sensitivity, 

specificity and robustness of biochemical signals in the cell while at the same time the presence 

of these elements can lead to bistable and biphasic dynamics. To explain the mechanistic 

origins of these effects a number of important theoretical studies are reviewed highlighting 

mathematical models and simulations that reveal how proteins scaffolds influence the 

spatiotemporal characteristics of signal transduction. Finally, examples from synthetic biology 

will be given, which have revealed how engineered scaffolds can be used as regulators of in- 

and output of a signalling network by means of a bottom-up approach. This leads to further 

understanding of cell signalling and the development of applications in the fields of metabolic 

engineering and cell-based therapeutics. 
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Chapter 1
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Chapter 1 

 Scaffold proteins are able to coordinate positive and negative feedback loops enabling a 

dynamic response. This is exemplified by the most well-studied scaffold in cell signalling, the 

Ste5 scaffold in yeast which is involved in the mating response (Figure 1.3b).[18],[19] Stimulation of 

the mating response in yeast is initiated by binding of pheromone α factor to the GPCR 

receptor Ste2, leading to activation of G protein and subsequent recruitment of scaffold Ste5 to 

the membrane. Upon localization at the membrane, MAPKKK Ste11 is recruited, and 

phosphorylation of Ste11 by the colocalized activator Ste20 initiates the cascade. The 

successive phosphorylation and activation of the MAPKK Ste7 and MAPK Fus3 in the cascade 

results in mating output. Activated Fus3 is responsible for one of the regulatory feedback loops 

as its activation leads to phosphorylation of four sites on the Ste5 scaffold which result in 

inhibition of the pathway which might contribute to the switch-like behaviour. 

 The kinase suppressor of RAS (KSR) scaffold involved in proliferation seems to be the 

mammalian equivalent of the Ste5 scaffold (Figure 1.3c). Although they are both engaged in 

the mitogen-activated protein kinase (MAPK) pathway, these proteins do not show any 

sequence similarity.[20] Dynamic response of KSR is shaped in a similar way as the Ste5 scaffold. 

Inactive KSR is bound to 14-3-3 in a phosphorylation-dependent manner, localizing it in the 

cytoplasm (reviewed by Shaw et al.[16] and Kolch et al.[21]). Upon mitogen stimulation, nucleotide 

exchange factors are recruited and KSR is subsequently dephosphorylated by protein 

phosphatase-2A (PP2A). This results in the release of 14-3-3 and translocation to the cell 

membrane where it interacts with activated RAS and facilitates the phosphorylation of MAPK 

and extracellular signal-regulated kinase (ERK) by Raf. In turn the MAPK/ERK induce 

phosphorylation of nuclear and non-nuclear substrates required for mitosis. The feedback 

mechanism is regulated by activated ERK, which blocks Raf binding to KSR via phosphorylation. 

This attenuates MEK activation and thereby decreases pathway output. 

 Taken together, scaffold proteins mainly function through the following mechanisms; 

enforced proximity is used to enhance local concentration of the signalling components, 

combinatorial use of modular domains, on the other hand, enables signalling components 

to participate in multiple pathways, and scaffold proteins cause conformational changes of 

their interaction partners or are targets for conformational change so they can activate or 

inhibit signalling. 
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Chapter 1 

Higher-order assemblies 

 Structural studies investigating intracellular immune signalling have shown the formation of 

higher-order complexes, i.e. signalosomes. Recently various archetypical categories of 

signalosomes were classified such as, helical assemblies, filamentous amyloid complexes, two-

dimensional lattice structures and cellular granules,[5,22] The first assemblies were found in 

immune signalling, but it quickly became apparent that these types of assemblies were also 

essential in other signalling pathways.[5,22] Given their size, signalosomes are proposed to 

facilitate spatial compartmentalization, substantially enhancing the local concentration 

without the need for membranes.[5] Important mechanisms contributing to the formation are 

nucleated poIymerization and regulation by posttranslational modifications.[22] In addition, it 

has been suggested that the unique growth mechanisms of higher-order assemblies can 

actually play a role in modulating transduction of biochemical signals.[5] 

 The proteins responsible for signalosome formation can be characterized by their domains. 

Helical assemblies discovered until now are generally part of the death domain (DD) fold 

superfamily, which comprises proteins incorporating a DD, death effector domain (DED), 

caspase recruitment domain (CARD) or pyrin domain (PYD). These domains commonly appear 

to function as mediators for oligomeric platform assembly and additionally recruitment of 

downstream effectors.[23],[24] Examples of such structures are; the PIDDosome complex, required 

for caspase-2 activation in metabolic regulation and as response to DNA damage,[23] the death-

inducing signalling complex (DISC), involved in caspase-8 mediated apoptosis,[25] and the 

Myddosome, a helical complex assembled at the cell membrane where it mediates signals in 

the Toll-like receptor (TLR) and interleukin-1 receptor (IL-1R) pathway (Figure 1.4a).[26] All these 

helical assemblies are composed of multiple similar domains and usually linked by intrinsically 

disordered regions. 

 Filamentous amyloid structures were found to be involved in programmed necrosis, and are 

formed by RIP1 and RIP3 kinases[27] The necrosis pathway requires caspase inhibition and RIP1 

and RIP3 kinase activity to form the RIP1/RIP3 necrosome. Structural studies have shown 

classical characteristics of amyloid fibrils as the RIP1/RIP3 complex forms fibrous protein 

aggregates composed of short β-strands which stack in longer β-sheets (Figure 1.4b).[27] RIP1 

and RIP3 were able to form homodimeric and heterodimeric fibrils and experiments suggested 

a similar structural architecture, however the fibrils were shorter and less regular in size for the 

homodimeric form compared to the heterodimeric complex. Moreover, the heterodimeric 

complex was found to be extremely stable. 
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Chapter 1 

Mathematical models and simulations 

 An important goal of the field of synthetic biology is the formulation of a set of universal 

design rules and network motifs to understand and design complex biomolecular networks. 

This has led to the development of a theoretical framework that incorporates the behaviour 

of biological components as modular molecular algorithms to achieve higher-order 

regulatory functions.[29] The ubiquitous nature of scaffolds involved in cellular processes 

also hints at a universal set of rules applying to scaffold proteins and their function. 

However, the situation is complicated by the fact that scaffolds might have several 

functions besides simply bringing together functionally related enzymes in a cascade. 

Indeed, not only passive tethering plays a role, also scaffold catalysis, subcellular 

localization, protection from or recruitment of inhibitors and feedback mechanisms have 

been found to contribute to scaffold function in experimental studies.[30],[31] 

 As a result, theoretical models and computer simulations can be used as powerful tools to 

quantitatively describe the effects of scaffolding and to support experimental observations. 

In this section key theoretical and computational studies are highlighted that increased the 

understanding of the important role that scaffolds play in cellular processes. First, models of 

signalling pathways are focused on those that involve cascades of phosphorylation 

reactions and assess the effect of a scaffold on the stability, robustness, specificity and 

signal response profile of the pathway. Secondly, the role of scaffolds is discussed in 

metabolic pathways that involve the processing of small molecules and look at the effect of 

nanoscale organization of enzymes on the specificity and efficiency of the cascade. 

Models of signalling pathways 

 In cellular signalling, scaffolds are thought to have a diverse array of functions, including 

the prevention of crosstalk, signal amplification, feedback and pathway robustness.[30] In the 

previous section a number of scaffolds and their role in signalling pathways have been 

described. Mathematical and computational studies often use the Ste5 scaffold protein 

involved in the MAPK pathway as a model system. Ste5 is essential in the activation of the 

pathway and colocalizes the three MAPK-kinases, after which the last kinase activates other 

targets downstream of the pathway (Figure 1.3b). While most of the mathematical and 

computational work has been done on the MAPK pathway, the general concepts and 

principles can be translated to other signalling pathways and other organisms in a relatively 

straightforward fashion. 
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Chapter 1 

macroscopic precipitate forms consisting of large, ordered, three-dimensional complexes. 

As a result, upon increase of the antigen concentration the amount of precipitate also 

increases, but then reaches a maximum and sharply declines when the antigen 

concentration is increased even further. In the latter regime antigen molecules completely 

surround the antibody and as a result, small soluble complexes dominate over large, 

ordered structures that precipitate. 

 For scaffolded enzymatic cascades a similar effect occurs, usually termed combinatorial 

inhibition,[35] which can be understood fairly intuitively. Consider a signalling pathway that 

becomes activated upon co-localization of multiple enzymes on a scaffold protein. When 

the scaffold concentration is low, most of the enzymes are not bound to the scaffold and 

activation of the pathway is low. At the optimal stoichiometry, most binding sites on the 

scaffold are occupied and therefore the overall activity is high. However, when the scaffold 

concentration increases further, the fractional binding site occupancy decreases again, 

which strongly reduces the throughput of the pathway (Figure 1.5a). 

 In a key study, Levchenko and colleagues used the MAPK pathway as a model system to 

investigate the effect of combinatorial inhibition on signalling pathways.[33] A system of 

ordinary differential equations (ODE) derived from Michaelis-Menten kinetics was used to 

explicitly describe the interactions between kinases, phosphatases and a two-member or 

three-member scaffold. Moreover, it was assumed that the scaffold is not catalytically active 

and that scaffold binding is a non-cooperative process. By numerically solving the ODE 

model using biologically relevant parameters, the authors show that indeed, an optimal 

scaffold concentration exists in the same order of magnitude as the kinase concentration, 

where the amplitude of the output signal is maximal.[33] Importantly, the computational 

results are found to be in agreement with recent experimental work, in which careful 

measurements of the protein levels of Ste5 and other MAPK pathway components in yeast 

cells revealed similar trends in pathway activation (Figure 1.5b-c).[31],[32]  

 ODE models are useful to describe scaffolds in signalling pathways, but require the 

definition of specific mechanistic details and as a result they are complex and elaborate, 

and meaningful results can only be obtained through numerical approximations. 

Alternatively, minimalist models can be used that are relatively easy to interpret and that 

can generate helpful analytical expressions, providing a general theoretical understanding 

of scaffold function. For scaffold-mediated signalling, such models have been developed 

using mass-action kinetics to describe the binding between scaffold and ligand 

proteins.[30,32,36,37] These models assume that a scaffold binds a set of distinct ligand proteins 
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under dynamic equilibrium and that the binding of ligands occurs independently and in a 

non-cooperative manner. This simple description allows for the formulation of an analytical 

expression that relates the fraction of active scaffold-ligand complexes to the initial 

concentrations of the components and their interaction strength. Furthermore, the 

expression predicts the existence of a unique scaffold concentration for which the 

concentration of active scaffold-ligand complex is maximal and therefore complements the 

results from numerical studies (Figure 1.5c). 

 Interestingly, when cooperativity between ligand binding events is included in the model, 

the optimal scaffold concentration does not change, while the maximal concentration of 

fully active scaffold-ligand complex increases.[32] This is in disagreement with the numerical 

results of Levchenko et al.,[33] but can be explained by the fact that the minimalist model 

assumes steady-state conditions and therefore does not take into account kinetic effects. 

While these models are relatively simple and involve a number of simplifications, they can 

provide important insights into the behaviour of scaffold-mediated signalling by relating 

the behavior to critical parameters such as protein-protein interaction strengths, 

concentrations and reaction rates. 

Signal amplification 

 From the previous studies it is clear that the concentration of scaffold in the cell can have 

a large effect on the amplitude of the output signal of a pathway. At optimal scaffold 

concentrations, the input signal is strongly amplified leading to a significant increase in 

pathway activation, while at other concentrations the output is limited. To further 

investigate the effect of scaffolds on signal amplification, Thomson and co-workers 

compared experimental measurements in yeast with a quantitative rule-based model of the 

scaffold-mediated MAPK cascade.[38] Inducing upregulation of Ste5 scaffold, at saturating 

pheromone levels, increased pathway activity as expected, however, the basal activity of 

the pathway without pheromone activation was also increased. This surprising result was 

confirmed by the computational model, and revealed a tradeoff between system output 

and the dynamic range of the pathway. At maximal system output the difference between 

steady-state levels and full activation of the MAPK cascade were quite small. The authors 

therefore suggest that yeast cells keep the Ste5 scaffold concentration at a low level to 

maintain a steady basal expression of pathway components, while allowing a large system 

response upon pheromone stimulation.[38] 
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While the computational work of the previous study confirms experimental observations of 

signal amplification in the MAPK pathway regulated by Ste5 scaffold levels, other 

experiments suggest that scaffolds can also attenuate or reduce signal transduction upon 

stimulation. To investigate this, Locasale et al. carried out kinetic Monte Carlo simulations of 

the MAPK pathway in a three-dimensional lattice box with 1 μm dimension.[39] By choosing 

this type of simulation over ODE models that assume a well-stirred reaction environment, 

spatial effects on scaffold-ligand interactions are taken into consideration. Importantly, the 

authors investigate the effect of phosphatase activity on pathway activation and consider 

two situations. First, in the case of high phosphatase activity MAPK kinases are rapidly 

deactivated, making the cascade difficult to activate. Upon strong stimulation of the 

pathway, the interaction of the kinases with the scaffold leads to a sharp increase in active 

kinases and a significant amplification of the signal (Figure 1.6a). In contrast, when 

phosphatase activity is low, the pathway is easy to activate and even a weak stimulation 

leads to a strongly amplified response. Strikingly, the model now predicts attenuation of 

signal transduction in the presence of scaffold (Figure 1.6a). These results reveal an 

interesting aspect of scaffold function in signalling pathways: scaffolds are able to maintain 

steady levels of pathway activation by amplifying strong signals in an inhibitory 

environment, while limiting signal amplification in situations where the pathway is 

relatively easy to activate. 

Pathway specificity 

 Signal transduction pathways are often part of larger, interconnected networks and as a 

result, components are shared between different pathways leading to unwanted cross-talk. 

Additionally, pathways such as the MAPK cascade are known to be activated by a large 

number of signals and therefore evoke several distinct cellular responses through the same 

reaction cascade. Scaffold proteins are thought to play a crucial role in reducing cross-talk 

between pathways and maintaining specificity. To investigate this within a general 

theoretical framework, Bardwell, Komarova and co-workers introduce the concepts of 

specificity and fidelity and show that for simple pathway architectures the analytical 

expressions of these quantities can reveal important information on the behavior of the 

networks.[40],[41] 

 Consider two pathways A and B that interact with each other in an undesirable fashion. 

For example, kinases from pathway A can lack selectivity and therefore also activate 

components from pathway B. Alternatively, pathway A can share components with pathway  
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expressions for both specificity and fidelity, which are shown to depend on system 

properties such as substrate selectivity, input signal strength and phosphatase activity. 

Importantly, the authors show that high specificity and fidelity cannot be achieved by 

simply tuning these network parameters. Instead, key components or pathways in the 

network need to be insulated through higher-order mechanisms such as 

compartmentalization or scaffolding.[40] 

 To show this, the authors again consider two pathways A and B that share a kinase, but 

now allow activation of pathway A exclusively on the scaffold. In this sense the function of 

the scaffold is formally equivalent to the compartmentalization of pathway A. As a result, 

both the specificity and the fidelity of the scaffolded pathway are significantly enhanced, 

under the constraint that deactivation of kinases by phosphatases is relatively fast 

compared to the binding and release of the kinases from the scaffold. Moreover, the 

specificity of the unscaffolded pathway can be improved by selective activation of the 

scaffold. This experimentally observed mechanism implies that a scaffold such as Ste5 only 

exists in an open, or active confirmation during authentic signalling, leading to a reduction 

of unwanted output of unscaffolded pathway in response to cross-reactivity of the 

scaffolded pathway.[40] 

 These results highlight the importance of scaffolds as necessary insulating components to 

increase specificity in the large, interconnected networks of signal transduction. By 

introducing specificity and fidelity as simple ratios of pathway input and output signals that 

can be straightforwardly measured in an experimental setting, they can be useful in 

quantifying and supporting experimental observations and improving the general 

understanding of signalling transduction networks. 

Ultrasensitivity 

 Signal transduction pathways are involved in a large number of cellular responses, which 

require an appropriate reaction to internal or external stimuli. Some pathways convert an 

external input directly into an intracellular signal, leading to the classical input-output 

response profile described by Michaelis-Menten kinetics (Figure 1.6c). Other processes 

require the conversion of a continuous, graded input stimulus into an unambiguous switch-

like output, indicated by a steep, sigmoidal response profile. Consequently, a network or 

pathway behaves very sensitively in a narrow concentration regime, where a small 

increment in the input signal leads to a large all-or-nothing change in output signal. This 

ultrasensitivity can be caused by a number of mechanisms, such as cooperativity, positive 

feedback loops and multisite activation,[42] and the extent to which a system behaves 
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expressions for both specificity and fidelity, which are shown to depend on system 

properties such as substrate selectivity, input signal strength and phosphatase activity. 

Importantly, the authors show that high specificity and fidelity cannot be achieved by 

simply tuning these network parameters. Instead, key components or pathways in the 
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of unwanted output of unscaffolded pathway in response to cross-reactivity of the 
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quantifying and supporting experimental observations and improving the general 

understanding of signalling transduction networks. 
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 Signal transduction pathways are involved in a large number of cellular responses, which 
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external input directly into an intracellular signal, leading to the classical input-output 

response profile described by Michaelis-Menten kinetics (Figure 1.6c). Other processes 

require the conversion of a continuous, graded input stimulus into an unambiguous switch-

like output, indicated by a steep, sigmoidal response profile. Consequently, a network or 

pathway behaves very sensitively in a narrow concentration regime, where a small 

increment in the input signal leads to a large all-or-nothing change in output signal. This 
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ultrasensitive is usually described by the Hill coefficient. This coefficient is determined by 

fitting the curve that describes the amplitude of the output signal as a function of the input 

to a Hill equation and indicates the steepness of the response compared to the standard 

Michaelis-Menten curve. For example, binding of multiple ligands to an enzyme in a strictly 

independent way results in a Hill coefficient of 1, while cooperative binding of oxygen to 

hemoglobin is an ultrasensitive process with a Hill coefficient of 2.8 (Figure 1.6c). 

 To show that scaffold proteins can be used to realize ultrasensitive behavior, Dueber et al. 

engineered modular protein switches that produce either a graded or ultrasensitive output 

depending on the size of an intramolecular scaffold, i.e. the number of SH3 domains.[43] The 

protein switch consists of a catalytically active N-WASP domain, which is inhibited 

intramolecularly by an SH3 interaction module. The input of the switch is an SH3-binding 

peptide, which releases the interaction module and activates the catalytic N-WASP domain 

producing the output signal. With a simple equilibrium model, the authors show that the 

degree of ultrasensitivity of the input-output response can be tuned by varying the number 

of SH3 interaction modules and that the response profile is largely unaffected by the 

individual interaction strength of the SH3 domains. Importantly, the model predicts that the 

activation of the switch becomes increasingly more difficult as the number of SH3 modules 

and therefore the degree of ultrasensitivity increases. Experimental work confirmed the 

predicted properties of the switches with Hill coefficients ranging from 1.0 for a single SH3 

domain and 3.9 for five SH3 domains. Moreover, the experiments support the 

computationally predicted tradeoff between ultrasensitivity and switch activation.[43] 

 Signalling pathways can exhibit ultrasensitive or switch-like behaviour, even in the 

presence of a scaffold protein.[44–46] This is consistent with a thorough theoretical study by 

Thalhauser and Komarova, who revisited the ODE model of the yeast MAPK cascade by 

including membrane localization of the Ste5 scaffold.[47] Strikingly, the model is able to 

capture all experimentally observed behaviours by careful consideration of the strength of 

the protein-protein interactions in the pathway: a stronger binding of kinases to the 

scaffold reduces the ultrasensitivity of the response, whereas a higher extent of selective 

activation of the scaffold by membrane localization favors a more graded response. These 

results reiterate the fact that scaffolds can have multiple mechanisms of dynamically 

altering and shaping the response dynamics of the cell and that these mechanisms are not 

necessarily mutually exclusive. Because of the complexity of these networks, models require 

simplifications and assumptions, and therefore care must be taken to correctly interpret the 

results and compare them to experimental observations. 
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 Alternatively, scaffold proteins are employed to bring metabolic enzymes in close 

proximity, and experimental observations demonstrate that the processing of 

intermediates in scaffolded cascades is significantly accelerated (Figure 1.7a).[48] However, 

the direct transfer of an intermediate from one enzyme to the other becomes increasingly 

less likely when the active sites are not in immediate vicinity of each other (i.e. <2 nm) and 

therefore the effect of substrate channeling is strongly reduced. Indeed, numerical reaction-

diffusion models show that the effect of direct diffusive substrate transfer is relatively small, 

only giving rise to a short boost in activity in the initial stage of the reaction.[53] Relatively 

quickly however, the substrate accumulates in the surrounding environment and the initial 

benefit of spatial localization is lost. Analytical analysis reveals that the characteristic 

timescale of this temporary boost is on the order of seconds for a typical scaffolded cascade 

with an interenzyme distance of 10 nm. Interestingly, this timescale is found to be 

independent on the catalytic properties of the enzymes, but instead depends only on the 

diffusion coefficient of the substrate and the volume of the reaction container. 

 This theoretical work indicates that the direct transfer of intermediates by diffusion from 

one enzyme to the next only has a minor effect in scaffolded metabolic cascades. Three 

other mechanisms that can enhance or accelerate cascade activity were investigated using 

numerical models. First, the presence of a sequestering reaction that inactivates the 

intermediate metabolite can have an influence on the reaction cascade, similar to the 

action of phosphatases in signalling pathways. Indeed, in metabolic pathways 

intermediates are often highly reactive species that are prone to oxidation or other cross-

reactions. Idan and Hess included a sequestering reaction in a reaction-diffusion model of a 

simple scaffolded two-reaction cascade and show that a sharp concentration gradient of 

the intermediate is formed directly surrounding the first enzyme.[53] This gradient indicates 

that the intermediate is quickly sequestered in the surrounding environment, leading to an 

increase in the contribution of direct substrate transfer to the second enzyme and a 

permanent boost to cascade activity. 

 Another possibility is the presence of a non-specific interaction between the metabolite 

and the scaffold. Depending on the chemical properties of the metabolite, electrostatic or 

van der Waals interactions can lead to a small affinity of the intermediate to the scaffold 

surface. As a result, the local concentration of the intermediate on the scaffold increases, 

which leads to an enhancement of cascade activity. In the reaction-diffusion model of Idan 

and Hess[53] this was taken into account by introducing a semipermeable barrier around the 

cascade through which diffusion of the intermediate substrate is reduced. Indeed, even a 
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small binding affinity between intermediate and scaffold (<2 kT, smaller than known 

interactions, e.g. between small molecules and DNA[53]) results in a persistent increase in 

cascade output for several hours. Additionally, the presence of the scaffold partially 

prevents the diffusion of the intermediate away from the enzymes, increasing the 

probability of efficient substrate transfer.[52] 

 Finally, the effect of precise nanoscale geometry and stoichiometry on cascade activity 

was investigated. Motivated by previous studies that indicated only a minor effect of direct 

substrate transfer at typical interenzyme distances[51] and in vivo observations that suggest 

that metabolic enzymes are often found in unorganized clusters,[48] the group of Wingreen 

developed a quantitative spatiotemporal mathematical model describing a two-step 

reaction cascade.[54] The model is based on reaction-diffusion equations that describe 

enzyme and substrate concentrations using continuous densities. The enzyme distribution 

for optimal pathway efficiency was found to be a co-cluster of a large number of both 

enzymes, in which the precise arrangement of the enzymes is not important (Figure 1.7b). 

Co-localization of enzymes in aggregates of 0.26 μm diameter increases the efficiency of the 

two-member pathway nearly 6-fold, while a model of a three-member cascade displayed a 

110-fold increase. The computational model was complemented by exciting in vivo 

experiments, in which the direction of substrate flux at a metabolic branching point was 

established through the co-clustering of the appropriate upstream and downstream 

enzymes of one of the branches. These results confirm the observation that the 

interenzyme distance on scaffolds is not the critical parameter in enhancing metabolic 

activity, but instead the availability of multiple enzyme targets in co-clusters of a large 

number of enzymes can strongly increase the transfer of intermediates between 

enzymes.[52,54] 

Synthetic scaffolds in engineered signalling networks 

 Engineered protein scaffolds are important tools in synthetic biology to on the one hand 

fundamentally understand the underlying molecular processes and on the other hand 

explore the potential of artificial signal transduction pathways. Wendell Lim reviewed the 

opportunity and applications for synthetic scaffolds in the design of engineered cell 

signalling networks.[55] The reviewed exploratory work reveals synthetic scaffolds that are 

functional and their relation to engineered constructs that are not.[55] This understanding 

can lead to applications where synthetic scaffold proteins and higher-order complexes 

show precisely controlled behaviour, which could be beneficial in therapeutics, diagnostics 
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and biotechnology. 

 Early efforts in redirecting signalling pathways revealed that recombination of adaptor 

protein domains led to the possibility to rewire pathways.[56–58] First, the two leading studies 

in recombination of interaction domains are discussed, followed by a review of Ste5-derived 

scaffolds. The majority of the synthetic scaffolds engineered until now are based on this 

well-studied scaffold and this selection will demonstrate the potential of engineered 

scaffolds in synthetic signalling. In addition, synthetic scaffolds based on phosphorylation 

will be discussed, as phosphorylation is essential in signal transduction. Finally, synthetic 

scaffolds applied in metabolic engineering will be highlighted to show their potential in 

biotechnology. To our knowledge, synthetic higher order protein assemblies applicable for 

synthetic signal transduction have not been published so far and remain elusive for the 

future.  

Pioneers in synthetic scaffolding 

 The group of Pawson was one of the first to investigate interchangeability of domains 

from two different pathways to create new synthetic scaffolds.[56] The authors coupled the 

SH2 domains from adaptor proteins Grb2 and ShcA, involved in growth and survival, to the 

DED FADD involved in programmed cell death.[56] The chimeric adaptor was able to redirect 

input of respectively mitogenic or RTK signals to an output of induced caspase activation 

resulting into cell death. A study in oncogenic cells showed that elevated levels of RTK 

activity actuated the chimeric adaptor leading to selective apoptosis. These results were the 

first to show the prospect of engineered scaffolds to control signalling pathways based on 

interchangeability of interaction domains. Moreover it showed that responses to external 

signals could be altered in such a way that they could be therapeutically beneficial.[56] 

 Other leading work in domain interchangeability led to a synthetic switch that could 

control actin polymerization.[57] Combination of the VCA output domain of the regulator 

protein N-WASP (neuronal Wiskott-Aldrich syndrome protein) with the autoinhibitory input 

domain PDZ resulted in a switch that was repressed under basal conditions. Competitive 

binding of an external PDZ ligand activated the switch while precise gating behavior could 

be tuned by the affinity of the autoinhibitory interaction.[57] For a two-input switch system a 

combinatorial library was designed using two geometrically different output domains, 

variation of interdomain linker lengths and intramolecular ligands with diverse affinities. 

This led to 34 switches with diverse behaviors, showing antagonistic behaviour, negative 

input control and positive input control of AND and OR gates. The small library revealed 

that subtle changes in switch design could lead to significant changes in gating 
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behaviour.[57] This study confirmed that use of modular input and output domains permit 

interchangeability, allowing unique regulatory connections between otherwise unrelated 

proteins. 

Engineered scaffolds based on Ste5 

 Lim and co-workers also intensively investigated the Ste5 scaffold from the yeast MAPK 

pathway. The authors showed that simple recruitment of pathway components is sufficient 

for signal transduction and tested their hypothesis that primitive tethering could generate 

new pathways by recombining interaction domains, resulting in a diverter scaffold.[58] This 

diverter scaffold was created from Ste5, responsible for mating response, fused to Pbs2, 

involved in the osmolarity pathway (Figure 1.8a). The joined interaction partner Ste11 acted 

as the diverter node resulting in new input-output linkage of alpha-factor input and 

osmoresponse output (Figure 1.8a).[58] This engineered diverter scaffold revealed the 

possibility for systematic manipulation and redirection of signalling pathways.[58]  

 Subsequent research showed that engineered circuits could lead to ultrasensitivity, 

tunable adaptation and accelerated and delayed responses using a synthetic Ste5 

scaffold.[59] For this the endogenous mating pathway was coupled to synthetic feedback 

loops by fusing a leucine zipper to the C-terminus of the Ste5 scaffold leading to an altered 

mating response (Figure 1.8b). Heterodimerization of the leucine zipper with a 

complementary zipper, fused to a modulator protein, allows regulation of output. Either a 

positive regulator (Ste5) or negative regulator (Msg5) were coupled to the complementary 

zipper to allow recruitment, displaying robust yet opposite effects on the pathway 

output.[59] In addition, unrecruited Ste5 and Msg5 showed considerable smaller effects 

when expressed at the same level, stressing the necessity for recruitment to the scaffold.[59] 

Moreover, putting the modulator Msg5 under control of a promoter generated a negative 

feedback loop in which the strength of the feedback could be tuned by modifying the 

affinity of the leucine zippers or by regulating the expression level of the negative 

modulator.[59] In addition, more complex negative feedback circuits were designed by the 

addition of competitors, resulting in the observation of pulse-like activation response, 

accelerated or delayed response time and ultrasensitive dose-response behavior (Figure 

1.8b).[59] 

 The recombination of modular domains from the yeast mating pathway was further 

investigated by recombination of 11 proteins involved in mating response. This led to a 

library of 66 chimeric constructs.[60] The recombined constructs caused altered dynamic 

behavior either by inhibition or activation of the mating pathway. Moreover, due to  
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phenotype.[60] Once more this emphasizes that recombination enables the engineering of 

new networks with desired functions. 

 Recruitment of modulator proteins to a synthetic scaffold can be achieved in various 

ways. Wei et al. used a similar strategy as Lim and co-workers by making use of leucine 

zippers to recruit bacterial pathogen produced effector proteins.[62] The authors 

investigated the effect of OspF and YopH on the MAPK pathway in yeast and human 

primary T-cells.[62] Under normal conditions the introduced OspF causes growth inhibition in  

yeast, however, introduction of leucine zippers to OspF and to either Ste5 or Pbs2 scaffold 

triggered selective recruitment of the inhibitory protein, causing irreversible activation of 

the MAPKs.[62] The design of a synthetic OspF feedback loop displayed frequency dependent 

input filtering altering the osmoresponse. These experiments were extended to human 

cells, showing the capability of rewiring their response for therapeutic applications. 

 Galloway et al. employed orthogonal diverters to activate or attenuate MAPK pathway 

output.[63] The network diverter consisted of an RNA-based transducer, promoters that act 

as modulators that control level and mode of expression, and pathway regulators. Positive 

and negative diverters were developed with and without feedback, enabling either 

pathway activation in the absence of pheromone or decrease of pathway activity in the 

presence of pheromone. The influence of supplementary positive and negative modules on 

pathway output was modeled by varying the module strength. This analysis revealed that 

incorporation of the added modules enhances the function of the distinct diverters, while 

having a minimal effect on the opposing diverter.[63] In addition, an amplification diverter 

was developed which could overcome the effect of the negative diverter, and an 

attenuation diverter was established which showed minimal impact on pathway activation. 

Finally, combining the engineered diverters enabled routing of cells into distinct fates and 

additionally showing pathway sensitivity, therefore the molecular diverters developed in 

this research demonstrate the ability to spatiotemporal control cell fate. 

  In 2015, Peisajovich and co-workers created a library of Ste5-derived scaffolds following a 

comparable strategy as explored by Lim and co-workers by shuffling the interaction 

domains of nine proteins involved in the MAPK pathway.[64] The library of synthetic scaffolds 

was created by directed evolution resulting in 3375 scaffold variants. Rearrangements of 

the interaction domains still led to maintained activity, however not all possible 

rearrangements led to active scaffold variants. Moreover active variants could be selected 

while they were composed of domains belonging to other mating pathways. Full mating 

response was verified for all active synthetic scaffolds and involved changes in cell 
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phenotype.[60] Once more this emphasizes that recombination enables the engineering of 

new networks with desired functions. 
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morphology and fusion of two cells. Time-course measurements revealed that the kinetics 

of the mating response was affected by the scaffolds domain architecture. On the other 

hand, dose response curves indicated that ultrasensitivity of the pathway was robust to 

changes in the scaffolds domain architecture.[64] Changes in domain order and composition 

were tolerated, suggesting that no defined geometry is required and that protein scaffold 

domains in general can be used as combined platforms in engineered signalling.[64] 

 More recently, Ryu and Park investigated replacement of the native Ste5 scaffold for a 

synthetic complex, allowing them to assess the minimal requirements of pathway 

reconstruction.[65] The authors used multiple repeats of the PDZ domain (of PSD95) coupled 

to a membrane-targeting domain and investigated if specific localization would be 

sufficient to activate the pathway (Figure 1.9).  

 The corresponding pathway kinases Ste11, Ste7 and Fus3 were all fused to a C-terminal 

target peptide which binds with moderate affinity to the PDZ domain. The engineered 

construct was able to recruit the tagged kinases, nevertheless plasma membrane 

localization was required for the upstream activation by Ste20. Surprisingly, diploid 

formation assays and flow cytometry based assays indicated that two PDZ domains were 

already sufficient for a functional signalling network suggesting that either kinase exchange 

or cross activation from kinases bound to different scaffolds enabled the response. 

Subsequently, varying the presence of the involved kinases showed graded and all-or-none 

responses which indicate that the synthetic pathway has properties of a logic gate (Figure 

1.9). Moreover the authors could show that the PDZ-based construct was also functional in 

mammalian 293T cells where they used target peptide tagged Raf-1, MEK1 and ERK1 to 

create a functional ERK/MAPK pathway. Therefore this research confirms that localization of 

interaction partners is sufficient for engineered pathway activation and logic gate response 

and that exchange and cross activation can contribute to pathway establishment with 

minimal components. 

 As the Ste5 scaffold is so well-characterized it allows for simple engineering of synthetic 

scaffolds, giving insight into modularity, domain order, domain composition and regulators 

that can influence pathway output. Ste5 therefore serves as a valuable example for future 

research. 
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Figure 1.9 
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hypothesized that kinetic preferences of TCS might be partly subscribed to specific binding, 

meaning that increased local concentration of synthetic modularized parts could control 

signalling for nonassociated components.[67] They made use of the natural histidine kinase 

Taz, which displays weak natural cross-talk to noncognate response regulators. To increase 

the local concentration of the TCS components, Taz was fused to the SH3 domain of Crk and 

a scaffold was created by a SH3 ligand fused to a leucine zipper. In addition the response 

regulator was fused to the complementary leucine zipper. Upon addition of the scaffold, 

amplification of specific noncognate phospotransfer was observed. Moreover biphasic 

behavior was observed when varying the scaffold concentrations, indicating that scaffold-

dependent signalling was dependent on the scaffold to target protein concentration 

(Figure 1.10b).[67] Robustness of the system was assessed by including autoinhibition in the 

Taz kinases by addition of an intramolecular SH3 ligand, leading to competitive inhibition 

with the SH3 ligand-leucine zipper scaffold. It was shown that autoinhibition decreased the 

sensitivity to histidine kinase concentrations when no scaffold was present. This research 

shows that modular and independent tunable parts facilitate engineering of synthetic 

signalling for two-component system and is a promising engineering platform for other 

prokaryotic pathways. 

Hobert and Shepartz developed a synthetic scaffold protein which could redirect tyrosine 

phosphorylation.[68] The authors made use of miniature proteins, which are small well-

folded protein domains. In their research they could redirect Src family kinase Hck to 

phosphorylate hDM2.[68] hDM2 is normally a poor substrate of Hck and negatively regulates 

tumor suppressor p53. The engineered scaffold consisted of two miniature proteins. The 

first is YY2, which contains a SH3 binding domain, allowing interaction with Hck and which 

leads to disruption of Hck its intramolecular SH3 domain, resulting in increase of kinase 

activity. The second miniature protein 3.3 consists of a binding site allowing association of 

hDM2 which simultaneously inhibits its interaction with p53, leading to transcription of p53 

dependent genes. Fusing the miniature proteins YY2 and 3.3 together allows scaffolded 

phosphorylation of hDM2. Ternary complex formation was proved by showing a bell-

shaped activity dependence as a function of the scaffold concentration.[68] Like the three 

previously described studies, this research shows that phosphorylation is an essential part 

of signal transduction and the ability to control this via synthetic scaffolds opens up a 

multitude of opportunities for synthetic signalling.  

 Phosphorylation is an essential part of signal transduction as it induces or inhibits 

protein-protein interactions. Gaining control over this post-translational modification using 
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metabolic intermediates and undesirable side reactions are some of the challenges in this 

field.[48] Scaffolding of metabolic pathways is an alternative and orthogonal strategy for the 

conventional approaches being transcriptional control of enzyme expression and the 

optimization of enzymes through directed evolution. Scaffolds can enhance substrate 

channeling as it prevents the loss of intermediates through diffusion or competing 

pathways and it decreases transfer times which is beneficial for unstable intermediates. 

However, as explained in the section ‘Models of metabolic pathways’, substrate channeling 

has a minimal effect on production rate, while  additional effects such as kinetic matching, 

substrate scaffold interactions and spatial effects can have a larger contribution to 

production rate as well.[70],[71] Next two examples of synthetic scaffolds are discussed that 

increase production rates in metabolic engineering. 

 Conrado et al. reviewed naturally occurring metabolic channels and engineered 

multifunctional enzyme systems.[48] The fusion proteins and post-translational assemblies 

that are discussed still have drawbacks, therefore the authors envision modular domains 

which sequentially recruit enzymes that can form a pathway with high productivity.[48] 

Following this recommendation, Dueber and co-workers built a synthetic protein scaffold 

to increase the effective concentration of the components required in a metabolic 

pathway.[69] The approaches of sequestration and covalent tethering of intermediates are 

challenging to undertake therefore they focused on increasing effective concentrations of 

intermediates by programmable formation of enzyme complexes. As a model system they 

used a pathway which produces mevalonate via three enzymes, namely acetoacetyl-CoA 

thiolase(AtoB), hydroxy-methylglutarly-CoA synthase (HMGS) and hydroxyl-methyl-glutaryl-

CoA reductase (HMGR). As a first experiment, HMGR was fused to an SH3 domain while 

HMGS was fused to a varying number of SH3 ligands. Complex formation for this 

engineered system was observed whereby the relative stoichiometry of the two enzyme 

could be controlled by varying the number of HMGS bound ligands. 

 More complex scaffolds were built using the GBD, PDZ and SH3 domain, to respectively 

recruit AtoB, HMGS and HMGR using fused short peptide ligands. The domains were 

connected via flexible glycine-serine linkers and the number of domain repeats was varied 

to control the ratio of the individual enzymes. Production improvement compared to an 

unscaffolded pathway was dependent on the number of domain repeats and their 

orientation. A biphasic effect was observed where scaffolds with high number of domain 

repeats led to optimal production at low scaffold expression levels, while a low number of 

repeats in the scaffold led to optimal production at high scaffold expression levels.[69] The 
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most optimal scaffold led to a 77-fold increase in mevalonate production (Figure 1.10c). To 

prove the programmability and generality of the system the scaffold was also applied to the 

synthetic pathway of glucaric acid, which required three enzymes from three different 

organism sources. Also for this pathway, production was improved compared to a non-

scaffolded control, in this case leading to a 200% higher product formation.[69] This research 

shows that clustering enzymes using domain repeats can lead to significant increases in 

production rate. Strikingly, a defined stoichiometry is important in this case, which is in 

contradiction to the discussed theoretical models (Section ‘Models of metabolic 

pathways’).64,65 

 You and Zhang made a synthetic metabolon in a similar fashion as described in the 

previous research.[72] The authors also used a three enzyme complex system as a model, 

incorporating the enzymes triosephosphate isomerase (TIM), aldolase (ALD) and fructose 

1,6-biphosphatase (FBP) based on the glycolysis and gluconeogenesis pathways. They 

made use of three different kind of cohesins linked together to act as scaffold and the 

recruited metabolic enzymes were coupled to the corresponding types of dockerin. A 

cellulose-binding module was fused to the scaffold allowing immobilization of the scaffold 

on cellulosic material. Complex formation was demonstrated and it was suggested that the 

number of cohesins and the orientation could lead to optimization. In addition, a non-

immobilized scaffold was developed which was tested for substrate channeling together 

with the immobilized form. In comparison to the non-scaffolded control, production rates 

were enhanced 38 to 48 times for the non-immobilized and immobilized scaffold 

respectively. The higher reaction rate for the immobilized form compared to the non-

immobilized form is speculated to be attributable to shorter enzyme-enzyme distances. 

Overall, the authors contribute the higher production rate to substrate channeling, 

however non-specific interactions between metabolite and scaffold or enzyme clustering 

might also attribute to the observed higher reaction rate (Section ‘Models of metabolic 

pathways’). 

 Applications of synthetic scaffolds seem promising for metabolic engineering as the use 

of modular domains allows straightforward engineering of scaffolds varying in 

stoichiometry and configuration, which allows rapid optimization and easy comparison of 

production efficiencies. Moreover the discussed principles and designs are generalizable to 

other pathways. However, further research is required to unravel the underlying 

mechanisms and optimize the production rates of the modular systems described above to 

meet demands for products in therapeutics and biofuels.  
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Scaffold protein and synthetic biology approaches described in this thesis 

 The examples of synthetically engineered scaffolds show the enormous potential of 

synthetic biology in the fields of signal transduction and metabolic engineering, both in 

terms of fundamental understanding and in terms of applications. Firstly, it shows that the 

modularity of the scaffolds is crucial for functioning and optimization. Bottom-up synthetic 

biology approaches provide easy recombination of functional parts, which facilitates insight 

into important aspects such as domain ratios and orientations for optimal pathway output. 

Also, the modularity of this concept enables the scaffolds to be used in a multitude of 

signalling pathways, based on logical design parameters. The theoretical models developed 

on the basis of the natural systems can be used as a predictive framework to dictate the 
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The 14-3-3 protein as scaffold in biological and synthetic signalling 
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dimerization. More than 200 binding partners of 14-3-3 are known, which are 

predominantly characterized by a phosphorylated binding motif.[76,77] The 14-3-3 binding 
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motifs can be categorized in three general sequences being; R[S/φ][+](pS/T)XP (mode I),  

RX[S/φ][+](pS/T)XP (mode II) and a C-terminal binding motif p(S/T)X1/2-COOH (mode III), 

where pS/T is a phosphorylated serine or threonine, R an arginine, S a serine, P a proline, φ 

an aromatic residue, + a basic residue and X any residue but typically Leu, Glu, Ala or Met.[78–

80] Four basic residues (Lys, Arg, Tyr) in the binding groove of 14-3-3 form a pocket that 

interacts with the phosphor group of this target peptide via electrostatic interactions. 

Target proteins that bind in a phosphorylation independent manner are scarce, one 

example is the virulence factor exoenzyme S from the pathogenic bacterium Pseudonomas 

aeruginosa, whereby the interaction is primarily constituted by hydrophobic 

interactions.[81,82]  

 Due to the multitude of protein-protein interactions involving 14-3-3, the protein has an 

important role in protein signalling networks and is involved in numerous cellular processes 

including metabolism, cell cycle control, protein trafficking, DNA damage response, stress 

response, apoptosis, and transcriptional regulation (reviewed by Zhu et al.[83], Yaffe et al.[75], 

and Obsil and Obsilova[74]). As a result, 14-3-3 is correlated with several diseases including 

cancer,[84,85] Alzheimer’s disease,[86] Parkinson’s disease,[87] and cystic fibrosis[88]. 

  The binding of interaction partners to 14-3-3 induces only minimal structural changes in 

the protein itself, however it can deform its target proteins. In addition, the 14-3-3 protein 

can control the activity of its bound target protein via physical occlusion and by binding 

multiple proteins acting as scaffold, while lacking intrinsic enzymatic activity itself.[74] An 

example of a 14-3-3-induced conformational change that leads to increased enzyme 

activity regards the 14-3-3 interaction partner arylalkylamine N-acetyltransferease (AANAT), 

which is involved in melatonin levels, regulating the human circadian rhythm.[89] In an 

uncomplexed state, ANAAT has low affinity for its substrate, making it catalytically 

inefficient. Upon phosphorylation of ANAAT and subsequent binding to 14-3-3 it undergoes 

a conformational change, including an 18-residue long loop region, which allows ANAAT to 

bind its substrate with higher affinity.[90] 

 Another 14-3-3 mode of action is physical occlusion by masking protein-protein 

interactions. The most well-studied illustration of this mode of action are FOXO proteins, 

which are a subgroup of forkhead transcription factors. The transcriptional activity of 

FOXOs is regulated by phosphorylation at three specific sites, creating two 14-3-3 binding 

motifs. Upon 14-3-3 binding the FOXO/14-3-3 complex is translocated to the cytosol, 

whereby reentry of FOXO to the nucleus is prevented by masking of the nuclear localization 

sequence by 14-3-3.[91,92] Additional research showed that 14-3-3 binding to FOXO sterically 
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The authors used a tobacco plant 14-3-3 variant from Nicotiana plumbaginifolia to generate an 

orthogonal system in combination with proteins of interest fused to the C-terminal 52 amino 

acids (CT52) of PMA. The interaction between CT52 and 14-3-3, stabilized by FC,  was made 

orthogonal preventing interactions with endogenous proteins. The reversibility of the system 

was demonstrated by use of 14-3-3 and CT52 both tagged with a fluorescent protein and the 

use of nuclear localization sequences (Figure 1.11a). Cell experiments indicated that upon 

addition of the small molecule, the CT52-tagged fluorescent protein was triggered out of the 

nucleus and associated with 14-3-3, which was mainly present in the cytoplasm (Figure 1.11a). 

Washing with medium showed the removal of FC and the reversibility of the translocation.[97] 

Physiologically relevant experiments further showed that the protein of interest, transcription 

factor NF-κB conjugated to CT52, was translocated to the nucleus upon addition of FC, leading 

to transcription of specific target genes involved in immune and inflammatory response. These 

results showed the first applications of 14-3-3 scaffolded CID. Modulators of protein-protein 

interactions in general show prospective as specific therapeutic agents[98]. Therefore, small-

molecule induced scaffolding of 14-3-3 is an attractive feature in cell signalling. Moreover, 

previous research already demonstrated that inhibitors and especially stabilizers of 14-3-3 and 

its interaction partners (Reviewed by Milroy et al.[99]) have the potential to control protein-

protein interactions, for example related to breast cancer[100] and cystic fibrosis[88]. The rigid, 

dimeric structure of 14-3-3 and the small-molecule input control makes 14-3-3 an ideal 

scaffold for the control of enzyme dimerization in synthetic signalling networks. 

Caspases as proof-of-principle for enzyme assembly by 14-3-3 mediated scaffolding 

 The dimeric character of 14-3-3 permits protein dimerization that can be regulated by 

small-molecule input. To show proof-of-principle, caspases were chosen to generate an 

output response upon scaffold binding, as these enzymes require dimerization for 

activation. Caspases are cysteine dependent proteases involved in apoptosis, inflammation, 

proliferation and differentiation.[101–103] Apoptosis is a crucial process in developmental 

biology and vital for tissue homeostasis.[101] It is tightly regulated by a cascade of caspase 

that are inert proenzymes before proteolytic activation. Caspases require homo-

dimerization for activation. Each caspase monomer consists of a large and small subunit, 

containing six anti-parallel Β-strands and five α-helices. The active site is formed by four 

protruding loops (L1-L4),  which are located on opposite sides of the B-strands.  Loop L1 

and L2 are a part of the large subunit, containing the catalytic cysteine residue, while loops 

L3 and L4 are located in the small subunit. Once caspases are activated, the L2 loop is 

cleaved between the large and the small subunit. Subsequently the C-terminal part of the 
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L2 loop can stabilize the active site of the adjacent monomer.   
 Caspases can be classified by their function, categorizing them in pro-apoptotic or 

proinflammatory caspases, however increasing evidence shows that caspase are involved in 

other processes as well, making this categorization to simplistic.[103] Classifying caspases 

according to the length of their prodomain groups them into initiator and executioner 

caspases. Initiator caspase are characterized by protein-protein interaction motifs, either a 

death effector domain (DED) or the caspase recruitment domain (CARD). Effector caspases 

are activated by upstream initiator caspases and upon activation induce cleavage of 

multiple substrates eventually leading to cell death.  

 Activation of the initiator caspases is regulated via either an extrinsic or intrinsic pathway 

(Figure 1.12).[102] The extrinsic pathway is activated at the plasma membrane, where an 

extracellular ligand (FasL), binds to the cell surface transmembrane death receptor (Fas).[102] 

Upon ligand binding oligomerization of the receptor is induced, leading to clustering of 

proteins with a death effector domain (DED) to the intracellular domain of the receptor (death 

domain, DD) forming a death-inducing signalling complex (DISC). These complexes then allow 

binding of the DED domain of initiator caspases (caspase-8 and -10) to the DED domains of the 

recruited proteins (e.g. the Fas-associated death domain, FADD). Recruitment of e.g. caspase-8 

to the membrane complex promotes its dimerization and therefore activation of the initiator 

caspase, that subsequently leads to cleavage and activation of downstream effector caspases-3.

 The intrinsic pathway is initiated by intracellular stresses such as DNA damage and involves 

the release of cytochrome C from the mitochondria. Anti-apoptotic Bcl-2 family members 

inhibit cytochrome C release from the mitochondrial intermembrane space while proapoptotic 

Bcl-2 family members induces cytochrome C release.[102] The released cytochrome C interacts 

with apoptotic protease activating factor-1 (Apaf-1), forming a heptameric apoptosome 

complex facilitating caspase-9 activation. Activated caspase-9, like caspase-8, also converges to 

cleavage of downstream caspase-3.       

 Irreversible activation of caspase-3 subsequently leads to activation of several apoptotic 

pathways and results in cleavage of more than 1500 substrates.[104] The effector caspases are 

responsible for the characteristic biochemical and morphological changes observed in 

apoptotic cells such as membrane blebbing, cell shrinkage, nuclear fragmentation and 

chromatin condensation, eventually leading to cell death.[105–107]   Activation of the caspases 

differs for the various types, the research described in this thesis focusses on caspase-9, -8 and -

3. Their activation mechanisms will briefly be discussed in the following sections.  
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Caspase-9 

 Despite years of intense exploration it is still largely unknown how the apoptosome facilitates 

caspase-9 activation.[109] When cytochrome C is released from the mitochondria, it stimulates, 

together with ATP/dATP, the oligomerization of Apaf-1, forming a heptameric complex. CARDs 

in both Apaf-1 and procaspase-9 lead to the recruitment of the inactive procaspase-9 to the 

apoptosome. Subsequent intrachain cleavage of caspase-9 is shown to be insufficient to 

initiate full catalytic activity.[110,111] Therefore different models were proposed to describe 

caspase-9 activation on the apoptosome; the induced proximity model[110], the proximity driven 

dimerization model[112], and the induced conformation/allosteric model [113–116]. Recent studies 

suggest that a combination of the mechanisms described in these models occurs, including 

local high concentrations of caspase-9, dimerization of the caspase and induced 

conformational changes of caspase-9. Recently published cryo-electron microscopy (cryo-EM) 

based structures and a crystal structure of the CARD complex between Apaf-1 and caspase-9 

give more insight into the full apoptosome[117–120] Previously reported cryo-EM structures 

already indicated a CARD disk on top of the heptameric apoptosome ring[121], moreover a molar 

ratio of 7:4 Apaf-1 and caspase-9 was estimated[116]. The crystal structure presented by Lin and 

coworkers showed a 3:3 ratio of Apaf-1-Card to caspase-9-CARD.[120] Together with the cryo-EM 

structures reported in that same period, these findings indicate a helical assembly with a core 

complex of 3:3 CARDs that is extended to a 4:3 or 4:4 complex.[117,119,120,122] Additionally, the 

group of Akey found that one catalytic domain of caspase-9 might be parked at the periphery 

of the central hub[117,121]. The higher resolution cryo-EM structures of Li et al. revealed that this is 

a 2:1 Apaf-1-CARD/caspase-9-CARD complex.[119] Other studies concurrently proved that 

homodimerization of procaspase-9 takes place within the apoptosome.[118,123] More research in 

this field is required to verify the complete structure of the apoptosome and the entire range of 

mechanisms involved in the activation of caspase-9.  

Caspase-8 

 Activation of caspase-8 is similarly discussed regarding the contributions of dimerization 

mechanisms and interdomain cleavage involving the DISC.  While in vitro studies showed that 

dimerization alone can lead to activation of uncleaved caspase-8[124,125], in vivo results suggested 

the opposite, where uncleavable caspase-8 cannot contribute to extrinsic apoptosis.[126,127] 

Analogously, contradicting results also suggested that cleavage alone is not sufficient to 

activate caspase-8[125], while studies in cell lines showed the contrary.[128] However, consecutive 

research, involving small-molecule induced activity of FKBP-caspase-8 fusion proteins analyzed 
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in living cells, showed that neither dimerization nor cleavage of caspase-8 alone is sufficient to 

activate the caspase.[129] Also for this caspase, electron microscopy data gave more insight in 

formation of the DISC and the mechanism involved in caspase-8 activation.[25,130] Recent models 

particularly state the formation of caspase-8 chain formation through their DED-domains, as 

structural modelling showed 9-fold more caspase-8 compared to FADD.[131,132] Fu and coworkers 

built on this model, proposing a flexible, filamentous based regulation of caspase-8 

activation.[130,133] In line with the discoveries for caspase-9, more research is needed to elucidate 

the complete mechanisms of DISC assembly and caspase-8 activation. 

Caspase-3 

 Activation of caspase-3 is thought to be more straightforward compared to the initiator 

caspases. The effector caspase-3 exists as inactive homodimer in the cell and requires a two-

step mechanism for activation.[134] First proteolytic cleavage between the large and small 

subunit by an initiator caspase is required. The second step involves the caspase-3 self-catalysis 

removal of the prodomain. An X-ray crystal structure of the active enzyme resolved in the mid-

nineties already showed the tetramer formation with two large and two small subunits, 

constituting two active sites.[135] Activation by caspase-9 is still enigmatic, as cleavage might 

take place in solution, on the apoptosome in a collisional process, or facilitated by interactions 

with the apoptosome.[117,136] Whereas activation by caspase-8 could take place at the proposed 

caspase-8 filaments.[130] Insights into the mechanism of activation of caspase-3 also in this case 

requires additional experiments.  

 In summary, dimerization is one of the key mechanisms involved in the activation of 

caspases-8 and -9. Induced activity can be monitored using synthetic substrates and the natural 

substrate caspase-3. The intensive research performed in this field makes them ideal enzymes 

to use as output component in modules engineered for synthetic signalling networks. 
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Aim and outline of the thesis 

 As described in this chapter, scaffold proteins play a major role in cell signalling events by 

binding putative interaction partners and by tuning selectivity, sensitivity, specificity and 

robustness of cellular signals leading to dynamic response behavior. Synthetic biology 

approaches showed the potential of scaffold proteins to rewire input/output responses 

which leads to increased understanding of cell signalling and can be applied in the fields of 

metabolic engineering, cell-based therapeutics and diagnostics. These applications require 

an extensive synthetic signalling toolbox based on protein-protein interactions whereby 

modular protein parts can be combined in a plug-and-play fashion with small molecules 

and supramolecular structures to generate synthetic engineered signalling networks with 

specified in- and output response. Therefore the aim of the research described in this thesis 

is to engineer synthetic protein signalling modules to expand the synthetic signalling 

toolbox. These modules will be based on the 14-3-3 protein scaffold, generating better 

insight into the functioning of this adaptor protein. Moreover the modules require an input 

such as a small-molecule, posttranslational modification or protease cleavage to activate 

the module. Caspases will be used as enzymes to show proof-of-principle as their activation 

generates an output response that can be well-characterized and is of physiological 

importance.  

 Chapter 2 describes the characterization of the 14-3-3 scaffold protein as platform for 

small-molecule induced and cooperative enzyme assembly. C9-CT52 fusion proteins were 

expressed and purified and activity assays were performed using synthetic and natural 

substrates. The small-molecule fusicoccin was used as input to regulate scaffold induced 

caspase-9 dimerization resulting in an increase in caspase activity. A mathematical model 

was developed which revealed that enzyme activation mediated by the 14-3-3 scaffold 

showed strong cooperativity due to residual interactions between the C9-CT52 monomers. 

The protein signalling module generated in this chapter forms the groundwork for this 

thesis and demonstrates the feasibility of 14-3-3 as a scaffold protein in synthetic signalling. 
 In chapter 3 the generality of the system developed in the preceding chapter is 

demonstrated by altering the enzyme. Caspase-8 was chosen as alternative enzyme due to its 

similarity with caspase-9. Caspase-8-CT52 fusion proteins were expressed and purified and 

used in activity assays employing synthetic and natural substrates. The data in this chapter 

demonstrated that monomeric mutations in caspase-8 were required to allow small-molecule 

control over enzyme activity, merely showing modest increases in activity. Combinatorial 

inhibition for this system was observed, however only in a narrow range of scaffold 
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concentrations, suggesting lower cooperativity than observed for the caspase-9 system. The 

results elucidated in this research show that the 14-3-3 protein can be used as a generic 

scaffold platform for enzyme activation.       

 Chapter 4 describes the engineering of a 14-3-3 protein scaffold that can be controlled by 

posttranslational modification input. Phosphorylation was chosen as it is well-studied and the 

most occurring posttranslational modification. Phosphorylation of a 14-3-3 binding partner, the 

CT32 peptide, was characterized by fluorescence anisotropy measurements. The CT32 peptide 

was incorporated in a split-luciferase-CT32 fusion protein. 14-3-3 binding of the fusion protein 

was induced upon phosphorylation by a kinase, resulting in reconstitution of the active 

luciferase. Phosphorylation could be used as input alone, as a single-input system, or together 

with the small-molecule fusiccocin, as dual input system, to further enhance the split-luciferase 

activity. This study shows that various inputs can be used to control 14-3-3 scaffolding. 

 In chapter 5 the modularity of the developed signalling components is investigated by 

combining several modules in a signalling cascade. A previously developed protease-

activatable 14-3-3 was used, which was altered to be responsive to caspase-9 input. Upon 

cleavage by activated caspase-9, the 14-3-3 scaffold protein was liberated from the inhibiting 

peptide motifs occupying the 14-3-3 binding groove. Activation of the caspases was 

commenced by a previously developed module, wherein a supramolecular host-molecule 

allowed homodimerization of caspases-9 leading to caspase activation. Caspase-9 induced 

liberation of the 14-3-3 scaffold was monitored by the complementation of a split-luciferase-

CT32 fusion protein, introduced in chapter 4, that was able to bind to 14-3-3 in the presence of 

small-molecule fusicoccin. The data described in this chapter show that all components could 

be easily combined in a one-pot signalling system, and are compatible with each other, 

resulting in luciferase activity output. Additionally, it was demonstrated that the caspase-9-

activatable 14-3-3 scaffold allowed self-activation merely on the basis of caspase-9 background 

activity in the presence of small-molecule input.       

 An additional module was engineered to serve as output registration, which enables the 

detection of caspase activity based on Bioluminescence Resonance Energy Transfer (BRET). The 

developed caspase BRET-based sensor is presented in chapter 6. The sensor consists of the 

bright and stable luciferase NanoLuc and the fluorescent protein mNeonGreen. The donor and 

acceptor were fused via a flexible linker containing the recognition site for caspase-3, -8 and -9. 

In vitro characterization of the sensor showed robust changes in BRET-ratio upon cleavage by 

activated caspases. The results described in this study show the advantages of the genetically-

encoded, ratiometric, BRET-based sensor compared to Fluorescence Resonance Energy Transfer 
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(FRET)-based sensors, as the developed sensors do not require external illumination. This makes 

the sensor superior in cellular plate-based assays allowing a high throughput format. In 

addition this research demonstrates the applicability of the established BRET sensors in long-

term single-cell imaging to detect heterogeneous caspase activation.   

 The epilogue describes the challenges faced by the synthetic biology field in the design of 

synthetic signalling networks. Strategies are discussed to further expand the synthetic 

signalling toolbox by the development of new modules using the 14-3-3 scaffold protein as a 

basis. Finally, combinations of modules are envisioned that lead to more complex signalling 

networks that can be investigated to gain fundamental insight into cellular signal transduction. 
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Abstract 

Scaffold proteins regulate cell signalling by promoting the proximity of putative interaction 

partners. Although they are frequently applied in cellular settings, fundamental understanding of 

them in terms of, amongst other factors, quantitative parameters has been lagging behind. Here a 

scaffold protein platform is presented that is based on the native 14-3-3 dimeric protein and is 

controllable through the action of a small-molecule compound, thus permitting study in an in vitro 

setting and mathematical description. Robust small-molecule regulation of caspase-9 activity 

through induced dimerization on the 14-3-3 scaffold was demonstrated. The individual parameters 

of this system were precisely determined and used to develop a mathematical model of the 

scaffolding concept. This model was used to elucidate the strong cooperativity of the enzyme 

activation mediated by the 14-3-3 scaffold. This work provides an entry point for the long-needed 

quantitative insights into scaffold protein functioning and paves the way for the optimal use of 

reengineered 14-3-3 proteins as chemically inducible scaffolds in synthetic systems. 
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Small-molecule-induced and cooperative enzyme assembly on a 14-3-3 scaffold

Introduction 

 Scaffold proteins act as signalling hubs in eukaryotic signalling pathways by co-localising 

other proteins. Cellular studies have revealed that scaffold proteins are able to regulate the 

speed, amplitude, sensitivity and specificity of signal transduction in the intracellular 

environment.[1] Synthetically engineered molecular scaffolds are important tools for bottom-up 

synthetic biology, as they allow engineering of new pathway behaviour by mediating pathway 

regulation and feedback.[2] The concept of small-molecule-induced control over protein–

protein interactions potentially permits remote ON/OFF switching,[3] thereby enlarging the 

synthetic toolbox. The possibility of rewiring or controlling scaffolds shows promising results in 

customised regulation of signalling pathways.[4,5] Nevertheless, the number of tractable protein-

based scaffold systems is highly limited,[1,6,7] and well-characterised scaffold proteins under the 

control of small-molecule regulation remain effectively unknown. 

 Synthetic biology similarly requires fully controllable scaffold systems.[8–10] Importantly, an 

exact understanding and application of the scaffolding concept requires quantitative models 

that provide detailed insight in the physical/chemical parameters that determine scaffolding 

activity, such as concentration dependence and cooperativity. Existing models are scarce[11,12] 

and typically formulated on the basis of cellular data, not providing exact and quantitative 

physical/chemical data. Also, these models have not yet considered small-molecule 

stabilisation systems. As such, there is a strong need for well-defined protein scaffolds that are 

easily accessible for in vitro studies, controllable through diverse chemical input, including 

small-molecule compounds and mutations, and which can be described by quantitative 

mathematical models. 

 The 14-3-3 proteins are a family of natural dimeric proteins that bind to specific peptide 

sequences featuring a phosphorylated serine/threonine residue.[13] One of their natural 

functions is to facilitate protein-protein interactions by scaffolding;[14–16] moreover, the binding 

of 14-3-3 proteins to some of their interaction partners has been shown to be amenable to 

small-molecule stabilisation.[17] The versatility of the 14-3-3 protein dimer gives it potential as 

an engineered synthetic scaffold under the control of small-molecule input; a first example of 

which we recently demonstrated in its potential to control intracellular NF-κB localisation.[18] 

The 14-3-3 proteins thus constitute an ideal platform on which to assess quantitatively, for the 

first time, the parameters playing a role in scaffold functioning. The potential for engineering of 

designed scaffold systems based on 14-3-3 provides an entry point for their study in controlled 

in vitro settings, which in turn allows the formulation of mathematical models based on the 

determined data. 



50 

Chapter  2

In a bo

proteins w

scaffold fo

molecule-

combinat

enzyme w

large incre

allowing 

scaffolds. 

interactio

threonine

rendering

dependen

optimal p

was intro

(Scheme 2

Scheme 2.

and a reco

small-mole

caspase-9 a

2 

ottom-up a

were funda

or enzyme 

-controlled 

ion of in vit

was chosen

ease in acti

for a quan

Monomeri

n partner 

e phosphory

g the intera

nt on the p

proximity of

oduced bet

2.1). 

1 Schematic

ombinant fus

ecule stabilis

activation th

pproach th

amentally e

assembly a

scaffoldin

tro studies 

 as proof-o

vity upon d

ntitative an

ic C9 cons

plant plas

ylation site

action betw

presence of

f the C9 do

tween the 

c representati

sion protein 

ser fusicoccin

rough dimer

he characte

explored. A

and activat

ng concep

and mathe

of-principle 

dimerizatio

nalysis of th

tructs were

sma memb

e in CT52 w

ween CT52 

f the small

mains on th

C-terminu

ion of the che

of caspase-9

n (FC), two C

rization and a

eristics and

A 14-3-3 p

tion. The m

pt was re

ematical mo

 for the rea

n[19–21] and t

he dimeric

e fused to 

brane H+-

was replaced

and engine

-molecule 

he 14-3-3 s

us of the C

emically indu

9 fused to a

C9-CT52 uni

a concomita

d potential

protein was

mode of act

evealed a

odelling. Th

adout of ou

the availab

c scaffoldin

the C-term

-ATPase (P

d by a phos

eered plant

compound

scaffold, a fl

C9 domain

uced scaffold

a CT52 doma

its assemble

nt increase in

of 14-3-3 

s engineere

tion and po

nd charac

he widely st

ur model sy

ility of fluo

g of mono

minal part 

MA2). Imp

sphomimet

t 14-3-3[15

d fusicoccin

lexible GGS

n and the 

d system cons

ain (C9-CT52)

on the sca

n enzymatic a

proteins a

ed as a dim

otential of 

cterised th

tudied casp

ystem, bec

rogenic sub

omeric C9 

(CT52) of t

portantly, t

tic aspartic

5] solely an

n (FC).[23] To

S linker of te

N-terminu

nsisting of a 1

2). Upon add

affold, and th

activity. 

as scaffold 

merization 

this small-

hrough a 

pase-9 (C9) 

ause of its 

bstrates,[22]

on 14-3-3 

the 14-3-3 

the native 

 acid, thus 

d critically 

o allow for

en repeats 

s of CT52 

14-3-3 dimer 

dition of the 

his leads to 



2

50 

Chapter  2

In a bo

proteins w

scaffold fo

molecule-

combinat

enzyme w

large incre

allowing 

scaffolds. 

interactio

threonine

rendering

dependen

optimal p

was intro

(Scheme 2

Scheme 2.

and a reco

small-mole

caspase-9 a

2 

ottom-up a

were funda

or enzyme 

-controlled 

ion of in vit

was chosen

ease in acti

for a quan

Monomeri

n partner 

e phosphory

g the intera

nt on the p

proximity of

oduced bet

2.1). 

1 Schematic

ombinant fus

ecule stabilis

activation th

pproach th

amentally e

assembly a

scaffoldin

tro studies 

 as proof-o

vity upon d

ntitative an

ic C9 cons

plant plas

ylation site

action betw

presence of

f the C9 do

tween the 

c representati

sion protein 

ser fusicoccin

rough dimer

he characte

explored. A

and activat

ng concep

and mathe

of-principle 

dimerizatio

nalysis of th

tructs were

sma memb

e in CT52 w

ween CT52 

f the small

mains on th

C-terminu

ion of the che

of caspase-9

n (FC), two C

rization and a

eristics and

A 14-3-3 p

tion. The m

pt was re

ematical mo

 for the rea

n[19–21] and t

he dimeric

e fused to 

brane H+-

was replaced

and engine

-molecule 

he 14-3-3 s

us of the C

emically indu

9 fused to a

C9-CT52 uni

a concomita

d potential

protein was

mode of act

evealed a

odelling. Th

adout of ou

the availab

c scaffoldin

the C-term

-ATPase (P

d by a phos

eered plant

compound

scaffold, a fl

C9 domain

uced scaffold

a CT52 doma

its assemble

nt increase in

of 14-3-3 

s engineere

tion and po

nd charac

he widely st

ur model sy

ility of fluo

g of mono

minal part 

MA2). Imp

sphomimet

t 14-3-3[15

d fusicoccin

lexible GGS

n and the 

d system cons

ain (C9-CT52)

on the sca

n enzymatic a

proteins a

ed as a dim

otential of 

cterised th

tudied casp

ystem, bec

rogenic sub

omeric C9 

(CT52) of t

portantly, t

tic aspartic

5] solely an

n (FC).[23] To

S linker of te

N-terminu

nsisting of a 1

2). Upon add

affold, and th

activity. 

as scaffold 

merization 

this small-

hrough a 

pase-9 (C9) 

ause of its 

bstrates,[22]

on 14-3-3 

the 14-3-3 

the native 

 acid, thus 

d critically 

o allow for

en repeats 

s of CT52 

14-3-3 dimer 

dition of the 

his leads to 

 

51 
 

Small-molecule-induced and cooperative enzyme assembly on a 14-3-3 scaffold

Results and Discussion 

Activity assay with synthetic substrate Ac-LEHD-AFC 

 The 14-3-3 scaffold protein and the C9-CT52 fusion protein were expressed in E. coli cells and 

purified by Ni-affinity chromatography. Dimerization and subsequent activation of C9-CT52 

was examined by use of the synthetic fluorogenic substrate Ac-LEHD-AFC (N-acetyl-Leu-Glu-

His-Asp-7-amino-4-trifluoromethyl coumarin; Figure 2.1). The activity (U mg−1) of the 

recombinant C9 was calculated from the initial rate of the fluorescent traces by use of a 

calibration curve (Figure 2.1c and Figure S2.4). A 16-fold increase in C9-CT52 activity was 

observed upon addition of 14-3-3 scaffold and small-molecule compound FC. Addition of 
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Cooperativity in 14-3-3 scaffolding 

 Scaffold proteins should typically feature a biphasic effect, also known as combinatorial 

inhibition, characterised by an inverted dependence of enzyme activity at high scaffold 

concentrations.[27,28] This phenomenon is due to the fact that binding of two proteins to a 

scaffold results in the formation of the ternary complex at an optimal scaffold/protein 

stoichiometry, whereas suprastoichiometric scaffold protein levels promote the formation of 

enzymatically inactive binary complexes. The relationship between functional ternary complex 

and scaffold concentration thus depends on, amongst other factors, residual interactions 

between proteins bound on the scaffold.[29,30] This additional binding free energy can result in 

cooperative binding of the protein partners on the scaffold. The larger the cooperativity for C9-

CT52 dimer formation on the scaffold, the lower the sensitivity to combinatorial inhibition. The 

C9-CT52 enzymatic activity was therefore determined at varying 14-3-3 scaffold concentrations 

from 0.01 to 5 μM at a constant concentration of C9-CT52 (0.1 μM) and with FC in excess (Figure 

2.3a). Maximum activity was achieved at a 14-3-3 scaffold concentration around 0.2 μM. 

Importantly, this high C9-CT52 activity was more or less constant over the 0.08 to 1 μM 

concentration regime of the 14-3-3 scaffold. Only at scaffold concentrations much higher than 

the C9-CT52 concentration a clear decrease in enzyme activity was observed. These results 

suggest strong cooperative binding of two C9-CT52 units on the 14-3-3 scaffold. 

 To quantify the magnitude of this cooperativity and to allow further insight into the 

parameters that determine the scaffolding properties of our system, a mathematical model was 

developed that describes the assembly of C9-CT52 on 14-3-3 under the influence of the small-

molecule compound FC and also takes non-templated dimerization of C9-CT52 into account. 

Nonlinear least-squares optimisation was performed on multiple datasets to yield estimated 

values for Kd, the binding strength of monovalent C9-CT52 to 14-3-3 in the presence of FC, and 

σ, the cooperativity parameter describing the enhanced affinity of binding of the second C9-

CT52 monomer. The parameter estimation resulted in a Kd value of 0.25 μM, in accordance with 

values established before,[18] and a σ value equal to 120, corroborating the strong positive 

cooperativity as already indicated by the broad plateau in enzyme activity (Figure 2.3a). This 

strong cooperativity reflects the preference of C9 for formation of homodimers on the 14-3-3 

platform, normally facilitated by appended protein domains,[21,31] which might be further 

enhanced by a weak intrinsic affinity between the appended CT52 elements.[15]  The 

mathematical model allows the calculation of the steady-state concentrations of assembled 14-

3-3–C9-CT52 species for the determined parameters at various scaffold concentrations (Figure 

2.3b).  
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 The speciation plots reveal that formation of the active complex, consisting of 14-3-3 scaffold 

with two FC molecules and two C9-CT52 monomer units (light grey line), is most abundant at 

scaffold concentrations in the range of the experimental conditions used, in line with the 

observed plateau between 0.08 and 1 μM 14-3-3 and with the scaffolding nature of 14-3-3 

dimers.[32] Only at 14-3-3 concentrations above 10 μM does combinatorial inhibition become 

prominent, resulting mainly in species consisting of the 14-3-3 scaffold bound to a single C9-

CT52 protein (Figure 2.3b, dark grey and black line). 

 To elucidate the influence of the cooperativity on the activity plateau and combinatorial 

inhibition at high scaffold concentrations, we varied this critical parameter in our model (Figure 

2.3c). In the absence of scaffold, the typical C9 background activity can be seen.[19,21] The 

simulation reveals that higher σ values lead to overall higher enzymatic activity, because of a 

higher concentration of dimeric C9-CT52. However, σ values above 100 have only minor 

additive importance. As well as an increase in the maximal activity, higher cooperativity also 

leads to broadening of the bell-shaped curve. At σ=100 an activity plateau is observed over a 

protein concentration regime relevant for biochemical and cellular settings. In this 

concentration regime small variations in 14-3-3 scaffold concentration will thus only have a 

minor effect on activity, as can also be observed in Figure 2.3a. Increasing the cooperativity 

further (σ=1000) leads to broadening of the bell-shape profile towards higher, but biologically 

less relevant, 14-3-3 scaffold concentrations. 

Conclusion 

 In conclusion, the physical/chemical parameters of a robust and versatile protein scaffold 

system were delineated for the first time, using a bottom-up approach and with a 

mathematical model based on quantitative in vitro data. This is also the first example of the 

concept of combinatorial inhibition under the control of a small-molecule compound and for 

the 14-3-3 scaffold, thus harbouring great potential for implementing synthetic signalling 

systems based on this approach. The mathematical modelling provides insight into the 

parameters that determine the combinatorial inhibition of the 14-3-3 scaffold, revealing, 

amongst other things, strong cooperativity in C9-CT52 activation. Overall, this leads to optimal 

caspase-9 activity over a broad 14-3-3 concentration regime. The resulting descriptive 

mathematical model offers the potential for translation to other scaffold-based systems. 
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Chapter  2 

Material & Methods 

Protein expression and purification T14-3-3cΔC 

The 14-3-3 protein, encoded in a pOPINF plasmid[33], was expressed under sterile conditions in E.coli BL21-

CodonPlus(DE3)-RIL (Novagen). Two liter cultures of LB medium were used in 5 L baffled conical flask and 

supplemented with ampicillin (100 μg/mL) and chloramphenicol (50 μg/mL) inoculated with 25 mL of overnight 

culture. The culture was incubated at 37 °C and 160 rpm until the optical density OD600 reached 0.6-0.8. 

Subsequently 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce expression and the culture 

was incubated overnight at 18 °C. Cells were harvested by centrifugation (6,913 g, 10 min, 4 °C) in a Sorvall 

Evolution Centrifuge with a SLC-300 rotor (Thermo Scientific). The cell pellet was stored at -80° until purification, 

successively the pellet was resuspended in lysis buffer (10 mL per gram cell pellet, 50 mM Tris, 300 mM NaCl, 20 

mM Imidazole, 2 mM TCEP, 5 mM MgCl2, Benzonase® Nuclease (25 U per 10 mL buffer, Novagen)  pH 8.0) and cells 

were lysed using an EmulsiFlexC3 High Pressure homogenizer (Avestin) at 15.000 psi for two rounds. Cell debris 

was removed by centrifugation (43,206 g, 45 min, 4 °C) in a Sorvall Evolution Centrifuge with a SA300 rotor. The 

supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen) and washed with wash buffer (50 mM 

Tris, 300 mM NaCl, 20 mM Imidazole, 2 mM TCEP, pH 8.0) in presence and subsequently absence of 0.1% Triton-X-

100. Protein was eluted from the column by elution buffer (50 mM Tris, 300 mM NaCl, 250 mM Imidazole, 2 mM 

TCEP, pH 8.0). Elution fractions were pooled and concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 

kDa, Millipore). Concentrated protein was exchanged into assay buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM 

EDTA, 2 mM TCEP, pH 7.0) using a PD-10 desalting column (GE Healthcare). Concentration of the protein was 

determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm (ε = 27,390 M-1 cm-1 in water under 

reducing conditions). 

 

Protein expression and purification C9-CT52 

The C9-CT52 protein and mutants, encoded in a pET28a plasmid, were expressed under sterile conditions in E. coli 

BL21 (DE3) (Novagen). Two liter cultures of LB medium were used in 5 L baffled conical flask and supplemented 

with kanamycin (30 μg/mL) inoculated with 25 mL of overnight culture. The culture was incubated at 37 °C and 

160 rpm until the optical density OD600
 reached 0.6-0.8. Subsequently 0.5 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) was added to induce expression and the culture was incubated overnight at 18 °C. Cells were harvested by 

centrifugation (6,913 g, 10 min, 4 °C) in a Sorvall Evolution Centrifuge with a SLC-300 rotor (Thermo Scientific). The 

cell pellet was stored at -80° until purification, successively the pellet was resuspended in lysis buffer (10 mL per 

gram cell pellet, PBS, 370 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP, Benzonase® Nuclease (25 U per  

10 mL buffer, Novagen), pH 7.4) and cells were lysed using a EmulsiFlexC3 High Pressure homogenizer (Avestin) at 

15,000 psi for two rounds. Cell debris was removed by centrifugation (43,206 g, 45 min, 4 °C) in a Sorvall Evolution 

Centrifuge with a SA300 rotor. The supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen)  

and washed with wash buffer (PBS, 370 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP pH 7.4) in presence 

and subsequently absence of 0.1% Triton-X-100. Protein was eluted from the column by elution buffer (PBS, 370 

mM NaCl, 10% glycerol, 250 mM Imidazole, 0.1 mM TCEP pH 7.4). Elution fractions were pooled and cleavage of 

the His6-SUMO tag was performed in a dialysis bag (MWCO 3.5 kDa, Spectra Laboratories) in the presence of SUMO 

protease dtUD1 (purified according to reported protocol[34]) (1:500) and dialyzed against 4L of dialysis buffer (150 
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supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen) and washed with wash buffer (50 mM 

Tris, 300 mM NaCl, 20 mM Imidazole, 2 mM TCEP, pH 8.0) in presence and subsequently absence of 0.1% Triton-X-

100. Protein was eluted from the column by elution buffer (50 mM Tris, 300 mM NaCl, 250 mM Imidazole, 2 mM 

TCEP, pH 8.0). Elution fractions were pooled and concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 

kDa, Millipore). Concentrated protein was exchanged into assay buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM 

EDTA, 2 mM TCEP, pH 7.0) using a PD-10 desalting column (GE Healthcare). Concentration of the protein was 

determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm (ε = 27,390 M-1 cm-1 in water under 

reducing conditions). 

 

Protein expression and purification C9-CT52 

The C9-CT52 protein and mutants, encoded in a pET28a plasmid, were expressed under sterile conditions in E. coli 

BL21 (DE3) (Novagen). Two liter cultures of LB medium were used in 5 L baffled conical flask and supplemented 

with kanamycin (30 μg/mL) inoculated with 25 mL of overnight culture. The culture was incubated at 37 °C and 

160 rpm until the optical density OD600
 reached 0.6-0.8. Subsequently 0.5 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) was added to induce expression and the culture was incubated overnight at 18 °C. Cells were harvested by 

centrifugation (6,913 g, 10 min, 4 °C) in a Sorvall Evolution Centrifuge with a SLC-300 rotor (Thermo Scientific). The 

cell pellet was stored at -80° until purification, successively the pellet was resuspended in lysis buffer (10 mL per 

gram cell pellet, PBS, 370 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP, Benzonase® Nuclease (25 U per  

10 mL buffer, Novagen), pH 7.4) and cells were lysed using a EmulsiFlexC3 High Pressure homogenizer (Avestin) at 

15,000 psi for two rounds. Cell debris was removed by centrifugation (43,206 g, 45 min, 4 °C) in a Sorvall Evolution 

Centrifuge with a SA300 rotor. The supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen)  

and washed with wash buffer (PBS, 370 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP pH 7.4) in presence 

and subsequently absence of 0.1% Triton-X-100. Protein was eluted from the column by elution buffer (PBS, 370 

mM NaCl, 10% glycerol, 250 mM Imidazole, 0.1 mM TCEP pH 7.4). Elution fractions were pooled and cleavage of 

the His6-SUMO tag was performed in a dialysis bag (MWCO 3.5 kDa, Spectra Laboratories) in the presence of SUMO 

protease dtUD1 (purified according to reported protocol[34]) (1:500) and dialyzed against 4L of dialysis buffer (150 
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Chapter  2 

Kinetic model of scaffold-mediated enzyme activity under small-molecule control  

Derivation and numerical solution 

Monovalent caspase-9 fusion proteins are recruited onto bivalent 14-3-3 scaffolds in the presence of the small 

molecule FC. In the kinetic model, the ternary complex consisting of two caspase-9 monomers bound to the 

bivalent 14-3-3/FC scaffold is assumed to be enzymatically active. In addition, caspase-9 monomers can homo-

dimerize in a scaffold- independent fashion resulting in catalytically active dimers. Figure S2.7 shows a schematic 

representation of all the scaffold-mediated and scaffold independent equilibria involved as well as the catalytically 

active species.  

The kinetic model is based on a two-step procedure. The main assumption of the model is that equilibration of the 

monovalent C9-CT52, FC and 14-3-3 species is much faster than the catalytic conversion of the substrate. 

Therefore, in the first step the equilibrium concentration of all species is found by solving algebraic expressions for 

the equilibrium concentrations of each of the different species as a function of the parameters (the equilibrium 

constants and the total concentrations). In order to verify these assumptions, the scaffold equilibration was 

modeled using realistic kinetic parameters which reveal that this assumption only leads to small errors (typically 

between 5-10%). The possibility for cooperative binding of the second monovalent caspase-9 fusion protein was 

incorporated as many scaffold-mediated protein complexes display some level of cooperativity.[29] In contrast, 

binding of the small molecule FC to two binding sites on the 14-3-3 scaffold occurs in an independent fashion. 

In the second step, the catalytic conversion of the substrate by recruited caspase dimers on the 14-3-3 scaffold was 

modeled as well as free caspase-9 homo-dimers by assuming that the rate of product formation can be described 

by a Michaelis-Menten approximation.  

Let us define the following quantities: 
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Eq. 6

 

 

Next, expressions relating the C9-CT52 containing species to the equilibrium constant Kd and the cooperativity 

parameter σ were derived, while taking into account the appropriate statistical factors (Eq. 7–9). The homo-

dimerization of C9-CT52, described by dissociation constant Kd,C9, is also considered (Eq. 10).  
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Custom-written Matlab scripts are used to solve the coupled non-linear equations 17-19 for the free 

concentrations B, F and C. These can subsequently be used to calculate the steady-state concentrations of all other 

species (eq11-16), most importantly the enzymatically active complexes BFFCC and CC. The total amount of 

enzymatically active compounds in steady-state, E and initial substrate concentration S0 are used to find the initial 

reaction rate v0 as given by the Michaelis-Menten equation (Eq. 20). The initial reaction rate is converted into 

enzymatic activity measured in U/mg. For this, a conversion factor is used that contains the total C9-CT52 

concentration Ctot, the volume V of the experimental reaction mixture and the molecular weight Mw of C9-CT52 

(Eq. 21).  
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Data analysis and parameter estimation 

Non-linear least square analysis was performed on the activity assay data as reported in Figure 2.3a by comparing 

the activity data to the computed activity. Previous work has reported accurate values for Kd,FC (66 μM[23]) and as 

such this constant was assumed constant during the non-linear least square optimization.  To increase the 

accuracy of the estimated parameters, we used three datasets in the optimization obtained by scaffold titrations 

using different concentrations of FC (Figure 2.3a and Figure S2.8). During the non-linear least square optimization, 

a composite parameter was introduced, which incorporates all parameters that only influence the height of the 

activity curve (KM, kcat and S0, Table S2.1). S0 is set at 200 μM according to the experimental parameters and the 

determined KM (650 μM) and kcat (0.2 s-1) are both in accordance with literature.[31,36,37] To compensate for length 

differences between the datasets, residuals were multiplied by a relative weight factor. Non-linear least square 

minimization of the data was performed using the Matlab function lsqnonlin, a subspace trust region method 

based on the interior-reflective Newton method. In order to prevent entrapment in a local minimum, 30 different 

starting values of Kd, σ, Kd,C9 and ����∙[�]�
���[�]�

 were defined, and the best fit (defined as the fit with the lowest squared 2-

norm of the residuals) is taken as the final solution for the optimized values. The different initial parameter sets are 

defined using a latin hypercube sampling method (Matlab function lhsdesign). The standard deviation of the 

parameters were calculated using the Fischer information matrix.[38] The optimized values of Kd, σ, Kd,C9 and ����∙[�]�
���[�]�

 

and their standard errors are reported in Table S2.1.  
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Abstract 

Scaffold proteins are key regulators in signalling pathways by spatiotemporal control of signal 

transduction by modifying interaction partners, proximity induced activation and manipulation of 

subcellular localization. Scaffold proteins can be used as signalling node in synthetic signalling 

networks and tuned by the use of small-molecule inputs. In this research the generality of the 14-3-3 

scaffolding system with a small-molecule input was investigated by means of enzyme assembly and 

consequently activation of the enzyme. Caspase-8 was chosen as an alternative enzyme due to its 

resemblance with caspase-9, which was originally used in the system. The introduction of a 

monomeric mutation in caspase-8 was required to show tuning of enzyme activity upon small-

molecule input. Activity assays with synthetic and natural substrate showed modest increases in 

activity compared to the original 14-3-3/C9-CT52/FC system. Moreover, combinatorial inhibition 

was observed in a small scaffold concentration window, suggesting minimal cooperativity of the 

system. This study showed that caspase-8 activity was minimally enhanced upon small-molecule 

input and only after the introduction of monomeric mutations in the caspase. The findings 

described here furthermore demonstrate the modularity of the 14-3-3 scaffold, as small-molecule 

input is able to induce the activity of two different enzymes. 

  



3

 

72 
 

Chapter  3 

 
 
 
Abstract 

Scaffold proteins are key regulators in signalling pathways by spatiotemporal control of signal 

transduction by modifying interaction partners, proximity induced activation and manipulation of 

subcellular localization. Scaffold proteins can be used as signalling node in synthetic signalling 

networks and tuned by the use of small-molecule inputs. In this research the generality of the 14-3-3 

scaffolding system with a small-molecule input was investigated by means of enzyme assembly and 

consequently activation of the enzyme. Caspase-8 was chosen as an alternative enzyme due to its 

resemblance with caspase-9, which was originally used in the system. The introduction of a 

monomeric mutation in caspase-8 was required to show tuning of enzyme activity upon small-

molecule input. Activity assays with synthetic and natural substrate showed modest increases in 

activity compared to the original 14-3-3/C9-CT52/FC system. Moreover, combinatorial inhibition 

was observed in a small scaffold concentration window, suggesting minimal cooperativity of the 

system. This study showed that caspase-8 activity was minimally enhanced upon small-molecule 

input and only after the introduction of monomeric mutations in the caspase. The findings 

described here furthermore demonstrate the modularity of the 14-3-3 scaffold, as small-molecule 

input is able to induce the activity of two different enzymes. 
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Small-molecule-induced activation of caspase-8 on a 14-3-3 scaffold

Introduction 

 Scaffold proteins play a central role in cell signalling, by binding and colocalizing two or more 

interaction partners in a signalling network.[1,2] Scaffold proteins are characterized by their 

intrinsic lack of enzymatic activity and are generally composed of modular domains. The 

modular nature of these scaffolds allows to recombine scaffold domains leading to simple 

rewiring of a signalling pathway.[3] Additional small-molecule induced control over protein-

scaffold interactions permits ON/OFF switching of pathways, that could be applied in on-

demand apoptosis,[4] gene editing[5] and immune response.[6]      

 A scaffold protein receptive to small-molecule regulation is the 14-3-3 scaffold protein.[7–9] 

The dimeric nature of the protein contributes to the natural scaffolding function of the protein, 

allowing two interaction partners that feature a phosphorylated serine/threonine binding 

motifs, to bind simultaneously. Small-molecule-induced assembly of an enzyme on the 14-3-3 

scaffold already showed the prospective to control enzyme activity in a cooperative manner.[8] 

Caspase-9, a cysteine protease involved in apoptosis, was used as a model system to show 

proof-of-principle. The enzyme was coupled to the 52 C-terminal amino acids (CT52) of the 

plant plasma membrane H+-ATPase (PMA2) via a flexible GGS10x linker. Upon addition of small-

molecule fusicoccin (FC), robust changes in activity were observed for the synthetic and natural 

substrate. Moreover, mathematical modelling revealed strong cooperativity of the enzyme 

activation on the 14-3-3 scaffold.          

 To show the modularity of the caspase-9-CT52/14-3-3 scaffolding system (introduced in 

Chapter 2), in this research the caspase-9 is replaced for an alternative enzyme to reconstitute 

activity upon small-molecule input. The enzyme caspase-8 (C8) was chosen for multiple 

reasons;             

o C8 requires dimerization for activation. Former research investigating induced 

dimerization of caspases already proved that reconstitution of the C8 dimer leads to 

increased activity of the involved caspase.[8,10–14] Activity of caspase-1, -3, -8 and -10 was 

previously induced by the well-known chemically induced dimerization (CID) system using 

FKBP as binding protein fused to caspase and AP20187, an FK506 analogue, as crosslink 

inducer.[11,12] These results show the potential of a CID system as artificial death switch and 

are even further exploited for application in T-cell therapy.[4,15–17]   

o C8 is elaborately studied and allows characterization via means of synthetic and natural 

substrates. Supramolecular induced activity of caspase-8 and -9 was studied using both 

substrates.[14] In previous research a glycoluril-based macrocycle cucurbit[8]uril (Q8) was 

used to restore caspase activity.[14] The hydrophobic cavity of Q8 allows selective, 
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to the small subunit, sterically interfering with dimer formation.[21,22] Former research showed 

that C8_D288A exclusively forms monomers at concentrations up to 100 μM,[21] yet the FGG-

C8_D288A mutant generated by Dr. Dung Dang showed that dimerization was still possible, 

which led to regained activity upon addition of the supramolecular host Q8.[14] Finally, to 

investigate the influence of CT52 on the dimerization of caspase-8 the CT52 protein tag was 

mutated to a shortened CT33 variant (C8-CT33). It is hypothesized that this deletion leads to 

less interaction between C8-CT52 fusion protein monomers, as the hydrophobic sequence 

between two leucines in CT52 is deleted.[25] The monomeric D288A mutation was also 

introduced in this construct, creating the C8_D288A-CT33 construct. 

Table 3.1 Description of C8-CT52 fusion protein, mutated variants and their purpose. 

Constructs Description 

C8-CT52 Original fusion protein 

C8_F372A-CT52 Monomeric caspase-8 variant, disabling dimerization of caspase-8 

C8_C264A-CT52 Catalytically inactive caspase-8 

C8_D288A-CT52 Monomeric caspase-8 variant, allows dimerization of caspase-8 

C8-CT52_D464R Charge reversal in CT52 binding motif to 14-3-3 

C8-CT33 Shortened CT terminal part, interacting hydrophobic residues in CT52 are removed

C8_D288A-CT33 Monomeric caspase-8 variant, allows dimerization, and shortened CT-terminal part 

 

Activity assay with synthetic substrate Ac-IETD-AFC 

 The C8-CT52 fusion protein and mutant variants, and the 14-3-3 scaffold protein were 

expressed in E.coli cells and purified using Ni-affinity chromatography. Small-molecule induced 

dimerization and subsequent activation was examined by the use of the fluorogenic substrate 

Ac-IETD-AFC. The fluorescent traces revealed that the original C8-CT52 already shows basal 

activity by itself (Figure 3.2a). Moreover, the activity (U mg-1) calculated from the initial slope of 

the fluorescent traces demonstrates that C8-CT52 did not show any response to the addition of 

14-3-3 alone or 14-3-3 in combination with FC, at varying concentrations of C8-CT52 (Figure 

3.2b). Most probably the enabled dimerization in solution in the absence of the scaffold is due 

to a combined effect of caspase-8 dimer affinity together with CT52 dimer affinity, as normally 

caspase-8 monomers  dimerize in the micromolar range.[26]    

 The monomeric C8_F372A-CT52 variant showed no activity at all (Figure 3.2c-d), even in the 

presence of 14-3-3 and FC. The results for this mutant indicate that dimerization was inhibited, 

as expected, and therefore caspase-8 activity was not restored upon addition of the scaffold 
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Small-molecule-induced activation of caspase-8 on a 14-3-3 scaffold

 Activity assays with the shortened C8-CT33 and C8_D288A-CT32 monomeric mutant variant 

showed high activity compared to the native C8-CT52 fusion protein (Figure 3.3c-d). However, 

no small-molecule induced enhancement in activity was detected for the C8-CT33 fusion 

protein, which agrees with the observations for C8-CT52, where also no additional activity was 

observed upon addition of FC. For the monomeric C8_D288A-CT33 variant, a small increase in 

activity upon FC addition was expected, comparable to the results obtained with 

C8_D288A-CT52. The lack in enhancement might be explained by the additional shortening of 

the GGS10x linker to a GGS4x linker when the shortened CT33 was introduced. General high 

activity is observed for both constructs thus shortening of the linker could possibly enhance 

the right confirmation of the C8 monomer, however additional small-molecule input could not 

enhance this activity any further. 

Activity assay with natural substrate caspase-3 

 Activation of caspase-8 during apoptosis leads, together with caspase-9, to the downstream 

cleavage of executioner caspase-3, which successively leads to cleavage of substrates further 

downstream, finally resulting in cell death. To evaluate the cleavage activity of the C8-CT52 

fusion protein for its natural substrate, caspase-3, cleavage assays were executed. A mutated 

caspase-3 variant, (caspase-3_C158A) was used for the activity assays, as this mutation prevents 

auto-cleavage.[27] The monomeric C8_D288A-CT52 variant was investigated as this variant was 

the only one to show FC-response for its synthetic substrate (Figure 3.3b). SDS-PAGE analysis 

showed that addition of 14-3-3 and FC to C8_D288A-CT52 only minimally enhances the 

cleavage activity for the natural substrate (Figure 3.4a-c), which corresponds to the marginal 

increase in activity found in the assay with synthetic substrate. The cleavage of caspase-3 

reaches only 25% after 5 hours (Figure 3.4d), which is most probably due to a combination of 

product inhibition and the incubation at 37 °C, contributing to increased instability of the 

caspase-8 enzyme over time. Noticeably, previous research found that the same monomeric 

mutation in FGG-C8 led to specific cleavage of caspase-3 upon addition of Q8 and moreover 

led to full cleavage after 40 minutes.[14] This specific cleavage is not observed for the 

monomeric C8_D288A-CT52 fusion protein, as in the absence of FC still some background 

cleavage with an average of 8.7% is observed after 5 hours of incubation. The mutated catalytic 

and monomeric variants, C8_C360A-CT52 and C8_F372A-CT52 respectively, did not show any 

cleaved products after 5 hours incubation (Figure S3.4), which is as expected and in line with 

the results from the activity assays with synthetic substrate. The C8-CT52_D464R and original 

C8-CT52 did show cleavage over time (Figure S3.4), whereby a similar trend is observed for the 

C8-CT52_D464R, leading to high activity even in the absence of 14-3-3 and/or FC, resulting in 
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Chapter  3 

C8_D288A-CT52 concentration, combinatorial inhibition is observed leading to a gradual 

increase in enzyme activity. This indicates weaker cooperativity for the formation of the 

C8_D288A-CT52 dimer on the 14-3-3 scaffold, compared to the results of C9-CT52 which 

showed a broad maximum activation plateau.[8] This supposed lower cooperativity might be 

attributed to the monomeric D288A mutation introduced in caspase-8, as the intersubunit 

linker left attached to the small subunit mutation could interfere with dimer formation.[21] 

Conclusion 

 In summary, the modularity of the 14-3-3 scaffolding system could be shown using fusicoccin 

as an input and an alternative caspase enzyme, caspase-8, linked to a CT52 or CT33 tag. The 

output is generated when the fusion enzyme caspase-8-CT52 is activated due to dimerization 

on the 14-3-3 scaffold. Activity assays with synthetic substrate showed that the native C8-CT52 

fusion protein already has high affinity in solution, thereby making it unavailable for 

small-molecule control. Introducing a monomeric mutation in caspase-8 led to a construct that 

showed increased activity upon addition of FC input. This could also be established by the use 

of the natural substrate, showing the same moderate increase in activity. Finally, titrations of 

scaffold to the monomeric fusion protein C8_D288A-CT52 showed combinatorial inhibition, 

detected over a small scaffold concentration window, which could suggest minimal 

cooperativity of the system. These results demonstrate the ability to activate different enzymes 

on the 14-3-3 scaffold-based modules upon small-molecule input. In addition, mutations 

introduced in the original C8-CT52 fusion protein led to differences in activation level and 

showed that only the monomeric C8_D288A-CT52 activity could be enhanced by 

small-molecule induced scaffolding. 
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Small-molecule-induced activation of caspase-8 on a 14-3-3 scaffold

Material & Methods 

Protein expression and purification T14-3-3cΔC 

The 14-3-3 protein, encoded in a pOPINF plasmid[30], was expressed under sterile conditions in E.coli BL21-

CodonPlus(DE3)-RIL (Novagen). Two liter cultures of LB medium were used in 5 L baffled conical flask and 

supplemented with ampicillin (50 μg/mL) and chloramphenicol (25 μg/mL) inoculated with 25 mL of overnight 

culture. The culture was incubated at 37 °C and 160 rpm until the optical density OD600 reached 0.6-0.8. 

Subsequently 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce expression and the culture 

was incubated overnight at 18 °C. Cells were harvested by centrifugation (10,000 g, 10 min, 4 °C) in a Sorvall 

Evolution Centrifuge with a SLC-300 rotor (Thermo Scientific). The cell pellet was stored at -80° until purification, 

successively the pellet was resuspended in lysis buffer (10 mL per gram cell pellet, 50 mM Tris, 300 mM NaCl, 20 

mM Imidazole, 2 mM TCEP, 5 mM MgCl2, Benzonase® Nuclease (25 U per 10 mL buffer, Novagen)  pH 8.0) and cells 

were lysed using a EmulsiFlexC3 High Pressure homogenizer (Avestin) at 20.000 psi for two rounds. Cell debris was 

removed by centrifugation (40,000 g, 45 min, 4 °C) in a Sorvall Evolution Centrifuge with a SA300 rotor. The 

supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen) and washed with wash buffer (50 mM 

Tris, 300 mM NaCl, 20 mM Imidazole, 2 mM TCEP, pH 8.0) in presence and subsequently absence of 0.1% Triton-X-

100. Protein was eluted from the column by elution buffer (50 mM Tris, 300 mM NaCl, 250 mM Imidazole, 2 mM 

TCEP, pH 8.0). The elution was dialyzed in a dialysis bag (SnakeSkin™ dialysis tubing, MWCO 3.5 kDa, Thermo Fisher 

Scientific) against 4L of dialysis buffer (50 mM Tris, 150 mM NaCl, pH 7.8) stirring at 4 °C overnight. The dialyzed 

sample was concentrated and buffer exchanged using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore), 

into assay buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, 2 mM TCEP, pH 7.0). Concentration of the protein 

was determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm (ε = 27,390 M-1 cm-1 in water 

under reducing conditions). 

 

Protein expression and purification C8-CT52 

The C8-CT52 protein and mutant variants, encoded in a pET28a plasmid, were expressed under sterile conditions 

in E. coli BL21 (DE3) (Novagen). Two liter cultures of TB medium were used in 5 L baffled conical flask and 

supplemented with kanamycin (30 μg/mL) inoculated with 25 mL of overnight culture. The culture was incubated 

at 37 °C and 160 rpm until the optical density OD600
 reached 0.6-0.8. Subsequently 0.1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) was added to induce expression and the culture was incubated overnight at 18 °C. 

Cells were harvested by centrifugation (10,000 g, 10 min, 4 °C) in a Sorvall Evolution Centrifuge with a SLC-300 

rotor (Thermo Scientific). The cell pellet was stored at -80° until purification, successively the pellet was 

resuspended in lysis buffer (10 mL per gram cell pellet, 10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% 

glycerol, 20 mM Imidazole, 0.1 mM TCEP, Benzonase® Nuclease (25 U per  10 mL buffer, Novagen), pH 7.4) and cells 

were lysed using a EmulsiFlexC3 High Pressure homogenizer (Avestin) at 20,000 psi for two rounds. Cell debris was 

removed by centrifugation (40,000 g, 45 min, 4 °C) in a Sorvall Evolution Centrifuge with a SA300 rotor. The 

supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen)  and washed with wash buffer (10 mM 

phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP pH 7.4) in presence and 

subsequently absence of 0.1% Triton-X-100. Protein was eluted from the column by elution buffer (10 mM 

phosphate buffer, 2.7 mM KCl, 507 mM NaCl 10% glycerol, 250 mM Imidazole, 0.1 mM TCEP pH 7.4). Elution 

fractions were pooled and cleavage of the His6-SUMO tag was performed in a dialysis bag (SnakeSkin™ dialysis 
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Small-molecule-induced activation of caspase-8 on a 14-3-3 scaffold

Activity assay natural substrate caspase-3_C158A 

Assay components (0.1 μM 14-3-3, 0.1 μM C8_D288A-CT52 and 5 μM FC) were added in 1.5 mL Eppendorf tubes. 

Subsequently, 4 μM Caspase-3-C158A was added and incubated at 37°C in assay buffer (20 mM Na2HPO4, 150 mM 

NaCl, 1 mM EDTA, 2 mM TCEP, 0.1% CHAPS, pH 7.0) at a final volume of 200 μL. Samples were taken at various 

time-points and the reaction was stopped by the addition of 2x SDS-loading buffer (125 mM Tris, 5% SDS, 20 % 

glycerol, 0.02% bromophenol blue at pH 6.8). Results were analysed on precast SDS-PAGE gels (4-20% Mini-

PROTEAN® TGXTM Precast Protein Gel – Bio-Rad) and protein was stained using Coomassie Brilliant Blue (R-250 Bio-

Rad). Gel pictures were taken using the ImageQuant350 (GE Healthcare). Quantitation was done using Image 

Studio Lite v4.0. 

 

Sequence T14-3-3cΔC 

        10         20         30         40         50         60  
MAHHHHHHSS GLEVLFQGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE  
        70         80         90        100        110        120  
LTVEERNLLS VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI  
       130        140        150        160        170        180  
CDGILKLLDA KLIPSAASGD SKVFYLKMKG DYHRYLAEFK TGAERKEAAE STLTAYKAAQ  
       190        200        210        220        230        240  
DIATTELAPT HPIRLGLALN FSVFYYEILN SPDRACNLAK QAFDEAIAEL DTLGEESYKD  
       250  
STLIMQLLRD NLTLWTSD  
 

Sequence C8-CT52 

        10         20         30         40         50         60  
MGSSHHHHHH SSGLVPRGSH MGGSDSEVNQ EAKPEVKPEV KPETHINLKV SDGSSEIFFK  
        70         80         90        100        110        120  
IKKTTPLRRL MEAFAKRQGK EMDSLRFLYD GIRIQADQAP EDLDMEDNDI IEAHREQIGG  
       130        140        150        160        170        180  
GESQTLDKVY QMKSKPRGYC LIINNHNFAK AREKVPKLHS IRDRNGTHLD AGALTTTFEE  
       190        200        210        220        230        240  
LHFEIKPHDD CTVEQIYEIL KIYQLMDHSN MDCFICCILS HGDKGIIYGT DGQEAPIYEL  
       250        260        270        280        290        300  
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       310        320        330        340        350        360  
ADFLLGMATV NNCVSYRNPA EGTWYIQSLC QSLRERCPRG DDILTILTEV NYEVSNKDDK  
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QLAEEAKRRA EIARQRELHT LKGHVESVVK LKGLDIETIQ QSYDI 
 

*C264A, D288A, F372A, and D464R and C8_D288A-CT33 were mutated using a QuikChange Lightning Multi-Site 

Directed Mutagenesis kit from Agilent using the following primers: 

- C264A  5'-aaaccgaaagtgtttttcatccaggctgctcaaggtgataattatcag-3' 

- D288A  5'-ccgtatctggaaatggctctgagttccccgcag-3' 

- F372A  5’-agatgccgcaaccgacggctaccctgcgcaaaaaac-3’ 

- D464R  5'-gaaaccattcagcaatcttatcgcatctaactcgagcaccacc-3' 
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Table S3.1 – Overview of expected masses of C8-CT52 fusion protein and mutant variants. Masses indicated in italic are 

observed on the SDS-PAGE gel in Figure S3.1 

His6-SUMO-C8-GGS(10)-CT52  -M -His6-SUMO 

1+2+3 51484.68 51353.49 37993.62 
1 31363.42 31232.23 17872.36 
1+2 32585.71 32454.52 19094.65 
2 1240.30 - - 
2+3 20139.27 - - 
3 18916.98 - - 
His6-SUMO 13509.08 13377.8  
 
His6-SUMO-C8_D288A-GGS(10)-CT52  -M -His6-SUMO 

1+2 51440.67 51309.48 37949.61 
1 31363.42 31232.23 17872.36 
1+2 37949.61 - - 
2 20095.26 - - 
 
His6-SUMO-C8_C264A-GGS(10)-CT52  -M -His6-SUMO 

1 51452.62 51321.43 37961.56 
 
His6-SUMO-C8_F372A-GGS(10)-CT52  -M -His6-SUMO 

1 51408.58 51277.39 37917.52 
 
His6-SUMO-C8-GGS(10)-CT52_D464R  -M -His6-SUMO 

1+2+3 51525.78 51394.59 38034.71 
1 31363.42 31232.23 17872.36 
1+2 32585.71 32454.52 19094.65 
2 1240.30 - - 
2+3 20180.37 - - 
3 18958.08 - - 
 
His6-SUMO-C8-GGS(4)-CT52  -M -His6-SUMO 

1+2+3 48049.14 47917.95 34558.07 
1 31363.42 31232.23 17872.36 
1+2 32585.71 32454.52 19094.65 
2 1240.30 - - 
2+3 16703.73 - -- 
3 15481.44 - - 
 
His6-SUMO-C8_D288A-GGS(4)-CT33  -M -His6-SUMO 

1+2 48005.13 47873.96 34514.06 
1 31363.42 31232.23 17872.36 
1+2 34514.06 - - 
2 16659.72 - - 
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Chapter 4 

Abstract 

Posttranslational modifications (PTMs) are important enzymatic control systems in eukaryotic 

signalling pathways. Controlling PTMs and mimicking the diversity that PTMs introduce is an 

important objective in the engineering of synthetic protein signalling networks. In this research, 

phosphorylation was used as input signal in a 14-3-3 scaffolding system, by means of 

phosphorylation of a 14-3-3 interaction partner, thereby inducing 14-3-3 binding. For this, a 14-3-3 

binding peptide (CT32) was fused to split-luciferase NanoBit fragments (LgNB-CT32 and 

SmNB-CT32) to create a luciferase complementation readout system. The recognition motif of the 

cyclic AMP-activated protein kinase A (PKA) was introduced in the CT32 fragment to be amenable 

for phosphorylation. Upon phosphorylation of both CT32 peptide parts, binding of the two fusion 

proteins to the 14-3-3 scaffold was induced, thereby reconstituting an active split-luciferase. 

Phosphorylation of the engineered LgNB-CT32 and SmNB-CT32 was confirmed by QToF-MS, and 

luminescence spectroscopy studies demonstrated that luciferase activity could be regained upon 

phosphorylation. In a specific concentration regime, luciferase activity could even be further 

enhanced through small-molecule stabilization of the phosphorylated fusion protein-14-3-3 

interaction. This study shows that the 14-3-3 scaffolding system is not only susceptible for small-

molecule input but can also become effective by triggered phosphorylation of its binding partners.  
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Introduction 

 Cells continuously respond to a diversity of internal and external signals using a definite set 

of modular components.[1] Regulation of protein levels, -localization, -activity and protein-

protein interactions in signal transduction is consequently coordinated by distinct 

mechanisms.[2] Protein levels are regulated by changes in levels of gene expression and protein 

synthesis, while protein degradation, -localization and protein interactions are usually 

managed by posttranslational modifications (PTMs).[2,3] More than 200 different types of PTMs 

are known, which modify a protein after translation, and in doing so extensively diversify the 

proteome.[4] These modifications are catalysed by signalling enzymes, thereby relaying input 

signals into PTMs as output signal. Consequently, PTMs are ideal control signals to implement 

in a synthetic signalling network, as next to diversification of the modular proteins involved, 

PTMs are either very stable or dynamic and reversible, and multiple PTMs can be applied 

simultaneously.[3]  

 This research focusses on phosphorylation, one of the first PTMs found[5], as input for 

synthetic signalling. In eukaryotes the residues targeted for phosphorylation by a kinase are 

serine, threonine and tyrosine.[6] In the human genome more than 500 kinases are known[7], 

which are involved in for instance metabolism, proliferation, differentiation, homeostasis and 

cell death.[8] Due to the wide variety of signalling pathways that involve phosphorylation, 

deficiencies in kinases and phosphates are related to several diseases, including various cancers 

and developmental-, metabolic-, neurological- and cardiovascular disorders.[9] This makes 

kinases, and therefore phosphorylation, an interesting target from a therapeutic and synthetic 

engineering perspective.  

 The modular organization of signalling proteins allows them to identify phosphorylated 

motifs by the use of specialized recognition domain such as the SH2-, FF-, GK- or 14-3-3 

domains.[2,7] These modular domains are applied in the engineering of novel phosphorylation-

based synthetic signalling pathways. Gordley and coworkers for example made use of the 

phospho-binding WD40 domain to develop a synthetic feedback circuit, coupling phospho-

regulation with transcriptional regulation.[10] Hence signalling modules were engineered with 

customized phospho-dependent protein-protein interactions, by coupling the WD40 domain 

to various proteins of interest. In this way they could trigger phosphorylation-induced 

membrane recruitment, protein degradation, or positive and negative feedback. Moreover, 

coupling the phospho-regulated interaction module with a transcriptional bistable switch led 

to a synthetic memory switch. 
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 Another example of phospho-regulated synthetic signalling encompasses an engineered 

scaffold developed by Ryu and Park, which was based on the Ste5 scaffold from the MAPK-

pathway.[11] The synthetic scaffold consists of repetitive PDZ domains which bound to the Ste5-

associated kinases via fused PDZ ligands. Thereby they could not only functionally replace the 

Ste5 scaffold, but also demonstrate logic gate properties, and, alter output duration and 

intensity by recruiting of phosphatases through a negative feedback loop. 

 In a third example, Regot et al. used kinase activation to regulate translocation of a 

fluorescent reporter.[12] The reporter was combined with a nuclear export signal (NES), which 

was activated upon phosphorylation, and a nuclear import signal (NLS), inhibited by 

phosphorylation.[12] This design can readily be adapted to report activity of other kinases, by 

varying the kinase docking motif or mutating the kinase substrate to incorporate the NES and 

NLS modules.   

 Split-variants of kinases and phosphatases can also be applied in redesigning 

phosphorylation-dependent signalling pathways, whereby complementation of the split-

fragments leads to reconstitution of an active enzyme. The group of Gosh engineered several 

split-kinases[13] and split-tyrosine phosphatase and kinases pairs[14], which they fused to 

different orthogonal interaction domains. In this way they obtained chemical induced 

dimerization systems, based on rapamycin, abscisic acid or gibberellic acid, which reconstituted 

active kinases and phosphates that could be applied in mammalian cells.   

 These studies demonstrate the potential of phosphorylation-controlled synthetic signalling 

pathways due to the modularity and reversibility of phosphorylation. In addition to PTMs, 

signalling networks rely on compartmentalization, colocalization and scaffold proteins to 

increase the local concentration of interaction partners involved in signal transduction.[15] 

Scaffold proteins are of interest in this research as scaffolds recruit two or multiple interaction 

partners, which potentially can be influenced by phosphorylation. The 14-3-3 scaffold protein is 

focused on, which exists as homo- or heterodimer, with each monomer forming an 

amphipathic ligand binding groove that allows specific binding of, typically, phosphorylated 

binding partners.[16] Previous research already showed that 14-3-3 scaffolding can be regulated 

by small-molecule input (chapter 2 and 3). The earlier developed 14-3-3 based signalling 

module relies on the interaction between 14-3-3 and CT52, established by the phospho-

mimicking aspartic acid at the C-terminal penultimate position of CT52. The optimized 

C-terminal binding motif of CT52 (Tyr-Asp-Ile) showed to have high affinity for 14-3-3 and the 

resulting interaction to be amenable for stabilization by fusicoccin (FC).[17] To show the 

modularity of the 14-3-3 based module, this research investigates the possibility to alter the 
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input signal from small-molecule to PTMs via phosphorylation as an example. The C-terminal 

end of the CT52 binding motif was therefore engineered to be amenable for phosphorylation 

and required input from a kinase to induce 14-3-3 scaffolding. Moreover, an additional level of 

control could be added by the use of the small-molecule fusiccocin, which resulted in a dual 

input system. Furthermore, a new read-out system was presented to monitor the 

phosphorylation-induced 14-3-3 scaffolding. 

Results 

Construct design 

 A modified kinase phosphorylation motif was introduced in CT52, as the kinase that naturally 

phosphorylates CT52 as part of the membrane pump PMA2 is unfortunately unknown. The 

introduced motif can be phosphorylated upon input from the cyclic AMP-activated protein 

kinase A (PKA). This kinase was chosen as it is well-studied and one of the first protein kinases to 

be structurally characterized[18], the catalytic domain of PKA is commercially available, and the 

phosphorylation motif is well-defined[19,20]. The consensus sequence for PKA is R-R-X-S/T-Ф, 

where R is an arginine, X is any residue, S/T a phosphorylated serine or threonine and Ф a 

hydrophobic residue.[19] Recognition motifs with a single arginine on either the -2 or -3 position 

were also shown to be amenable to PKA phosphorylation.[21] 

 Several variants of the PKA recognition motif were introduced in the C-terminal fragment of 

the caspase9-CT52 fusion protein. However, phosphorylation of the fusion proteins upon 

incubation with PKA and ATP could not be confirmed every time. Moreover, monitoring the 

activity of C9-CT52 upon phosphorylation, by the use of synthetic substrate, led to 

irreproducible outcomes. The inconclusive results can be attributed to the use of the kinase 

PKA, which is known to be involved in apoptosis.[22,23] Martin et al. established that PKA is able 

to phosphorylate purified caspase-9 at three sites.[24] Incubation of GST-tagged recombinant 

caspase-9 with PKA and ATP showed that Ser-99, Ser-183 and Ser-195 are the three major 

phosphorylation sites, from which the latter two are present in the C9-CT52 fusion protein. 

Martin et al. further found that mutating these receptive serines to alanines confirmed that the 

three found sites were the only PKA targets in caspase-9. Unpublished data by the group of 

Hardy showed that phosphorylation of caspase-9 by PKA deactivates the caspase in a two-

stage mechanism. Phosphorylation of Ser-183 prevents self-processing of the caspase and 

additionally blocks substrate binding. Moreover, the phosphorylated Ser-183 interrupts 

interactions within the core of caspase-9, promoting disassembly of the enzyme, making 

caspase-9 unsuitable for PKA-based phosphorylation-induced 14-3-3 scaffolding.  
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Phosphorylation-induced split-luciferase complementation on a 14-3-3 scaffold

phosphorylation and simultaneously allow stabilization of its interaction with 14-3-3 by 

fusicoccin, as it mimics a 14-3-3 mode III binding motif with a isoleucine at the ultimate C-

terminal +1 position. This motif would therefore result in a dual-input system, allowing both 

PTM and small-molecule input to induce 14-3-3 binding.   

 The second CT32 peptide is based on the recently published stabilization between p53 and 

14-3-3 by FC.[27] An earlier reported crystal structure of p53 in complex with 14-3-3 indicated 

that the peptide folds back on itself, leaving a pocket open for small-molecule stabilization.[28] 

In the recent article, Doveston et al. showed that FC stabilizes the interaction between 14-3-3 

and p53-based peptides terminating in the sequence L-M-F-K-pT-E-G-P-D-S-D by FP assays and 

ITC.[27] It was chosen to introduce the elongated R-R-A-pS-I-G-P-D-S-D sequence in the CT32 

peptide (CT32_RRApSIGPDSD, Table 4.1), as this sequence does not follow the classical 14-3-3 

binding modes (I/II/III) and it is suggested that FC acts via an allosteric mechanism rather than 

molecular glue.[27]   

Table 4.1 Amino acid sequences of N-terminally FITC-labelled CT32 peptides, containing a PKA-motif with a 

C-terminal phosphorylated Serine (pS).  

The last CT32 peptide is based on the binding motif of the 14-3-3 binding partner C-RAF. The 

C-RAF protein kinase is a mode I binding partner involved in oncogenesis[29] and the Noonan 

syndrome, a developmental disorder.[30] Molzan et al. performed isothermal titration 

calorimetry (ITC) measurements, which showed that FC does not bind to the binary complex 

14-3-3/phosphopeptide (Q-R-S-T-pS-T-P-N-V-H), but does bind to a C-terminally shortened 

phosphopeptide (Q-R-S-T-pS-T). Therefore the CT32 peptide was elongated to R-R-Y-pS-I-P-N 

(CT32_RRYpSIPN, Table 4.1), which mimics a mode I binding motif and is hypothesized to 

prevent FC from binding, generating a single-input system.  

 The purified FITC-labelled CT32 peptides were used in fluorescence anisotropy 

measurements to elucidate the binding affinities with 14-3-3. The measurements 

demonstrated that all CT32 peptides showed minimal binding to 14-3-3 in their 

unphosphorylated state, even in the presence of FC (Figure 4.2a-c, Table 4.2). Upon 

phosphorylation two peptides (CT32_RRApSI and CT32_RRYpSIPN) displayed increased binding 

Peptide Sequence 

CT32_RRApSI R Q R E L H T L K G H V E S V V K L K G L D I E T I Q R R A pS I 

CT32_RRApSIGPDSD R Q R E L H T L K G H V E S V V K L K G L D I E T I Q R R A pS I G P D S D

CT32_RRYpSIPN R Q R E L H T L K G H V E S V V K L K G L D I E T I Q R R Y pS I P N 
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Phosphorylation-induced split-luciferase complementation on a 14-3-3 scaffold

Phosphorylation of the split-NB-CT32 fusion proteins 

 Based on these results, the C-terminal R-R-A-S-I and R-R-Y-S-I-P-N PKA recognition motifs 

were introduced in the C-terminal fragments of the LgNB-CT32 and SmNB-CT32 fusion proteins 

by mutagenesis. The additional minor change from R-R-A-S-I to R-R-Y-S-I was driven by the 

availability of a primer to introduce this motif, and as it showed similarity to the R-R-Y-S-I-P-N 

motif it was hypothesized to have minimal effects. 

 The engineered LgNB-CT32 and SmNB-CT32 fusion proteins and the 14-3-3 scaffold protein 

were expressed in E.coli cells, purified by Ni-affinity chromatography and analysed on 

SDS-PAGE and Q-TOF-MS. The SDS-PAGE gel showed the expected masses for both the 

LgNB-CT32 (~24 kDa) and the SmNB-CT32 variants (~7 kDa) (Figure S4.1). Subsequently the 

purified proteins were phosphorylated in vitro by incubating them in the presence of PKA and 

ATP at 30°C for three hours. As a control, the unphosphorylated proteins were simultaneously 

incubated in the same buffer and under the same conditions in the absence of PKA and ATP, to 

assess the influence of the buffer and incubation conditions on the protein. Phosphorylation of 

the split-luciferase constructs was confirmed by QToF-MS, which showed a mass increase of 

+80 Dalton for all four proteins upon phosphorylation (Figure 4.3). An additional peak with a 

mass of +178 Dalton was observed for all LgNB-CT32 constructs (Figure 4.3a-b,e-f). This mass 

increase was directly detected after purification and can be attributed to spontaneous 

α-N-6-phospho-gluconoylation of the N-terminal His-tag[33], which was more frequently 

observed for proteins expressed by a pET28a vector that contain an N-terminal Gly-Ser-Ser 

motif in front of the His6-tag.[34,35]  

 Noticeably, for the two phosphorylated SmNB-CT32 fusion proteins a second small peak (at t 

= 2.5 min, Figure 4.3d,h) is observed with a mass corresponding to two times the 

phosphorylated fusion protein. This additional phosphorylation can be attributed to the excess 

of PKA kinase present during the incubation. A PKA phosphorylation prediction tool[36] 

indicated a high phosphorylation score for the introduced PKA-motif (score 1.46), while the 

threonine at position 114 and the serine at position 167 in the CT32 fragment were thereafter 

the ones most likely to be phosphorylated with low scores of respectively -0.35 and -0.38. The 

multiple serines present in the flexible GGS10x-linker and the other threonines in the 

SmNB-CT32 construct scored even lower, with values lower than -1.35, and are therefore less 

likely to be phosphorylated.  
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 The complementation assay was also performed at higher concentrations of 

split-NB-CT32_RRYSI fusion proteins (50 nM), and 14-3-3 dimer (50 nM) and 10 μM FC (Figure 

4.4c,d), thus addressing another regulatory concentration regime (Figure 4.2a). At these 

conditions, phosphorylation alone already led to a 45-fold increase in luciferase activity 

compared to background luciferase activity, while phosphorylation in combination with FC 

input led to a ~177-fold increase in luminescence. This is in line with the findings of the 

fluorescence anisotropy measurements, indicating that the system can be used as dual input 

system as well as single input system by phosphorylation alone, by tuning the concentrations 

of the components. At higher concentrations of split-luciferase fragments the background 

activity increased (Figure S.4, for Figure 4.4 with a log y-axis) and furthermore revealed that the 

LgNB-fragment has some tendency to convert the substrate furimazine by itself. 

  The complementation assay was similarly performed for the split-NB-CT32 fusion proteins 

with the R-R-Y-S-I-P-N motif at concentrations of 50 nM. In the unphosphorylated state the 

proteins already showed a peak emission at 460 nm, which did not increase upon the addition 

of 50 nM of 14-3-3 dimer and 10 μM FC. In the phosphorylated state the addition of scaffold 

and small-molecule only showed a minimal increase of 1.1-fold in luciferase activity compared 

to the activity observed in the absence of 14-3-3 (Figure 4.5 and Figure S4.5 for graph with log 

y-axis). This can be explained by the minimal amount of protein binding at these low 14-3-3 

concentrations, shown in Figure 4.2b. The fluorescence anisotropy measurements are based on 

a 1:1 peptide to 14-3-3 binding, while the complementation assay requires both of the split-NB-

CT32 fusion proteins to increase the response. Nevertheless, some cooperativity between the 

SmNB-CT32 and LgNB-CT32 might be expected, yet this should be investigated.

 Performing the complementation assay with the split-NB-CT32_RRYSIPN at increased 

concentrations of split-NB-CT32 (400 nM) and 14-3-3 dimer (400 nM) would lead to a more 

favourable regulatory concentration regime, as shown in Figure 4.2c. Complementation of the 

split-NB-CT32 was observed (results not shown), yet did not show differences upon 

phosphorylation nor FC addition. These measurements were limited by high luminescence in 

combination with the minimal integration time required to record the luminescence spectra. 

Additionally, at these high concentrations of split-NB-CT32 the substrate furimazine is depleted 

relatively quickly, further hampering the measurements.  
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consequently decreases the small-molecule induced C9-CT52 activity on the 14-3-3 scaffold, 

due to the PKA induced inhibition of caspase-9.  

 The orthogonal design of the CT32 in combination with the 14-3-3 from the tobacco plant, 

allows in situ exploration of the signalling module. The module can be utilized to investigate 

PKA activity, reported by the orthogonal split-luciferase, yet could also be applied to redirect 

natural existing signalling pathways. Phosphorylation-dependent redirection would require the 

replacement of split-NanoBiT to a protein of interest that requires dimerization for activation. 

Caspases are an interesting first target, however this would require an orthogonal kinase to 

phosphorylate the caspase-CT32 fusion protein. 

 Overall, this research demonstrates the modularity of the 14-3-3 scaffold to be amenable for 

small-molecule as well as phosphorylation input, which expands its application in synthetic 

protein signalling networks. 
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Phosphorylation-induced split-luciferase complementation on a 14-3-3 scaffold

Material & Methods 

Peptide synthesis & purification 

The phosphorylated CT32 peptides were synthesized via Fmoc solid phase peptide synthesis (SPPS) using an 

automated Intavis MultiPep RSi peptide synthesizer. The peptides were synthesized on a 50 μmol scale using a  

Tentagel® R PHB resin (Rapp Polymere; 0.17-0.19 mmol/g loading), preloaded with either a isoleucine, asparagine 

or aspartic acid.  A pseudoproline dipeptide (Glu-Ser; Novabiochem) was used for the synthesis of all six peptides 

using single coupling. Fmoc-protected amino acid building blocks (Novabiochem®) were dissolved in 

dimethylformamide (DMF) and coupled sequentially by double coupling to the resin using 

N,N-diisopropylethylamine(DIPEA)/(2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) 

(HBTU) (4:1 v/v). Fmoc-deprotection was achieved using 20% piperidine in NMP. The peptides were labelled with 

fluorescein attached via a short Fmoc-beta-alanine-OH linker (Sigma Aldrich) using 4 equivalents of fluorescein 

isothiocynate (FITC, 007Chemicals) and 8 equivalents of DIPEA reacting overnight with continuous agitation. The 

sidechain protecting groups, conversion of the pseudoproline, and cleavage from the resin was performed in one 

step using the cleavage mixture of tifluoroacetic acid (TFA)/trisiopropylsilane (TIS)/H2O (95:2.5:2.5) for 3 hours, 

followed by precipitation in excess of ice-cold diethyl ether. The peptides were purified by preparative reversed-

phase high performance liquid chromatography (HPLC) with mass spectrometry (MS) detection using a Shimadzu 

HPLC on a Atlantis® T3 C18 analytical column, LCQ Fleet from Thermo Scientific, equipped with a Surveyor 

autosampler, Surveyor photodiode detector array (PDA, Thermo Finnigan) using an eluent flow rate of 20 mL/min 

(MeCN/H2O/0.1%TFA). After dissolving the peptides in 28% (v/v) acentonitrile in water with 0.1% TFA, the 

peptides were purified using a linear gradient from 28% to 33% acetonitrile in water with 0.1% (v/v) TFA. Pure 

fractions with the correct mass were collected using a prepFC faction collector (Gilson, Inc., Figure S4.1). 

Afterwards the peptides were lyophilized and stored at -20 °C. 

Protein expression and purification of His-LgNB-CT32_RRYSI and _RRYSIPN  

The LgNB-CT32 fusion proteins, encoded in a pET28a plasmid, were expressed under sterile conditions in E. coli 

BL21 (DE3) (Novagen). Two liter cultures of TB medium were used in 5 L baffled conical flask and supplemented 

with kanamycin (30 μg/mL) inoculated with 25 mL of overnight culture. The culture was incubated at 37 °C and 

140 rpm until the optical density OD600
 reached 0.6-0.8. Subsequently 0.1 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) was added to induce expression and the culture was incubated overnight at 18 °C. Cells were harvested by 

centrifugation (10,000 g, 10 min, 4 °C) in a Sorvall Evolution Centrifuge with a SLC-300 rotor (Thermo Scientific). 

The cell pellet was stored at -80° until purification, successively the pellet was resuspended in BugBuster® Protein 

Extraction Reagent (5 mL per gram cell pellet) and Benzonase® Nuclease (25 U per  10 mL buffer, Novagen) was 

added. Cell debris was removed by centrifugation (40,000 g, 45 min, 4 °C) in a Sorvall Evolution Centrifuge with a 

SA300 rotor. The supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen) and washed with 

wash buffer (10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP at 

pH 7.4) in presence and subsequently absence of 0.1% Triton-X-100. Protein was eluted from the column by 

elution buffer (10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl 10% glycerol, 250 mM Imidazole, 0.1 mM TCEP 

pH 7.4). Eluted proteins were buffer exchanged and concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 

kDa, Millipore) against assay buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, pH 7.0). Concentration of the 

protein was determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm with an extinction 

coefficient of ε = 21,430 M-1 cm-1 in water. 
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Abstract 

Proteases are key components in signalling pathways as they cause irreversible cleavage of signalling 

proteins and are able to amplify signals through protease cascades. Due to their modularity, 

orthogonality and reversibility, proteases are interesting control units in synthetic protein signalling 

networks. In this research, intramolecularly blocked variants of 14-3-3 scaffolds are explored, which 

can be activated by caspase-9. Monovalent and bivalent inhibiting ExoS peptides were fused to the 

dimeric 14-3-3 scaffold via flexible linkers, containing the cleavage site of caspase-9. The engineered 

scaffold was tested in a signalling cascade in combination with a supramolecular host-guest 

interaction to activate caspase-9, which in turn activated the scaffold by cleaving of the 14-3-3 

inhibiting ExoS peptides. Reactivation of the 14-3-3 scaffold was monitored using a scaffold-induced 

complementation system based on the split-luciferase NanoBiT. Combining the signalling modules in 

one-pot demonstrated compatibility of all cascade components. The availability of a caspase-9-

activatable 14-3-3 scaffold also allowed the construction of a self-activating signaling network, using 

the C9-CT52 system as both in- and output. 
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Caspase-9 controlled activation of 14-3-3 scaffolds

Introduction 

 Proteases are key signaling molecules as they catalyze the specific cleavage of proteins by the 

hydrolysis of peptide bonds.[1–3] As a consequence, protease activity is strictly regulated and 

imbalances in protease controlled signaling pathways lead to several diseases such as cancer, 

osteoporosis, neurological disorders and cardiovascular and inflammatory diseases.[1] Proteases 

are therefore attractive targets for protease inhibitor mediated therapy, although generating 

specific inhibitors remains challenging.[2] Degradation was long considered to be the principal 

function of proteases, which changed when protein activation by limited proteolysis was 

discovered.[4,5] The classic example of a protease involved in signal transduction is the blood 

coagulation cascade, where sequential activation of serine proteases (coagulation factors) is 

essential for haemostasis.[5,6] Since this finding, the importance of protein cleavage became 

apparent in numerous pathways such as cell proliferation (ADAM10 and γ-secretase[7]), cell death 

(caspases[8]) and immune response (cathepsins[9]). Protease activity is tightly controlled by for 

instance expression level, the binding of inhibitors or cofactors, the assistance of an activation 

complex, or by the activation of inactive precursors.[1] It was first assumed that the conversion of 

inactive proteins was mediated by specific processing enzymes[10], however self-activation has 

been observed for various proteases, for example in caspases[11–13], the retroviral proteases 

involved in HIV,[14] and trypsinogen[4,15]. Protease signalling in general differs from other signalling 

pathways due to the irreversibility of the substrate cleavage process. Moreover, proteases 

cascades such as blood coagulation and apoptosis account for amplification of the signal and in 

this way allow more stringent regulation.[3]  

 The modularity, reversibility and possibility of amplification are unique properties which make 

proteases an attractive tool for the control of protein-based synthetic signalling networks. 

Reengineering of existing protease-based signalling was accomplished by Lim and coworkers.[16] 

They generated new cell-cell contact signalling pathways by developing a synthetic Notch 

signalling system with altered extracellular and intracellular domains, yet retaining the natural 

protease (γ-secretase) responsible for the essential intramembrane proteolysis. Protease cleavage 

resulted in release of the modified intracellular domain such as transcriptional activators or 

repressors, leading to new input-output responses. In another example, the group of Huck made 

use of a natural protease to constitute an in vitro synthetic signaling network. The enzymatic 

reaction network could show oscillations in active trypsin concentrations, based on auto-

activation of the protease in combination with delayed feedback.[17] They continued by fine 

tuning the rate constants of the signalling nodes, resulting in a robust and resilient network.[18] 
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Furthermore, coupling their synthetic trypsin-based network to crosslinking chemistry in a 

hydrogel showed the first step towards responsive materials.[19] Alternatively, Stein et al. 

engineered synthetic zymogens which could act as modular protein switches to amplify signals. 

The proteins switches were based on auto-inhibited proteases, that could be activated by specific 

proteolysis, ligand binding or protein-protein interactions.[20,21] Their modular design led to the 

development of sensing and amplification switches for in vitro detection of α-thrombin, 

important in blood coagulation, and the molecular biomarker prostate specific antigen (PSA), 

with high sensitivity and a large dynamic range.[21] These studies show that proteases are 

attractive control units in synthetic protein signalling due to their modularity, orthogonality and 

irreversibility.  

 Next to posttranslational modifications such as protease cleavage, the cell uses other 

mechanisms to regulate signal transduction, for example by increasing the local concentration of 

protein interaction partners utilizing colocalization, compartmentalization and the use of scaffold 

proteins. Scaffold proteins are essential in cell signaling as they promote the proximity of specific 

interaction partners.[22] A scaffold protein of interest is the 14-3-3 protein, which exists as 

constitutive homo- or heterodimer and lacks intrinsic enzymatic activity itself.[23] Previous 

research showed that 14-3-3 could be used as a dimerization platform for enzymes and 

split-luciferases under the control of small-molecule input (chapter 2 and 3) or by 

phosphorylation of the interaction partners (chapter 4). In this study the development of a 

caspase-9-activatable 14-3-3 platform is reported. The protease-activatable scaffold allows 

integration of scaffold-templated and protease-based synthetic signalling networks. Moreover, 

self-activation of the protease-controlled 14-3-3 scaffold is demonstrated by means of caspase-9-

CT52 (chapter 2). 

Results 

Previous research on protease-controlled activation of 14-3-3 

 A generic strategy to introduce protease-based control of the 14-3-3 protein is making use of a 

14-3-3 inhibiting peptide sequence that would be released upon protease cleavage.[24] Dr. Stijn 

Aper used this approach to gain control over 14-3-3 scaffolding by fusing one or two ExoS 

peptides to a dimeric 14-3-3 scaffold.  The ExoS peptide (420QGLLDALDLAS430) originates from the 

C-terminal region of Pseudomonas aeruginosa toxin exoenzyme S and binds to 14-3-3 proteins in 

a phosphorylation-independent manner. Protease-based control was achieved by incorporation 

of a TEV and/or Factor Xa protease cleavage site in the linkers connecting the ExoS peptides to 
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the 14-3-3 scaffold. Three different architectures were engineered, with wildtype ExoS peptides 

and a weaker binding mutant variant (L423A, *), resulting in six constructs. The constructs 

dT1433-Exo and dT1433-Exo* consisted of a 14-3-3 dimer which was intermolecularly inhibited 

by one monovalent ExoS peptide (Figure 5.1b).  The constructs dT1433-BiExo and dT1433-BiExo* 

consisted of a 14-3-3 dimer intermolecularly blocked by a bivalent  ExoS peptide (Figure 5.1c) and 

the Exo-dT1433-Exo and Exo*-dT1433-Exo* constructs contained two monomerically fused ExoS 

peptides (Figure 5.1d). To assess which architecture demonstrated the best 14-3-3 inhibition, 

protease-triggered activation of the 14-3-3 scaffold was monitored by the dimerization system of 

caspase-9-CT52 (C9-CT52) with 14-3-3 (Figure 5.1a).[25] Upon addition of small-molecule fusicoccin 

(FC), C9-CT52 dimerizes on the protease activatable 14-3-3 scaffold and subsequent activation 

was monitored by the use of a fluorogenic substrate. Scaffold activity was determined by 

measuring the activation of C9-CT52 in the presence of a non-cleaved and TEV and/or Factor Xa 

cleaved 14-3-3 scaffold (Figure 5.1b-d).[24] The dT1433-Exo and the dT1433-Exo* left residual 

activity of ~40 and ~50% (Figure 5.1b), while the dT1433-BiExo construct, blocked the 14-3-3 

scaffold more efficiently, leaving a residual activity of about 15% for the wild-type ExoS variant 

and 30% for the L423A mutant (Figure 5.1c). The most effective inhibition was obtained by the 

Exo-dT1433-Exo construct, as this showed complete inhibition for the wildtype variant and only 

~15% of the activity remained for the mutated Exo*-dT1433-Exo* construct (Figure 5.1d). Upon 

digestion by TEV and Factor Xa, the scaffold regained its activity to respectively 75 and 80% for 

the WT and mutant variant. These results showed that variations in scaffold architecture and 

mutations allowed fine tuning of the protease-activatable 14-3-3 scaffold.  
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Synthetic signalling cascade 

 Based on these results, dT1433-BiExo* and Exo-dT1433-Exo were chosen to develop a 

caspase-9 activatable 14-3-3 scaffold. C9 recognition sites were introduced in dT1433-BiExo* 

(dT1433-LEHD-BiExo*) and Exo-dT1433-Exo (Exo-LEHD-dT1433-LEHD-Exo), as the previously 

determined affinities for the mutated bivalent ExoS peptide (5.9 μM) and monovalent wildtype 

ExoS peptide (14.1 μM) used in these scaffolds allow a balance between inhibition of the 14-3-3 

binding groove and competition for 14-3-3 binding with CT32/CT52- fusion proteins. 

 A caspase-9 controlled 14-3-3 activation system requires an alternative, orthogonal caspase-9 

activation mechanism to study scaffold activation. Therefore a supramolecular host-guest 

interaction was used that was previously developed in our group. The host cucurbit[8]uril (Q8) 

was used to induce dimerization of the host caspase-9 with an N-terminally fused FGG motif 

(FGG-C9).[26] Upon addition of Q8, two phenylalanines of two FGG-C9 can selectively bind in the 

Q8 cavity, stabilized by hydrophobic interactions. Binding to Q8 has been shown to trigger 

dimerization of FGG-C9 and consequently leads to C9 activity.[26]     

 The caspase-9 activatable 14-3-3 also requires an alternative read-out system to measure the 

14-3-3 scaffolding activity. Therefore, the recently developed split-luciferase NanoBiT-CT52 fusion 

system was chosen, introduced in chapter 4, to monitor 14-3-3 scaffolding (Figure 5.2a).[27] The 

large NanoBiT fragment (LgNB) was fused to the CT52 peptide (LgNB-CT52) with a C-terminal 

phospho-mimicking motif (Tyr-Asp-Ile), which allows small-molecule stabilization by fusicoccin. 

The small NanoBiT fragment, with very low LgNB binding affinity (Kd = 190 μM), was fused to 

CT32, also with a C-terminal Tyr-Asp-Ile motif (SmNB-CT32). The luciferase activity after NanoBiT 

restoration on the 14-3-3 scaffold was investigated, showing a ~100-fold increase in 

bioluminescence emission upon addition of FC (Figure 5.2b), which demonstrates successful 

scaffolding of the split-luciferase fusion proteins. The response observed for this system is higher 

compared to the C9-CT52 system, which is attributed to the lower background complementation 

of the split-fusion proteins in absence of the 14-3-3 scaffold. 

 The caspase-9 activatable 14-3-3 scaffolds were subsequently combined with the alternative 

in- and output systems to assess the assembly of an enzyme cascade (Figure 5.3a, Figure 5.4a). 

The complete cascade for both dT1433-LEHD-BiExo* and Exo-LEHD-dT1433-LEHD-Exo was 

monitored by SDS-PAGE (Figure 5.3b, Figure 5.4b). Upon addition of Q8, almost complete 

cleavage of both scaffolds was observed within 10 to 20 minutes, while in the absence of Q8 

cleavage is slower, showing up to ~50 percent cleavage of the scaffold within 2 hours. 
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The mutual compatibility of the various steps in the signalling cascade was assessed by 

combining all components in one-pot. For both scaffolds, the Q8-induced cleavage appears to be 

slower compared to the separately incubated reactions, while the reaction rates in the absence of 

Q8 seem to be minimally influenced. These results could suggest that the Q8-induced 

dimerization of FGG-C9 is less efficient, which might be attributed to possible competition for Q8 

binding of the FGG-C9 and fusicoccin or phenylalanines in the split-NB fusion proteins. 

Nonetheless, similar levels of luciferase activity enhancement were reached upon addition of Q8, 

showing a ~17- and ~86-fold increase in split-NanoBiT activation for the  dT1433-LEHD-BiExo* 

and Exo-LEHD-dT1433-LEHD-Exo scaffold respectively (Figure 5.3f and Figure 5.4f).  
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Self-activation assay of caspase-9 using protease-activatable scaffolding 

Having successfully established caspase-9 activated 14-3-3 scaffolding opens up the possibility of using the system 

for self-activation. By replacing the Q8-activatable caspase-9 with the original caspase-9-CT52  a system is created in 

which C9-CT52  can function as both in- and output of the protease-controlled 14-3-3 scaffold (Figure 5.5a). Self-

activation was evaluated using the Exo-LEHD-dT1433-LEHD-Exo scaffold, as this scaffold showed the strongest 

inhibition and therefore the highest fold increase in activation. Self-activation of the scaffold was assessed over time 

by measuring C9-CT52 activity probed by the fluorogenic substrate Ac-LEHD-AFC, in the absence and presence of FC 

(Figure 5.5b-e). To investigate the influence of the C9-CT52 concentration on the activation kinetics, experiments 

were done using 50, 100, or 200 nM C9-CT52 and 400 nM of Exo-LEHD-dT1433-LEHD-Exo scaffold. As a reference, the 

background activity of C9-CT52 alone was measured, and the maximum activity that could be reached was 

measured by the activation of C9-CT52 on the regular 14-3-3 scaffold in the presence of FC.  In the absence of FC, C9-

CT52 activity on the caspase-9 activated scaffold was similar to the background activity observed for C9-CT52 (Figure 

5.5b-d), over a period of 23 hours. In the presence of FC, the activity of C9-CT52 on the Exo-LEHD-dT1433-LEHD-Exo 

scaffold slowly increased over time, reaching maximal activity after ~ 7 hours for the two highest concentrations of 

C9-CT52 (100, 200 nM), while the activity still increased slightly after 7 hours at a lower concentrations of C9-CT52 (50 

nM). The final maximum activity was not reached for the conditions with 50 nM C9-CT52, which is attributable to the 

slower kinetics at lower concentrations and destabilization of the enzyme over time. An additional control with the 

Exo-dT133-Exo scaffold, which cannot be cleaved by caspase-9, showed slightly higher activity compared to the 

background, which might be attributed to competition between C9-CT52 and ExoS for binding to the scaffold in the 

presence of FC. For all samples a decrease in C9-CT52 activity was observed after 23 hours, which is an indication of a 

general decrease in enzyme stability. This was also observed in previous research concerning C9-CT52, and more 

pronounced at higher temperatures. The initial velocity of the caspase-9 activation increased ~1.8  and ~3.9-fold, 

which correlates with the increase in caspase-9 concentration from respectively 50 to 100 nM, and 50 to 200 nM 

(Figure 5.5e). The activation on the scaffold is significantly slower than for the Q8-induced activation of the scaffold, 

which can be explained as here the scaffold is inhibited, and a more than 25 times higher caspase-9 concentration (5 

μM) was used in the signalling cascade. In summary, these activation assays reveal self-activation is possible using 

C9-CT52 both as in- and output system, and that the speed of self-activation can easily be tuned by varying the C9-

CT52 concentrations. 



5

 

124 
 

Chapter  5 

Self-activation assay of caspase-9 using protease-activatable scaffolding 

Having successfully established caspase-9 activated 14-3-3 scaffolding opens up the possibility of using the system 

for self-activation. By replacing the Q8-activatable caspase-9 with the original caspase-9-CT52  a system is created in 

which C9-CT52  can function as both in- and output of the protease-controlled 14-3-3 scaffold (Figure 5.5a). Self-

activation was evaluated using the Exo-LEHD-dT1433-LEHD-Exo scaffold, as this scaffold showed the strongest 

inhibition and therefore the highest fold increase in activation. Self-activation of the scaffold was assessed over time 

by measuring C9-CT52 activity probed by the fluorogenic substrate Ac-LEHD-AFC, in the absence and presence of FC 

(Figure 5.5b-e). To investigate the influence of the C9-CT52 concentration on the activation kinetics, experiments 

were done using 50, 100, or 200 nM C9-CT52 and 400 nM of Exo-LEHD-dT1433-LEHD-Exo scaffold. As a reference, the 

background activity of C9-CT52 alone was measured, and the maximum activity that could be reached was 

measured by the activation of C9-CT52 on the regular 14-3-3 scaffold in the presence of FC.  In the absence of FC, C9-

CT52 activity on the caspase-9 activated scaffold was similar to the background activity observed for C9-CT52 (Figure 

5.5b-d), over a period of 23 hours. In the presence of FC, the activity of C9-CT52 on the Exo-LEHD-dT1433-LEHD-Exo 

scaffold slowly increased over time, reaching maximal activity after ~ 7 hours for the two highest concentrations of 

C9-CT52 (100, 200 nM), while the activity still increased slightly after 7 hours at a lower concentrations of C9-CT52 (50 

nM). The final maximum activity was not reached for the conditions with 50 nM C9-CT52, which is attributable to the 

slower kinetics at lower concentrations and destabilization of the enzyme over time. An additional control with the 

Exo-dT133-Exo scaffold, which cannot be cleaved by caspase-9, showed slightly higher activity compared to the 

background, which might be attributed to competition between C9-CT52 and ExoS for binding to the scaffold in the 

presence of FC. For all samples a decrease in C9-CT52 activity was observed after 23 hours, which is an indication of a 

general decrease in enzyme stability. This was also observed in previous research concerning C9-CT52, and more 

pronounced at higher temperatures. The initial velocity of the caspase-9 activation increased ~1.8  and ~3.9-fold, 

which correlates with the increase in caspase-9 concentration from respectively 50 to 100 nM, and 50 to 200 nM 

(Figure 5.5e). The activation on the scaffold is significantly slower than for the Q8-induced activation of the scaffold, 

which can be explained as here the scaffold is inhibited, and a more than 25 times higher caspase-9 concentration (5 

μM) was used in the signalling cascade. In summary, these activation assays reveal self-activation is possible using 

C9-CT52 both as in- and output system, and that the speed of self-activation can easily be tuned by varying the C9-

CT52 concentrations. 

 

 

Figure 5.5 

self-activatio

activation le

scaffold, enh

Self-activatio

on of the Ex

eads to clea

hancing the 

on assay wit

xo-LEHD-dT1

vage of the 

cleavage of 

th Exo-LEHD

433-LEHD-Ex

scaffold wh

f the scaffold

C

D-dT1433-LEH

xo scaffold i

hich leads to

d, resulting in

aspase-9 con

HD-Exo scaff

in the presen

o dimerizatio

n higher C9-C

ntrolled activa

fold. (A) Sche

nce of C9-CT

on and activa

CT52 activat

ation of 14-3

ematic repre

T52 and FC. 

vation of C9-

tion. (B-D) Se

125

-3 scaffolds

 

esentation o

Background

-CT52 on the

elf-activation

5 

f 

d 

e 

n 



 

126 
 

Chapter  5 

assay with Exo-LEHD-dT1433-LEHD-Exo scaffold. (B) Activation (U mg-1) of C9-CT52 (50 nM), (C) 100 nM C9-

CT52 and (D) 200 nM C9-CT52, on the Exo-LEHD-dT1433-LEHD-Exo scaffold (400 nM) probed by a fluorogenic 

substrate (Ac-LEHD-AFC) in the absence (light grey) and presence of 10 μM FC (dark grey). Controls showing the 

Exo-dT1433-Exo scaffold (400 nM) in the presence of (B) 50 nM C9-CT52, (C) 100 nM C9-CT52, or (D) 200 nM C9-

CT52, and 10 μM FC (black) and the background activity of solely C9-CT52 (50, 100 or 200 nM, light blue) on the 

fluorogenic substrate. Maximum activity that can be reached is measured by the activation of C9-CT52 (50, 100 

or 200 nM) at the native dT14-3-3 scaffold (400 nM) in presence of 10 μM FC (dark blue). Samples were 

incubated at 18°C in 20 mM NaH2PO4 (pH 7.0), 150 mM NaCl, 1 mM EDTA, and 2 mM TCEP. At each time point, 

Ac-LEHD-AFC was added to a final concentration of 200 μM. Error bars represent SEM (n = 2). (E) Activation            

(U mg-1) of C9-CT52 on the Exo-LEHD-dT1433-LEHD-Exo scaffold over time in the presence of FC, data from the 

same assay in Figure 5.5b-d (dark grey).  

Discussion and conclusion 

 The protease-controlled 14-3-3 scaffold engineered in this study is the first example of a 

caspase-activatable 14-3-3 protein. The developed scaffold could be cleaved by active FGG-C9, 

mediated by the supramolecular host Q8, as well as by activate C9-CT52, tuned by 

small-molecule input. Split-luciferase activities increased upon Q8-induced caspase-9 cleavage 

of the scaffold when the steps were incubated separately, yet similar activity levels were 

obtained when the signalling cascade was combined in one-pot. The established synthetic 

signalling cascade pioneers the simultaneously incorporation of  proteases, protein scaffolds, 

split-luciferases, together with a small-molecule and a supramolecular host, demonstrating 

mutual compatibility of the various components. Additionally, the protease-controlled scaffold 

demonstrates the first case of a self-activating enzymatic system based on scaffolding, by using 

C9-CT52 as both in- and output.        

 The modular nature of the designed activatable scaffold allows straightforward exchange of 

the protease recognition sites to any protease of interest. The Exo-LEHD-dT1433-LEHD-Exo 

scaffold can in this way for example be applied as an AND-gate[28], whereby two different 

proteases are required for activation. Previous research already demonstrated  that the scaffold 

could be cleaved by two proteases, TEV and Factor Xa, showing efficient inhibition and almost 

80% recovery upon dual cleavage.[24] Further investigation is necessary to assess compatibility 

of the system for scaffolded activation of a third protease or with alternative output systems.   

 In contrast to self-activation, self-inhibition of the protease-controlled scaffold could 

potentially  be  engineered. The strategy could be based on earlier research concerning a 

supramolecular assembly of a 14-3-3 dimer, in complex with two interacting N-terminally fused 
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FGG-peptides, whereby Q8 stabilizes the entire complex.[29] Self-inhibition might be obtained 

by the use of FGG-ExoS fusion peptides with an N-terminally fused caspase-9 recognition motif 

(Leu-Glu-His-Asp, LEHD-FGG-ExoS), thereby inhibiting them from Q8 binding. Upon activation 

of C9-CT52 on the protease controlled 14-3-3 scaffold, FGG-ExoS is liberated from the LEHD 

motif, and can bind to 14-3-3 in the presence of Q8, forming a supramolecular assembly with 

increased binding affinity. Extensive research for this concept is required to fine tune the 

affinities of all components for 14-3-3 binding. 

 The modular protease-controlled 14-3-3 scaffold opens up combinations with other systems. 

For example, other proteases could be used that also require dimerization for a self-activation 

mechanism, where the protease cleavage site is incorporated in the flexible linkers between 

14-3-3 and ExoS, and the protease monomer of interest is fused to CT52 to dimerize on the 

scaffold. For example retroviral proteases such as the HIV-1 protease require dimerization for 

activation[30], or split-proteases such as split-TEV can be explored for self-activation.[31] The 

developed scaffold could additionally be joined with other, earlier developed components, 

such as the phosphorylation-induced binding to 14-3-3. Integrating these modules into one 

would require optimization of the phosphorylation-based 14-3-3 binding partners in 

completion with the ExoS inhibition of the scaffold. Next to altering the protease-controlled 

14-3-3 scaffold itself, the scaffold could potentially be combined with other protease-based 

synthetic signalling networks. For instance the protease-based molecular switches developed 

by Stein and Alexandrov are suitable components.[20,21] Their system can either be coupled 

upstream or downstream of the protease-controlled 14-3-3 scaffold, functioning as input or 

sequential output of the system.  

 An advantage of the protease-activatable 14-3-3 system is that it is genetically encoded, 

allowing its integration in situ. Therefore, the scaffold can be used to reengineer and effect 

signal transduction networks, both in an orthogonal fashion or by integrating the scaffold in 

existing networks. The caspase-9 controlled system used in this study may be applied to initiate 

the caspase cascade and induce apoptosis in human cells. Such a protease-controlled system 

can be applied to regulate the viability of therapeutic cells after these have exerted their effect 

or in case of adverse events.[32,33] Other protease-inducible or -inducing systems that can be 

coupled in situ are for instance split-caspases[34], split-TEVs[35–37], chimeric adapters that reroute 

tyrosine kinase signalling[38], membrane-bound receptors for monitoring of protein-protein 

interactions (ppi)[39] or  photo-activatable proteases.[40] 
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 Additionally, the protease-controllable 14-3-3 proteins are attractive tools to further unravel 

the natural role of 14-3-3 proteins in living cells. Most of the knowledge on the intracellular role 

of 14-3-3 proteins has been obtained by analysing cell behaviour in response to overexpression 

or downregulation of specific isoforms, and by identifying target interactions using 

immunoprecipitation and pull-down assays.[41–44] Stabilization of the interaction of 14-3-3 with 

target proteins such as CFTR[45], ERα[46] and C-RAF[47,48] using small molecules fusicoccin and 

cotylenin-A allowed further unravelling of the molecular mechanisms behind 14-3-3 based 

control of target protein activity, both in vitro and in mammalian cells. However, the 

small-molecules that induce the ppi are not truly specific, while the developed protease-

controlled scaffold would allow easier orthogonal control of ppi. Most studies focus on the 

action of 14-3-3 homodimers, while heterodimers have also been shown to be biologically 

active.[49] The intramolecular scaffold protein design with both 14-3-3 monomers fused via a 

30-amino acid linker allows the incorporation of homo- and heterodimers of specific 14-3-3 
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Material & Methods 

Protein expression and purification FGG-C9  

FGG-C9 protein was encoded in a pET28a plasmid and a generous gift of Bas Rosier. The protein was expressed 

under sterile conditions in E. coli BL21 (DE3) (Novagen). Two liter cultures of TB medium were used in 5 L baffled 

conical flask and supplemented with kanamycin (30 μg/mL) inoculated with 25 mL of overnight culture. The 

culture was incubated at 37 °C and 160 rpm until the optical density OD600
 reached 0.6-0.8. Subsequently 0.1 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce expression and the culture was incubated 

overnight at 18 °C. Cells were harvested by centrifugation (10,000 g, 10 min, 4 °C) in a Sorvall Evolution Centrifuge 

with a SLC-300 rotor (Thermo Scientific). The cell pellet was stored at -80° until purification, successively the pellet 

was resuspended in lysis buffer (10 mL per gram cell pellet, 10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 

10% glycerol, 20 mM Imidazole, 0.1 mM TCEP, Benzonase® Nuclease (25 U per  10 mL buffer, Novagen), pH 7.4) and 

cells were lysed using a EmulsiFlexC3 High Pressure homogenizer (Avestin) at 20,000 psi for two rounds. Cell debris 

was removed by centrifugation (40,000 g, 45 min, 4 °C) in a Sorvall Evolution Centrifuge with a SA300 rotor. The 

supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen)  and washed with wash buffer (10 mM 

phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP pH 7.4) in presence and 

subsequently absence of 0.1% Triton-X-100. Protein was eluted from the column by elution buffer (10 mM 

phosphate buffer, 2.7 mM KCl, 507 mM NaCl 10% glycerol, 250 mM Imidazole, 0.1 mM TCEP pH 7.4). Elution 

fractions were pooled and cleavage of the His6-SUMO tag was performed in a dialysis bag (SnakeSkin™ dialysis 

tubing, MWCO 3.5 kDa, Thermo Fisher Scientific) in the presence of SUMO protease dtUD1 (purified according to 

reported protocol[50]) (1:500) and dialyzed against 4L of dialysis buffer (50 mM Tris, 150 mM NaCl, pH 7.8) stirring at 

4 °C overnight. The dialysis sample was further purified using a second Ni-column equilibrated with wash buffer 

and the flow-through containing the protein was collected, an additional washing step with wash buffer (10 mM 

phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% glycerol, 20 mM Imidazole, 0.1 mM TCEP pH 7.4) eluted the 

remaining unspecifically bound protein from the column. The protein was buffer exchanged and concentrated 

using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore) against assay buffer (20 mM Na2HPO4, 150 mM 

NaCl, 1 mM EDTA, 2 mM TCEP, pH 7.0). Concentration of the protein was determined using a Thermo Scientific ND-

1000 spectrophotometer at 280 nm (ε = 29,450 M-1 cm-1 in water under reducing conditions). 

 

Protein expression and purification T14-3-3-ExoS constructs 
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Centrifuge with a SA300 rotor. The supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen)  

and washed with wash buffer (10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl, 10% glycerol, 20 mM 

Imidazole, 0.1 mM TCEP pH 7.4) in presence and subsequently absence of 0.1% Triton-X-100. Protein was eluted 

from the column by elution buffer (10 mM phosphate buffer, 2.7 mM KCl, 507 mM NaCl 10% glycerol, 250 mM 

Imidazole, 0.1 mM TCEP pH 7.4). The elution was loaded directly on a Strep-Tactin column (IBA Life Sciences), and 

washed with buffer W (100 mM Tris, 150 mM NaCl, 1 mM EDTA, pH 8.0), the protein was eluted from the column 

with buffer E (100 mM Tris, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin, pH 8.0). Subsequently, the protein 

was buffer exchanged and concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore) against 

assay buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, 2 mM TCEP, pH 7.0). Concentration of the proteins was 

determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm (ε = 60,280 M-1 cm-1 in water under 

reducing conditions). 

 

Synthetic signalling cascade 

For the two-step assay, one main stock of  2 μM dT1433-LEHD-BiExo* or Exo-LEHD-dT1433-LEHD-Exo scaffold was 

incubated with 5 μM FGG-C9 and in the presence or absence of10 μM Q8 at 37 °C. At subsequent time points these 

samples were diluted 5 times in 20 mM NaH2PO4, 150 mM NaCl, 1 mM EDTA, and 2 mM TCEP at pH 7.0, and mixed 

with 40 nM LgNB-CT52, 40 nM SmNB-CT32, 5 μM FC, 1 mg/mL BSA, and 2000-fold diluted furimazine, in a total 

volume of 100 μL using a 96-well plate (Perkin Elmer Optiplate).  The bioluminescence emission spectrum were 

measured at a Tecan Spark 10M plate reader (using 11 filters covering from 398 nm to 548 nm, and an integration 

time of 100 ms) using an integration time of 100 ms. At each time point the measured spectrum was normalized to 

the bioluminescent emission spectrum obtained for the scaffold that had not been incubated with FGG-C9 and 

Q8. Scaffold cleavage was simultaneously analysed by SDS-PAGE gel analysis.    

  For the one-pot assay, 400 nM of dT1433-LEHD-BiExo* or Exo-LEHD-dT1433-LEHD-Exo scaffold was incubated at 

37°C with 5 μM FGG-C9, and in presence or absence of 10 μM Q8. The following components were added 

additionally, 40 nM LgNB-CT52, 40 nM SmNB-CT32, 5 μM FC, 1 mg/mL BSA, in 20 mM NaH2PO4, 150 mM NaCl, 1 

mM EDTA, and 2 mM TCEP, pH 7.0. At different time points furimazine (2000-fold diluted in final sample) was 

added, and the bioluminescence emission spectrum was measured at a Tecan Spark 10M plate reader (11 filters 

covering from 398 nm to 548 nm, and an integration time of 100 ms).    

 The bioluminescence emission increases over time were fitted using equation 5.1 assuming first order reaction 

kinetics. In equation 5.1, B0 is the bioluminescence emission at t = 0, Bf the final bioluminescent emission when a 

plateau has been reached and k is the rate constant.  

� � �� � ��� � ��� � �� � �����)            (equation 5.1) 
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Sequence His-dT1433-LEHD-BiExo*-Strep with Caspase-9 cleavage site and L423A mutation 

        10         20         30         40         50         60  
MGSSHHHHHH SSGLVPRGSH MAVAPTAREE NVYMAKLAEQ AERYEEMVEF MEKVSNSLGS  
        70         80         90        100        110        120  
EELTVEERNL LSVAYKNVIG ARRASWRIIS SIEQKEESRG NEEHVNSIRE YRSKIENELS  
       130        140        150        160        170        180  
KICDGILKLL DAKLIPSAAS GDSKVFYLKM KGDYHRYLAE FKTGAERKEA AESTLTAYKA  
       190        200        210        220        230        240  
AQDIATTELA PTHPIRLGLA LNFSVFYYEI LNSPDRACNL AKQAFDEAIA ELDTLGEESY  
       250        260        270        280        290        300  
KDSTLIMQLL RDNLTLWTSD MQGGSGGSGG SGGSGGSGGS GGSGGSGGSG GSMAVAPTAR  
       310        320        330        340        350        360  
EENVYMAKLA EQAERYEEMV EFMEKVSNSL GSEELTVEER NLLSVAYKNV IGARRASWRI  
       370        380        390        400        410        420  
ISSIEQKEES RGNEEHVNSI REYRSKIENE LSKICDGILK LLDAKLIPSA ASGDSKVFYL  
       430        440        450        460        470        480  
KMKGDYHRYL AEFKTGAERK EAAESTLTAY KAAQDIATTE LAPTHPIRLG LALNFSVFYY  
       490        500        510        520        530        540  
EILNSPDRAC NLAKQAFDEA IAELDTLGEE SYKDSTLIMQ LLRDNLTLWT SDMQGTSGGS  
       550        560        570        580        590        600  
GGSGGSGGSD DVTPCSMSGG SGGSENLEHD SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG  
       610        620        630        640        650  
STGGSQGLAD ALDLASGGGG GGTGGGQGLA DALDLASGST SGTTSAWSHP QFEK  
 

 

Sequence His-Exo-LEHD-dT1433-LEHD-Exo-Strep with Caspase-9 cleavage sites 

        10         20         30         40         50         60  
MGSSHHHHHH SSGLVPRGSH MTGQGLLDAL DLASGGSGGS GGSGGSGGSL EHDGGSGGSG  
        70         80         90        100        110        120  
GSGGSGASGG SGGSGGSGAS GGSGGTGGSG ASMAVAPTAR EENVYMAKLA EQAERYEEMV  
       130        140        150        160        170        180  
EFMEKVSNSL GSEELTVEER NLLSVAYKNV IGARRASWRI ISSIEQKEES RGNEEHVNSI  
       190        200        210        220        230        240  
REYRSKIENE LSKICDGILK LLDAKLIPSA ASGDSKVFYL KMKGDYHRYL AEFKTGAERK  
       250        260        270        280        290        300  
EAAESTLTAY KAAQDIATTE LAPTHPIRLG LALNFSVFYY EILNSPDRAC NLAKQAFDEA  
       310        320        330        340        350        360  
IAELDTLGEE SYKDSTLIMQ LLRDNLTLWT SDMQGGSGGS GGSGGSGGSG GSGGSGGSGG  
       370        380        390        400        410        420  
SGGSMAVAPT AREENVYMAK LAEQAERYEE MVEFMEKVSN SLGSEELTVE ERNLLSVAYK  
       430        440        450        460        470        480  
NVIGARRASW RIISSIEQKE ESRGNEEHVN SIREYRSKIE NELSKICDGI LKLLDAKLIP  
       490        500        510        520        530        540  
SAASGDSKVF YLKMKGDYHR YLAEFKTGAE RKEAAESTLT AYKAAQDIAT TELAPTHPIR  
       550        560        570        580        590        600  
LGLALNFSVF YYEILNSPDR ACNLAKQAFD EAIAELDTLG EESYKDSTLI MQLLRDNLTL  
       610        620        630        640        650        660  
WTSDMQGTTS GGSGGSGGSG GSDDVTPCSM SGGSGGSENL EHDSGGSGGS GGSGGSGGSG  
       670        680        690        700  
GSGGSGGSGG SGGSGGSQGL LDALDLASGS TSGTTSAWSH PQFEK  
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Abstract 

FRET-based caspase activity probes have become important tools to monitor apoptotic cell 

signalling. However, their dependence on external illumination is incompatible with light sensitive 

cells, and hampers applications that suffer from autofluorescence and light scattering. Here the 

development of three caspase sensor proteins is reported that based on Bioluminescence Resonance 

Energy Transfer (BRET) that retain the advantages of genetically-encoded, ratiometric optical 

probes but do not require external illumination. These sensors consist of the bright and stable 

luciferase NanoLuc and the fluorescent protein mNeonGreen, fused together via a linker containing 

a recognition site for caspase-3, -8 or -9. In vitro characterization showed that each caspase sensor 

displayed a robust 10-fold decrease in BRET-ratio upon linker cleavage, with modest caspase 

specificity. Importantly, whereas scattering and background fluorescence precluded FRET-based 

detection of intracellular caspase activity in plate-reader assays, such measurements could be easily 

performed using our caspase BRET sensors in a high throughput format. The brightness of the BRET 

sensors also enabled long-term single-cell imaging, allowing BRET-based recording of cell 

heterogeneity in a heterogenic cell population 
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Bright bioluminescent BRET sensor proteins for measuring intracellular caspase activity

Introduction 

 Proteases play important roles in cell signalling regulation in normal and diseased states and 

are attractive targets for protease inhibitor mediated therapy.[1] Caspases belong to the cysteine 

dependent class of proteases and are key regulators of apoptosis, a critical process in 

developmental biology and essential for tissue homeostasis.[2] Caspases are also involved in 

inflammation, refinement of mature neuronal networks, proliferation and differentiation.[3–5] 

Apoptosis is tightly regulated by a cascade of caspases that are inert proenzymes before 

proteolytic activation.[6] Caspases are activated via an extrinsic pathway, involving initiator 

caspase-8, and an intrinsic pathway, initiated by initiator caspase-9, which both lead to 

downstream activation of the caspase-3 and other subsequent executioner caspases.[7] 

Dysregulation of apoptosis causes aberrant activation (or lack of activation) of these pathways 

and is associated with cancer, autoimmune diseases, and neurological and cardiovascular 

disorders.[8]            

 Many apoptosis assays focus on the detection of late events in apoptosis, such as 

externalization of phosphatidylserine, chromatin condensation and DNA fragmentation.[9] 

Caspase activation represents an early apoptosis marker and its detection typically relies on 

application of fluorescent peptide-based substrates. These assays are based on the release of a 

fluorophore reporter group upon caspase cleavage, the separation of a fluorescent group 

conjugated via a peptide linker to a quencher, or genetically-encoded probes.[10] The first two 

methods are usually limited to in vitro detection in cell lysates. Genetically-encoded caspase 

sensor proteins allow monitoring caspase activity on a single-cell level in real time. Most of 

these sensors are based on Förster Resonance Energy Transfer (FRET) between a fluorescent 

donor protein and an acceptor protein linked via a caspase-cleavable linker.[11–20] The ratiometric 

response of FRET-sensor proteins renders them relative insensitive to variations in sensor 

concentration, while their genetic encoding is attractive for live cell imaging and allows 

excellent control of subcellular localization. Single-cell imaging with genetically-encoded FRET 

sensors revealed large cell-to-cell variability in the time point of caspase activation following 

treatment with apoptosis inducing agents. However, once the signalling threshold is reached, 

the cell dies within ten minutes.[21] Although FRET is highly useful in single-cell microscopy 

experiments, fluorescence is incompatible with light sensitive cells and optogenetic 

applications. Moreover, the requirement of an excitation light source introduces problems such 

as auto-fluorescence and light scattering, which can severely hamper applications in strongly 

absorbing or scattering media, such as plate-based assays and in vivo imaging.  
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 Sensors based on Bioluminescence Resonance Energy Transfer (BRET) have recently received 

increasing attention as a viable alternative to FRET-based biosensing.[22–24] In these sensors, the 

donor fluorescent domain is replaced by a luciferase enzyme, which generates light by 

catalyzing the oxidation of specific organic substrate molecules. Also several examples of 

intensiometric bioluminescent assays to detect caspase activity have been reported, including 

the use of caspase-activatable luciferin variants,[25]  mechanically-strained circular luciferases[26], 

or cyclic luciferases, whereby activity is restored upon cleavage by caspase-3.[27] BRET-based 

detection of caspase activity has been reported using Renilla[28,29], firefly[30] and click-beetle 

green luciferases[22] conjugated to YFP or GFP, the fluorescent dye AF680, and the red 

fluorescent protein tdTomato, respectively. Of these systems BRET sensors based on Renilla 

luciferase and its variants have been most commonly used, both for caspase and other 

proteases such as thrombin. [29,31–34]  While these studies already showed some of the benefits of 

BRET-based detection, these sensors still showed limited brightness and used relatively instable 

substrates, hampering their application in cell-based assays and precluding single-cell imaging 

experiments.             

 In this work the development of a family of bright BRET-based caspase sensors is reported, 

based on the recently developed luciferase NanoLuc (NLuc). NLuc is a small and highly stable 

luciferase that generates a bright and glow-type blue luminescence that is 100 times more 

intense than the luminescent signal produced by Renilla or firefly luciferases.[35] Not surprisingly, 

NLuc is rapidly becoming the luciferase of choice for numerous applications, including as donor 

luciferase in BRET-based assays.[23,36–39] To ensure efficient BRET in the absence of caspase 

activity, NLuc was fused to the fluorescent acceptor protein mNeonGreen (mNG)[39,40] via a 

caspase-cleavable 17 amino acid flexible linker (Figure 6.1a). The high extinction coefficient and 

quantum yield of mNG and the strong overlap between the excitation spectrum of mNG and 

the emission spectrum of the NLuc substrate (furimazine) contribute to efficient energy transfer 

and thus bright acceptor emission in the non-cleaved state.[39] A 17 amino acid linker containing 

a tetrapeptide caspase recognition site was chosen to allow easy access by the target caspases, 

while at the same time keeping the domains in close proximity for efficient BRET. Three sensors 

were developed (C3-, C8- and C9-BRET), targeting initiator caspase-8 (Ile-Glu-Thr-Asp) involved 

in the extrinsic pathway, initiator caspase-9 (Leu-Glu-His-Asp) from the intrinsic pathway and 

the downstream executioner caspase-3 (Asp-Glu-Val-Asp). 
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Chapter 6 

constant over a period of 5 hours in the absence of STS. Addition of STS induced a clear 

decrease in emission ratio after 5 hours, consistent with complete sensor cleavage in the 

measured timeframe. HeLa cells expressing control sensors in which the essential aspartic acid 

in the recognition motif was mutated to an alanine showed emission ratios that were slightly 

higher compared to the caspase-activatable sensors, possibly attributable to decreased 

background cleavage (Figure S6.8). The emission ratios for these cells remained high even 5 h 

after incubation with STS, despite the fact that the cells did show clear apoptotic morphological 

changes. Together these results show that the caspase BRET sensors provide reproducible, 

robust and specific in situ detection of caspase activity. 

Single-cell imaging shows heterogeneity in caspase-3 activation 

 Previous work using FRET-based sensors revealed that there is substantial heterogeneity 

between cells in the onset of caspase-3 activation following treatment with STS.[12,13,44] Having 

established the robust performance of C3-BRET to monitor intracellular caspase activation on a 

population of cells in a plate reader, it was subsequently tested whether its bright luminescence 

also allows bioluminescent imaging of single cells. HeLa cells expressing C3-BRET were treated 

with STS and subsequently imaged for 6 hours using a bioluminescence microscope. Fresh 

substrate was added at regular time intervals and luminescence was imaged between 420-460 

nm for NLuc and between 510-550 nm for mNG. Figure 6.4a shows pictures of the same cells 

imaged 2 and 4 hours after STS addition in which the green and blue channels are 

superimposed. The robust change in emission ratio allows to easily distinguish cells before and 

after caspase activation by simply merging the channels (Figure 6.4a). At 2 hours, the vast 

majority of cells are still green, and only a few blue cells are observed that have undergone 

caspase-3 activation. After 4 hours nearly half of the cells showed the low (< 0.8) emission ratio 

characteristic of caspase-3 activity, while after 6 hours 100% of the cells exhibited caspase 

activity (Figure 6.4b). Figure 6.4c displays the absolute emission intensities of 10 consecutive 1 

minute images of cells 4 hours after STS treatment. Please note that there is a gradual decrease 

in emission intensities in both the blue and the green channels during these 10 minutes 

because the concentration of luciferase substrate decreases over time. However, by monitoring 

the ratio of the blue and the green emission, three cells can be distinguished that undergo 

caspase-3 activation within this timeframe. In each case caspase-3 activity increased rapidly, 

showing complete cleavage of C3-BRET within 2-3 minutes, which is consistent with previous 

work using FRET-based single-cell imaging (Figure 6.4c-d).[12] These results demonstrate that 

BRET-based imaging provides a feasible alternative for FRET-based imaging for monitoring 

caspase activation on a single-cell level for prolonged periods of time. 
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Chapter 6 

Conclusion 

 In conclusion, bright bioluminescent caspase sensors were developed that allow robust in situ 

detection of caspase-3, -8 or -9 activities. The ratiometric and stable bioluminescent signal 

offered by these sensors proved to be advantageous for high throughput caspase activity 

assays and allowed long-term imaging of caspase activity in single cells. While FRET-based 

imaging remains the method of choice for high resolution imaging of a single cell in terms of 

sensitivity and spatial resolution, BRET-based imaging provides an attractive alternative for 

experiments involving light-sensitive cells and optogenetic applications. BRET-based caspase 

sensors are also attractive for in vivo imaging. For these latter applications it may be beneficial 

to develop red-shifted sensor variants, e.g. by using the recently developed NanoLanterns-NLuc 

variants as a red-shifted donor luciferase in combination with a red fluorescent acceptor 

proteins.[34,37,45] Although the absolute intensity of bioluminescence changes in time, the 

emission ratio was shown to remain very stable over prolonged periods of time, responding 

only to caspase-induced cleavage. These sensors thus provide attractive tools for high-

throughput cell-based drug screening to monitor caspase-mediated apoptosis, and can also be 

adopted, after replacement of the protease recognition sequence, to other protease-related cell 

signalling process.  
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Chapter 6 

Bioluminescence spectra 

Bioluminescence emission spectra were measured on a Varian Eclipse spectrophotometer. The sensor (10 nM) was 

incubated with the corresponding caspase (10 μM) in buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, 2 mM 

TCEP, 1 mg/mL BSA, pH 7.0)  in a total volume of 200 μL. Subsequently, 0.5 μL NanoGlo assay substrate (Promega) 

was added before transferring it to black cuvettes with 10 mm path length. Spectra were measured between 400 

and 600 nm with a gate time of 5 ms, an emission slit of 20 nm and data interval of 1 nm. 

 

In vitro cleavage assay SDS-PAGE 

The sensor (4 μM) was incubated overnight at 37°C with the corresponding caspase (1 μM) in buffer (20 mM 

Na2HPO4, 150 mM NaCl, 1 mM EDTA, 2 mM TCEP, 1 mg/mL BSA, pH 7.0)  in a total volume of 50 μL. The reaction 

was stopped by the addition of 2x SDS-loading buffer (125 mM Tris-HCL, 5% SDS, 20 % glycerol, 0.02% 

bromophenol blue at pH 6.8). Results were analysed on precast SDS-PAGE gels (4-20% Mini-PROTEAN® TGXTM 

Precast Protein Gel - Bio-Rad) and protein was stained using Coomassie Brilliant Blue (R-250 Bio-Rad). Gel pictures 

were taken using the ImageQuant350 with an integration time of 8 ms (GE Healthcare). 

 

Cross reactivity assay  

Caspase protein (1 μM) was incubated for 0.5 hour in buffer (20 mM Na2HPO4, 150 mM NaCl, 1 mM EDTA, 2 mM 

TCEP, 1 mg/mL BSA, pH 7.0)  containing 1 M sodium citrate to dimerize and activate the caspases.] Subsequently, 

caspase sensor (1 μM) and NanoGlo assay substrate (Promega, final dilution 5000x) were added. Measurements 

were performed in 50 μL volume in 384-well plates (Perkin Elmer OptiPlate-384, white) on a Tecan Spark 10M plate 

reader, recording luminescent blue emission (445-470 nm) and green (505-530 nm) using an integration time of 

100 ms. 

 

Bioluminescent plate reader assay  

HeLa cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen), supplemented with 10% Fetal 

Bovine Serum (Gibco®), 1% L-glutamine (Gibco®), and 1% penicillin/streptomycin (Gibco®), and maintained at 37 °C 

in a humidified atmosphere containing 5% CO2.  Cells were seeded in alternating wells on a 96-wells plates (DB 

Falcon, transparent) and transiently transfected with Lipofectamine2000 (Invitrogen) in Opti-MEM Reduced Serum 

Media (Life Technologies) the next day. After 4 h, the media were changed to DMEM. Apoptosis was induced by 

addition of staurosporine (5 μM, Enzo LifeSciences), 48 hours after transfection. Before measurements, cells were 

washed once with PBS and replaced by medium. All measurements were done at 37°C in Dulbecco’s modified 

Eagle’s Medium phenol red free medium, supplemented with 10% fetal bovine serum, 1% L-glutamine and 1% 

penicillin/streptomycin with or without staurosporine. NanoGlo assay substrate (Promega, final dilution 1000x) 

was added and bioluminescence emission of the immobilized cells was recorded on a Tecan Spark 10M. Blue 

emission (445-470 nm) and green (505-530 nm) luminescent emission was measured using an integration time of 

100 ms. 
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Bright bioluminescent BRET sensor proteins for measuring intracellular caspase activity

FRET-based caspase sensor SCAT3 

HeLa cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen), supplemented with 10% Fetal 

Bovine Serum (Gibco®), 1% L-glutamine (Gibco®), and 1% penicillin/streptomycin (Gibco®), and maintained at 37 °C 

in a humidified atmosphere containing 5% CO2.  Cells were seeded in alternating wells on a 96-wells plates (DB 

Falcon, transparent) and transiently transfected with Lipofectamine2000 (Invitrogen) the next day. Apoptosis was 

induced by addition of staurosporine (5 μM, Enzo LifeSciences), 48 hours after transfection. Before measurements 

cells were washed once with PBS and replaced by phenol red free DMEM (Invitrogen) supplemented with 10% 

fetal bovine serum, 1% L-glutamine and 1% penicillin/streptomycin or live cell imaging solution (20 mM Hepes, 

140 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, pH = 7.4, ThermoFisher) with or without staurosporine. 

Fluorescent emission spectra of the immobilized cells were recorded using a Tecan Spark 10M with an excitation 

wavelength of 410 nm and emission ranging from 455-600 nm, step size of 2nm, bandwidth of 20 nm, integration 

time of 40 μs and gain of 100. Fluorescent microscopy images were taken 48 hours after transfection using a Zeiss 

Axio Observer D.1 microscope with 20x magnification and filters CFP(480/40nm) and YFP (535/30nm). 

 

Single cell imaging  

HeLa cells were grown in Dulbecco’s modified Eagle’s Medium (DMEM, Invitrogen), supplemented with 10% Fetal 

Bovine Serum (Sigma®), 1% L-glutamine (Gibco®), and 1% penicillin/streptomycin (Gibco®), and maintained at 37 

°C in a humidified atmosphere containing 5% CO2. Cells were seeded in glass bottom dishes (Greiner Bio-One) and 

transiently transfected as described above. Before measurements, cells were washed once with PBS and replaced 

by phenol red free DMEM (Invitrogen) with staurosporine (5 μM, Enzo LifeSciences), 48 hours after transfection. 

Microscopy images were obtained using a bioluminescence inverted microscope (LV200, Olympus) with a 40× oil 

immersion objective and a BFP filter (420−460 nm) that could detect NanoLuc and GFP filter (510−550 nm) for 

emission of mNeonGreen. Cells were maintained at 37°C  and 5% CO2 under humidifying conditions during the 

experiments. NanoGlo assay substrate (Promega, 2 μL) was added directly before each measurement and 

bioluminescence was recorded every minute for the duration of 10 minutes with an integration time of 5 seconds 

per channel. Image analysis was performed using ImageJ software. 
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Amino acid sequence caspase BRET sensor 

        10         20         30         40         50         60  
MGSSHHHHHH SSGLVPRGSH MVSKGEEDNM ASLPATHELH IFGSINGVDF DMVGQGTGNP  
        70         80         90        100        110        120  
NDGYEELNLK STKGDLQFSP WILVPHIGYG FHQYLPYPDG MSPFQAAMVD GSGYQVHRTM  
       130        140        150        160        170        180  
QFEDGASLTV NYRYTYEGSH IKGEAQVKGT GFPADGPVMT NSLTAADWCR SKKTYPNDKT  
       190        200        210        220        230        240  
IISTFKWSYT TGNGKRYRST ARTTYTFAKP MAANYLKNQP MYVFRKTELK HSKTELNFKE  
       250        260        270        280        290        300  
WQKAFTDVMG MDELYKEFGT ENLYDEVDGS GGSMVFTLED FVGDWRQTAG YNLDQVLEQG  
       310        320        330        340        350        360  
GVSSLFQNLG VSVTPIQRIV LSGENGLKID IHVIIPYEGL SGDQMGQIEK IFKVVYPVDD  
       370        380        390        400        410        420  
HHFKVILHYG TLVIDGVTPN MIDYFGRPYE GIAVFDGKKI TVTGTLWNGN KIIDERLINP  
       430        440        450        460  
DGSLLFRVTI NGVTGWRLCE RILASSGLVP RGSHWSHPQF EK  

 
Caspase BRET sensor construct incorporating a N-terminal His-tag (5-10) , C-terminal Strep-tag (457-462), 

mNeonGreen(21-256) and NanoLuc(274-444). The connecting linker contains the caspase recognition motif which 

is underlined. The recognition motif is Asp-Glu-Val-Asp for caspase-3, Ile-Glu-Thr-Asp for caspase-8 and Leu-Glu-

His-Asp for caspase-9. 
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Introduction 

 The work described in this thesis presents the introduction of synthetic protein signalling 

modules, based on the 14-3-3 scaffold protein and the enzymes caspase-8 and -9. The principle 

signalling module introduced in chapter 2 showed that small-molecule fusicoccin input can 

lead to robust control over cooperative caspase-9-CT52 dimerization and activation on the 

14-3-3 scaffold. The modular design strategy used to develop the first module allowed for the 

development of a second module with an altered enzymatic output, described in chapter 3. 

The fusion protein caspase-8-CT52 and mutated monomeric variants were used to demonstrate 

small-molecule induced activation on the 14-3-3 protein scaffold. The two enzymes used in 

these scaffolding systems showed that differences in enzyme activity can be influenced by the 

presence of a small-molecule but also by introducing mutations in the caspases and the 14-3-3 

binding motif of CT52. Moreover, the 14-3-3/ C8-CT52/ FC system displayed combinatorial 

inhibition, however the narrow concentration window in which this was observed suggests 

limited cooperativity of C8-CT52 binding onto the scaffold, compared to the system with the 

C9-CT52 fusion protein. Modifications to this small-molecule induced scaffolding system 

introduce a diversity of 14-3-3 based scaffold modules, such as an altered small-molecule input, 

varied 14-3-3 binding motifs, and changed enzyme dimerization output, that are widely 

applicable for synthetically engineered signalling networks. In addition, the 14-3-3 scaffolding 

system could be controlled by an altered input, using a post-translational modification, 

described in chapter 4. Phosphorylation of a CT32 14-3-3 binding peptide induced 

reconstitution of a split-luciferase NanoBit-CT32 fusion protein on the 14-3-3 scaffold. 

Phosphorylation could be used as input alone, as a single-input system, or together with the 

small-molecule fusiccocin, as dual input system, to further enhance the split-luciferase activity. 

The protease-activatable 14-3-3 scaffold introduced in chapter 5 showed the modularity of the 

scaffold, by introducing a third signalling input mechanism, and the potential as versatile 

scaffold in combination with various signalling modules. The protease-activatable scaffold 

could be coupled to other signalling modules to generate a signalling cascade, including 

sequential enzyme activity of two enzymes, respectively activated by a host-guest mechanism 

and by scaffolded complementation. Combining these components in a plug-and-play fashion 

demonstrated the modularity and compatibility of the linked systems. These results are the first 

steps to more complex protein based signalling networks by linking together different 

modules. Finally, a module to detect enzyme activity output was generated by the engineering 

of a BRET-based caspase sensor consisting of mNeonGreen and NanoLuc. This sensor could be 

applied in a high-throughput plate reader assay format and allowed detection of caspase 
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Epilogue 

 To solve various signalling tasks the cell uses common strategies and general cellular 

components, while relying on limited ways a protein can change its state (Figure 7.1). Changes 

in protein state can be induced by binding and dissociation of proteins, enzymes and 

conformational changes, post-translational modifications, second messengers and subcellular 

localization.[2] Information transfer is achieved by translation of one state of change to another, 

which can take place in the same protein. Coupling multiple state changes from different 

proteins contribute to the generation of a signalling pathway.  

 Building a synthetic protein signalling pathway is an exploratory science which generates 

fundamental insights in the individual signalling components. This requires a bottom-up 

approach, where ‘understanding by building’ could in the future drive affecting and mimicking 

of biological signalling networks.[5] 

Challenges 
 The successful design of a synthetic signalling system imposes a number of general signalling 

problems at different scales that need to be overcome to progress in the field of synthetic 

biology. One of the foremost challenges in cellular signalling is the matter of specificity, as 

information processing occurs in a highly dense environment.[2] The variety of molecular 

components is enormous, yet minor changes in state or concentration are registered and 

should lead to specific coordination of simultaneous signalling events. Signalling proteins must 

be able to sense the presence of input, either inside or outside of the cell, while these signals 

might be present at limited concentrations and change over time. Moreover, the output signal 

might require amplification[4], and simultaneously should be resistant to background noise. The 

cell introduces signalling specificity by making use of compartmentalization, colocalization and 

scaffold mediated complex assembly.[4] The 14-3-3 scaffold system introduced in this thesis 

could therefore aid in specificity by recruiting related binding partners at a precise location and 

time. Moreover, target peptides could be introduced to a synthetic 14-3-3 scaffold that directs 

the transport of the scaffold to the nucleus, mitochondria or the plasma membrane.[6,7] Once 

transported, the 14-3-3 scaffold can recruit specific binding partners for signal transduction at 

the particular organelle.[8] 

 Integration of various cellular signals is an additional challenge, as the cell receives numerous 

inputs and a response usually relies on multiple signals.[2] Integration of activating and 

repressing signals, in analogy to logic gates[1,9], structures cellular decision making. In this thesis 

the described signalling modules do not rely on signal integration, as first simple conversions 

of a single input to a distinct output where engineered. However, a 14-3-3 scaffold could be 
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engineered that is only responsive upon registration of two input signals, for example small-

molecule input and phosphorylation. Effective integration of dual input signals would 

successively result in scaffolded dimerization, which is the first step to more complex 

integrated signals. 

 Lastly, signalling systems must modulate their responses over time to the strength and 

duration of a signal, and should terminate the response when appropriate.[2] Newly designed 

signalling networks require the design and combination of modules that should be able to 

discriminate transient and sustained inputs and accordingly can generate graded or switch-like 

responses.[10] Other network components essential for signalling are modules that can 

coordinate for instance negative feedback, to limit output level or to increase precision of 

output level, [11][12] or positive feedback, that leads to amplification of the signal, switch like 

behaviour or influencing negative feedback, creating bistability[13]. Interlinking positive and 

negative feedback loops can create robust, tuneable frequency oscillations, and additional 

modules such as (in)coherent feedforward loops are essential to tune delays or pulse 

responses.[14] In this thesis the first steps towards signal amplification were taken by the 

introduction of the protease-activatable 14-3-3 scaffold. The engineered scaffold could 

simultaneously be activated by caspase-9, and allow caspase-9 dimerization and activation on 

the platform. Further characterization of the protease-activatable 14-3-3 scaffold is required to 

show its potential in regulating complex signal behaviour such as amplification. 

 In summary, the engineering of a synthetic signalling network requires a variety of different 

modules that can change protein states, are specific and can be coupled, regulating complex 

behaviours such as adaptation or oscillations. However, there is still limited knowledge how the 

cell itself faces these challenges. Generating a synthetic signalling system by applying a 

bottom-up strategy as demonstrated in this thesis can aid in understanding the fundamentals 

of these mechanisms, and ultimately affect and mimic them. 
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Epilogue 

Engineering new 14-3-3 based scaffolds 

Heterodimerization 

 Expanding the synthetic signalling toolbox, based on the previously developed modules, 

complies with a bottom-up strategy, where simple, well-characterized designs are the basis for 

the step-by-step engineering of a synthetic signalling network. 

As the 14-3-3 protein is modular, its scaffold properties can be further exploited to generate 

new signalling modules. In humans, seven different isoforms of the 14-3-3 protein exist, which 

each have their preference for either homo- or heterodimerization[15,16] The sigma isoform for 

example exclusively forms homodimers, while other isoforms are also able to form 

heterodimers, and the epsilon and gamma isoforms are even almost entirely dimeric.[16] 

However, alignment of the isoform sequences showed overall high resemblance of the amino 

acids in the binding groove.[17]  Moreover, the biological role of 14-3-3 heterodimer is still 

poorly understood, yet evidence suggests that specific heterodimerization might be required 

in cellular processes. A specific 14-3-3 heterodimer (beta and epsilon) is for example involved in 

the regulation of sodium transport, whereby the 14-3-3 heterodimer binds to a ubiquitin ligase, 

thereby blocking the ligase from binding to epithelial sodium channels resulting in increased 

sodium transport.[18] From a synthetic point of view, a heterodimeric scaffold is an interesting 

asset which can facilitate dimerization of distinct interaction partners. The ability to control 

heterodimerization is essential to affect or mimic processes like heterodimerization of for 

example the retinoid x receptor with other nuclear receptors[19], Toll-like receptors in immune 

signalling[20] or ubiquitin conjugating enzyme complexes[21]. Yet the high conservation of amino 

acids in the 14-3-3 binding groove makes it challenging to specifically bind two different 

interaction partners simultaneously. The design of a 14-3-3 heterodimer with two specific 

binding partners (Figure 7.2a) requires a combination of rational design, structural prediction 

modelling and directed evolution, but could also be approached from a comprehensive de 

novo design perspective.[22]  

 The protease-activatable scaffold introduced in chapter 5 showed that fusion of two 14-3-3 

monomers via a flexible linker allows fusion of specific heterodimers. Additionally, the modular 

approach that was used to fine tune the affinities of the monovalent and bivalent peptides 

inhibiting 14-3-3 binding via intramolecular competition can be further applied when binding 

partners, other than CT52, are used to compete for 14-3-3 binding. These findings can be 

combined to generate a heterodimeric protease-activatable scaffold (Figure 7.2a). 
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alternating dimerization and trimerization of two interaction domains.[43] It can be imagined 

that 14-3-3 in combination with other modular domains could also crosslink to a higher order 

signalling complex, dramatically increasing the local concentration of the binding partners. 

Extension of 14-3-3 homo- or heterodimers to tetramers could in the future lead to extended 

14-3-3 chains that would support recruiting of multiple binding partners in a higher order 

fashion (Figure 7.2c). 

 Another approach to engineer new 14-3-3 based scaffolds, which aid in signal specificity, is 

colocalizing 14-3-3 monomers or dimers on a supramolecular wire, creating a one dimensional 

signalling architecture (Figure 7.2d). The amphiphilic discotics investigated in our group are 

ideal candidates to use as building blocks conjugated with monovalent or multivalent 14-3-3 

proteins.[45–47] These discotics self-assemble into auto-fluorescent columnar stacks that 

dynamically intermix to optimize protein recruitment on the stack. Different strategies can be 

applied to conjugate the 14-3-3 to the discotics, for example SNAP-tags, Streptavidin-Biotin 

crosslinking or Ni-NTA directed tethering. The reversed architecture is also possible where 

14-3-3 binding partners are conjugated to the stack (Figure 7.2d). Subsequently, proteins of 

interest that are conjugated to 14-3-3 can be recruited to the supramolecular wire to induce 

signal transduction.  

Expansion of the 14-3-3 based network 

 Scaffold proteins can direct simple linear input-output pathways, mediate pathway 

branching, and they are a target for external regulation themselves.[4] However, scaffold 

proteins can also mediated feedback and in this way shape response dynamics.[4] A simple 

negative feedback loop that can be created based on 14-3-3 scaffolding is a system where the 

scaffolded dimerization of two proteases results in their activation, and subsequently provokes 

cleavage of the fusion proteins due to the incorporation of the associated protease cleavage 

site, leading to a decrease in dimerization and therefore activity (Figure 7.3a). 

 Promising components that can be combined with the signalling modules engineered in this 

thesis are protease inhibited constructs that can only become active upon cleavage by a 

protease. The simplest example is a 14-3-3 binding partner that is only able to bind to 14-3-3 

upon release of a sequence that inhibits the binding motif. Another example is the split 

NanoLuc luciferase system, whereby the split NanoBit fragments both contain an N-terminal 

FGG motif which is inhibited by the LEHD caspase-9 recognition sequence (Figure 7.3b). Upon 

cleavage by active caspases, the LEHD sequence is released from the FGG-splitNanoluc, which 

subsequently directs complementation of the split-luciferase in the presence of cucurbit[8]uril. 
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Previous research performed by Dr. Ralph Bosmans showed that the same approach, using 

split-firefly luciferases, could be feasible, but only when there is efficient cleavage of the 

inhibiting motif from both fragments.[48] This approach could also be extended to the inhibition 

of other split-protein fragments such as split-TEV, split-β-lactamase or split-kinases[49], and even 

requiring two different proteases as cleavage input for each of the split fragments. 

 On the other hand post-translational modifications that inhibit 14-3-3 binding are also a 

useful component for the synthetic signalling network. For example phosphatases that 

dephosphorylate 14-3-3 binding partners could induce decreased output of the 14-3-3 

scaffolded system. Split-phosphatases have been developed[50,51], that could be used as 

example for the design of a split-phosphatase system that is able to dimerize and complement 

on a 14-3-3 scaffold, generating activity of the phosphatase, and subsequent removal of the 

phosphate group essential for 14-3-3 binding (Figure 7.3c).  In addition, PMTs are known to 

regulate higher-order structure assemblies, for example phosphorylation of the helical Toll-like 

receptor complex results in dissociation of a higher-order signalling complex[52], while for the 

RIP1/RIP3 necrosome complex phosphorylation stimulates the formation[39], which shows the 

potential of PMT-regulated synthetic signalling.      

 Enlarging the synthetic signalling network could also be achieved by coupling the 14-3-3 

scaffolding system to other chemical induced dimerization (CID) systems to generate 

sequential signal transduction. Although CID systems are scarce, one well-established example 

is the small-molecule rapamycin, which enhances heterodimerization of the FK506-binding 

protein (FKBP12) and the FKBP rapamycin-binding domain (FRB) of mTOR/FRAP.[53–58] Several 

(orthogonal) analogues of rapamycin have been made as it is potentially teratogenic.[59] Other 

recently developed CID systems are based on the plant hormones gibberellin[60] (GA3) and 

abscisic acid (ABA)[61,62]. These small-molecules have the advantage of being orthogonal in 

mammalian cells, which is beneficial if the synthetic signalling network is applied in for 

example therapeutic purposes. Coupling of these CID systems to the 14-3-3 system enables the 

exploration compatibility and signal integration of two small-molecule inputs. 

 An interesting system to additionally couple to the 14-3-3 based network are the protease-

based molecular switches developed by Stein and Alexandrov.[33,34] Their principle design uses 

auto-inhibited proteases that can be released and activated either by the cleavage of another 

protease, or the binding of a ligand that induces a conformational change relieving the auto-

inhibition. In their recent research they extended their multi-domain complex to a scaffold that  
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polymersomes with enzymes anchored in the bilayer, in the lumen or at the outer surface[69], or  

virus capsids.[70] Further research on nanocages is required to study the incorporation of a 

synthetic multicomponent signalling pathway, regarding for instance size and loading control,  

positioning of the signal components, stability and degradation, flux of in- and output signal 

and activity of the involved enzymes. 

Applications 

 The engineering of cell signalling behaviour drives the construction of cells with custom 

designed responses in desired applications.[5] Despite the immense progress made in the 

synthetic biology field in the last decade, an engineered synthetic cell is still far away from a 

self-maintaining, replicating and evolving entity.[63] Towards the development of such a 

synthetic cell, insights gained in cell signalling can already be applied as innovative solutions in 

biological en medical applications. 

 For example, customized therapeutic cells that can identify and kill tumour cells would 

require a signalling system that can detect tumour-associated signals and convert this into an 

anti-tumour response. Moreover, it is crucial that these customized cells can be controlled 

externally. For instance, in chapter 2 a small-molecule regulated caspase-9 activation system on 

a 14-3-3 protein scaffold was developed that could be applied as kill switch. In T-cell therapy a 

safety switch is required to kill the infused cells in case of adverse effects, such as lethal graft-

versus-host disease.[71] However, removal of all T-cells increase the risk of graft rejection and 

infections, thus a selective strategy is required to remove the infused cells only. A rapamycin-

based CID system, already developed in 1998[71], demonstrated the viability of such a safety 

switch in several therapies.[72–75] 

 Combining synthetic biology with metabolic engineering creates metabolic systems applied 

in cost effective drug synthesis. For instance the group of Keasling[76,77] engineered a metabolic 

pathway that could produce, a prerequisite of an antimalarial drug, artemisinic acid, in yeast at 

high levels, while it is normally harvested from the rare Artemisia annua plant and therefore 

very costly. Applying synthetic scaffolds in metabolic engineering as described in chapter 1,  

could further aid in enhancement of metabolic production rates and demands further research. 
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Conclusion 

 Synthetic signalling systems suffer from a plethora of undefined parts which upon 

combination lead to unpredictable results, and many parts may be incompatible with each 

other. Enlargement of a synthetic signalling network quickly generates unmanageable 

complexity, yet these networks need to function reliable under varying conditions.[78] Therefore, 

a bottom-up approach is required to bring synthetic signalling systems to the next level. The 

development of well-characterized protein signalling modules with modular properties, which 

can be combined in a plug-and-play fashion, establishes synthetic signalling systems that 

drives fundamental understanding of these complex networks. 

 In this chapter potential protein signalling modules, based on the components introduced in 

this thesis, were elaborated on to expand the signalling toolbox using a learning-by-building 

approach. First of all heterodimerization of 14-3-3 scaffold proteins, including protease-

activatable scaffolds, opens up new possibilities to facilitate heterobinding of interaction 

partners. Secondly, the 14-3-3 domain could potentially be combined with other modular 

domains to create new scaffolds that force rewiring of signalling pathways. Lastly, complex 

assemblies that mimic the higher-order signalling complexes found in nature can be designed 

by extending 14-3-3 chains or immobilizing the scaffold proteins on supramolecular wires. The 

systems developed in this research could additionally be combined with synthetic signalling 

systems established in other research groups, as there is still little sharing of network constructs 

between groups while a collaborative community is essential for the progression of the 

synthetic biology field.[79] Finally, the enlargement of the synthetic signalling toolbox serves to 

affect and mimic cellular signalling pathways that can be applied in a therapeutic, diagnostic or 

metabolic engineering setting, and eventually, in the far future, could result in the construction 

of a synthetic cell with designed behaviour.  
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Summary

Modules for the synthetic supramolecular signalling toolbox 

 A cell continuously responds to internal and external signals with the right physiological reaction, 

making use of a limited set of modular signalling components. Scaffold proteins play a central role 

in cell signalling, by binding and colocalizing two or more interaction partners in a signalling 

network. Although scaffold proteins usually lack intrinsic enzymatic activity, scaffolds can control 

speed, amplitude, sensitivity and specificity of signal transduction. Bottom-up synthetic biology 

approaches showed the potential of scaffold proteins to rewire input/output responses, which 

leads to increased understanding of cell signalling and can be applied in the fields of metabolic 

engineering, cell-based therapeutics and diagnostics. These applications require an extensive 

synthetic signalling toolbox based on protein-protein interactions whereby modular protein parts 

can be combined in a plug-and-play fashion to generate synthetic engineered signalling networks 

with designed in- and output response. 

 In this thesis engineered synthetic protein signalling modules are described which expand the 

synthetic signalling toolbox. The developed modules were based on the 14-3-3 protein scaffold, a 

natural adapter protein that forms homo- and heterodimers. The modules exploited different types 

of input- and output signal, based on 14-3-3 scaffolding. The first module that was developed 

allowed the characterization of the 14-3-3 scaffold protein as platform for small-molecule induced 

and cooperative enzyme assembly. Therefore caspase-9-CT52 fusion proteins were generated 

whereby the CT52 fragment constituted binding to 14-3-3 upon addition of the small-molecule 

stabilizer fusicoccin (FC). Activity assays were performed using synthetic and natural substrates, 

which showed that FC could be used as input to regulate caspase-9-CT52 dimerization on the 

scaffold, resulting in enhanced caspase activity. Moreover, a mathematical model was developed 

which revealed that enzyme activation mediated by the 14-3-3 scaffold showed strong 

cooperativity due to residual interactions between the C9-CT52 monomers.  

 The modular design strategy used to develop the first module allowed for the development of a 

second module with an altered enzymatic output. Caspase-8 was chosen as alternative enzyme due 

to its similarity with caspase-9. Caspase-8-CT52 fusion proteins were expressed and purified and 

used in activity assays employing synthetic and natural substrates. This study demonstrated that 

monomeric mutations in caspase-8 were required to allow small-molecule control over enzyme 

activity, which led to modest increases in caspase activity. Combinatorial inhibition for this system 

was observed, however only in a narrow range of scaffold concentrations, suggesting lower 

cooperativity than observed for the caspase-9-CT52 system.  
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Summary 

The third module that was engineered constitutes a 14-3-3 scaffolding system controlled by a 

post-translational modification as altered input. Phosphorylation of a peptide binding partner of 

14-3-3 (CT32) was monitored using a split-luciferase-CT32 complementation assay. 14-3-3 binding 

of the fusion proteins was induced upon phosphorylation of the CT32 fragment by the kinase PKA, 

which resulted in reconstitution of the active luciferase. Phosphorylation could be used as input 

alone, as a single-input system, or together with the small-molecule fusiccocin, as dual-input 

system, to further enhance the split-luciferase activity.      

 The fourth module that was established was based on a previously developed protease-

activatable 14-3-3 scaffold. Upon cleavage by activated caspase-9, the 14-3-3 scaffold protein was 

liberated from the inhibiting peptide motifs occupying the 14-3-3 binding groove. Activation of the 

caspases was commenced by a previously developed module, wherein the supramolecular host 

molecule cucurbit[8]uril, allowed homodimerization of caspases-9 leading to caspase activation. 

Caspase-9 induced liberation of the 14-3-3 scaffold was monitored by the complementation of a 

split-luciferase-CT32 fusion protein, which was able to bind to 14-3-3 in the presence of 

small-molecule fusicoccin. This study showed that all signalling components could easily be 

combined in a one-pot signalling system, and are compatible with each other. Additionally, it was 

demonstrated that caspase-9-CT52 could both serve as in- and output of the protease-activatable 

14-3-3 scaffold, resulting in self-activation in the presence of small-molecule input.   

 The last module that was engineered was a caspase-sensor that could serve as output reporter. 

The developed sensor was based on Bioluminescence Resonance Energy Transfer and consisted of 

the luciferase NanoLuc and the fluorescent protein mNeonGreen. The donor and acceptor were 

fused via a flexible linker containing the recognition site for caspase-3, -8 and -9. This sensor could 

be applied in a high-throughput plate reader assay format and allowed long-term detection of 

heterogeneous caspase activation in single cells.       

 This thesis described the engineering of various synthetic protein signalling modules, based on 

the 14-3-3 scaffold, which extended the supramolecular signalling toolbox. Small-molecules and 

posttranslational modifications were used as input signals, while enzyme- and luciferase activity 

were exploited to generate output signals. The developed modules are envisioned in combination 

with various other protein signalling modules to generate, affect and mimic signalling networks. 

These synthetic networks can be used to gain fundamental insights into cellular signal 

transduction, and be applied in a therapeutic, diagnostic or metabolic engineering setting. 

Eventually, in the far future, the signalling toolbox can aid in the construction of a synthetic cell 

with designed behaviour. 
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Samenvatting

Nieuwe modules voor het ontwerp van synthetische supramoleculaire 

signaalnetwerken 

 Een cel reageert continu op externe en interne signalen met de juiste fysiologische respons, waarbij 

de cel gebruikt maakt van een gelimiteerde set aan modulaire signaalcomponenten. Een grote rol in 

celsignalering is daarbij weggelegd voor scaffold-eiwitten, dit zijn eiwitten die twee of meer interactie-

partners uit een signaalnetwerk binden en lokaliseren. Scaffold-eiwitten kunnen snelheid, amplitude, 

sensitiviteit en specificiteit van signaaltransductie controleren, ondanks dat ze zelf doorgaans geen 

intrinsieke enzymatische activiteit vertonen. De potentie van scaffold-eiwitten is in de literatuur 

gedemonstreerd door gebruik te maken van benaderingen uit de synthetische biologie, waarbij vanaf 

nul signaalnetwerken worden opgebouwd uit individuele modules. Scaffold-eiwitten worden daarbij 

gebruikt om nieuwe connecties tussen input- en outputsignalen aan te brengen. Deze strategie heeft 

geleid tot toenemend inzicht in celsignalering en kan toegepast worden in het ontwerp van metabole 

netwerken en voor cel-gebaseerde therapeutische en diagnostische doeleinden. Dergelijke 

toepassingen vereisen een uitgebreide set van modulaire synthetische componenten gebaseerd op 

eiwit-eiwitinteracties, die eenvoudig gecombineerd kunnen worden tot een netwerk met de gewenste 

input en output. 

 

 In dit proefschrift wordt de ontwikkeling van nieuwe modulaire eiwitcomponenten voor synthetische 

signaalnetwerken beschreven. De ontwikkelde modules zijn gebaseerd op het eiwit 14-3-3, een 

natuurlijk scaffold-eiwit dat homo- en heterodimeren vormt. De module die als eerste werd ontwikkeld, 

maakte gebruik van 14-3-3 als dimerizatieplatform voor caspase-9-eiwitten, geïnduceerd door 

stabiliserende moleculen. Caspase-9-CT52 (C9-CT52) fusie-eiwitten werden daarvoor gemaakt, waarbij 

het CT52 fragment zorgde voor de binding met 14-3-3. Toevoeging van het stabiliserende molecuul 

fusicoccin (FC) leidde tot binding van C9-CT52 aan 14-3-3. Activiteitanalyses toonden aan dat FC 

gebruikt kon worden als input voor de regulatie van C9-CT52-dimerizatie op het scaffold, resulterend in 

verhoogde caspase-activiteit. Bovendien werd er een mathematisch model ontwikkeld dat onthulde dat 

de enzymactivatie, gemedieerd door het 14-3-3 eiwit, sterke coöperativiteit liet zien door de intrinsieke 

interacties tussen de C9-CT52 monomeren.  

 De modulaire ontwerpstrategie die werd gebruikt voor de ontwikkeling van de eerste module werd 

toegepast in een tweede module, waarin de enzymatische output werd aangepast. Caspase-8 werd 

gekozen als alternatief vanwege de overeenkomsten met caspase-9. Deze studie toonde aan dat 

monomere mutaties in caspase-8 nodig zijn om controle over enzymactiviteit te verkrijgen na 

stabilisatie van de interactie met 14-3-3 door FC, wat enkel tot een bescheiden verhoging in caspase 

activiteit leidde. Combinatorische inhibitie werd ook voor dit systeem geobserveerd, echter alleen in 

een klein bereik van scaffold concentraties, wat suggereert dat de coöperativiteit lager is dan voor het 

C9-CT52-systeem.  
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Samenvatting 

De derde module die werd ontworpen is ook gebaseerd op 14-3-3 als scaffold-eiwit, maar waarbij nu 

post-translationele modificaties diende als inputsignaal. Fosforylering van CT32, een peptide dat bindt 

aan 14-3-3, werd geanalyseerd door het covalent te binden aan split-luciferase. Fosforylering van het 

CT32-fragment door de kinase PKA resulteerde in activatie van split-luciferase na binding aan 14-3-3. 

Fosforylering kon als enige input gebruikt worden, maar ook samen met de stabilisator FC. Wanneer 

deze tweevoudige input werd gebruikt, bleek dat de output van het systeem in de vorm van split-

luciferase-activiteit nog verder werd verhoogd. 

 De vierde module werd gebaseerd op een eerder ontworpen systeem, waarbij 14-3-3 kan worden 

geactiveerd door proteases. In dit systeem, wordt de functie van 14-3-3 geïnhibeerd door peptides die 

intramoleculair aan 14-3-3 zijn gebonden. Geactiveerde caspase-9 kon de blokkerende peptides 

wegknippen, wat resulteerde in herstel van de functie van 14-3-3. Caspase-activiteit werd geïnitieerd 

door een eerder ontwikkelde module waarbij een supramoleculair gastheer-molecuul (cucurbit[8]uril) 

zorgde voor dimerizatie van caspase-9. Activatie van 14-3-3 door caspase-9 werd geanalyseerd door 

middel van het split-luciferase-CT32-systeem, dat bindt aan 14-3-3 in de aanwezigheid van FC. Deze 

studie liet zien dat alle signaalcomponenten konden worden gecombineerd in één complex 

signaalsysteem. Bovendien werd aangetoond dat C9-CT52 zowel als input en output kon dienen samen 

met protease-activeerbare 14-3-3, resulterend in zelf-activatie in de aanwezigheid van FC.   

 De laatste module die werd ontworpen was een caspase-sensor die kon dienen voor het genereren 

van output. De ontwikkelde sensor werd gebaseerd op Bioluminescence Resonance Energy Transfer en 

bestond uit de luciferase NanoLuc en het fluorescente eiwit mNeonGreen. De donor en acceptor 

werden via een flexibele linker verbonden, die het herkenningsmotief van caspase-3, -8 of -9 bevatte. De 

sensor kon worden toegepast in analyses met hoge doorloopsnelheid  en maakte het mogelijk om over 

langere tijd heterogene caspase-activiteit vast te leggen in cellen.   

 Dit proefschrift beschrijft het ontwerp van verschillende signaalmodules gebaseerd op het scaffold-

eiwit 14-3-3, voor het uitbreiden van de set van signaalcomponenten voor synthetische 

signaalnetwerken. Stabiliserende moleculen en posttranslationele modificaties werden gebruikt als 

inputsignaal, terwijl enzymactiviteit werd gebruikt om output te genereren. De ontwikkelde modules 

kunnen in de toekomst worden gebruikt in combinatie met verschillende andere eiwitmodules voor de 

productie, beïnvloeding en nabootsing van cellulaire signaalnetwerken. Deze synthetische netwerken 

kunnen worden gebruikt om fundamenteel inzicht te verschaffen in cellulaire signaaloverdracht en 

kunnen worden toegepast voor therapeutische en diagnostische doeleinden. Ten slotte kan de set van 

modulaire signaalcomponenten in de verre toekomst helpen bij het bouwen van een volledig 

synthetische cel.   
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Samenvatting 
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inputsignaal, terwijl enzymactiviteit werd gebruikt om output te genereren. De ontwikkelde modules 

kunnen in de toekomst worden gebruikt in combinatie met verschillende andere eiwitmodules voor de 

productie, beïnvloeding en nabootsing van cellulaire signaalnetwerken. Deze synthetische netwerken 

kunnen worden gebruikt om fundamenteel inzicht te verschaffen in cellulaire signaaloverdracht en 

kunnen worden toegepast voor therapeutische en diagnostische doeleinden. Ten slotte kan de set van 

modulaire signaalcomponenten in de verre toekomst helpen bij het bouwen van een volledig 

synthetische cel.   
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 De afgelopen vier jaar zijn voorbij gevlogen en hier hebben heel wat goede collega’s, 
vrienden en familie aan bijgedragen. Een promotieonderzoek uitvoeren gaat dan ook niet 
zonder de hulp en ondersteuning van heel wat mensen die ik hier graag zou willen bedanken.
 Luc, als eerste promotor wil ik je graag bedanken voor de goede begeleiding tijdens zowel 
mijn afstudeer- en promotieonderzoek. Wat ben ik blij dat je me deze kans hebt aangeboden 
en ik waardeer vooral het vertrouwen dat je me gaf om aan deze promotie te beginnen. Jouw 
uitgebreide kennis en enthousiasme bewonder ik zeer. De afgelopen jaren heb ik dan ook veel 
van je geleerd en het was een voorrecht om in je groep te mogen werken. De motiverende en 
gezellige sfeer die je creëert in de groep, de deur die altijd open staat, de ruimte voor 
persoonlijke ontwikkeling en een oog voor ieders welzijn maken dat ik een hartstikke fijne tijd 
heb gehad, waarvoor dank.          
 Maarten, wat een eer om jou als tweede promotor te hebben. Tijdens mijn interne stage kon 
ik jouw prettige manier van begeleiden al zeer waarderen. Je bent een geweldige leraar en ik 
wil je bedanken dat je me opnam in jouw groep, voor al je waardevolle suggesties op 
experimenteel en schrijfvlak en dat ik altijd even bij je binnen kon lopen. Na een meeting met 
jou kon ik er altijd weer met een gemotiveerde en frisse blik tegenaan.    
 Tom, als copromotor wil ik je bedanken voor de begeleiding de afgelopen jaren. Ik bewonder 
je enthousiasme voor het vergaren van nieuwe kennis en heb je directe manier van 
communiceren zeer gewaardeerd. Bedankt voor alle hulpvolle tips en ideeën!   
 Christian, als vierde begeleider, wil ik je bedanken voor al je feedback en discussies op 14-3-3 
gebied. Tijdens mijn afstuderen voelde ik me zeer welkom in Dortmund en ik vind het mooi om 
te zien hoe jouw groep zich de afgelopen jaren flink heeft uitgebreid in Eindhoven.     
 Graag wil ik ook de leden van mijn promotiecommissie bedanken. Allereerst professor Peter 
Hilbers, dank u voor het voorzitten van de commissie. Dr.ir. Ilja Voets en prof.dr. Jeroen 
Cornelissen, graag wil ik jullie beiden bedanken voor het kritisch lezen en beoordelen van mijn 
thesis en de deelname aan de commissie. I would like to thank prof. Jeanne Hardy for critically 
reading and judging my thesis. Jeanne, thank you for the discussions at the Protein Society 
Meeting in Barcelona. I feel very honoured that you travelled all the way from the United Sates 
to be part of the committee.         
 Een promotie gaat niet zonder de hulp van twee sidekicks, mijn paranimfen Bas en Lenny. 
Bas, ik kan me heel goed herinneren dat Tom even polshoogte kwam nemen om te vragen of ik 
het erg zou vinden om tijdens mijn promotie met jou samen te werken, nou dat vond ik 
helemaal niet erg. Dat wij elkaar eigenlijk al jaren kenden maakte de samenwerking dan ook 
heel gemakkelijk en vooral gezellig zo samen aan de bench. Bedankt voor alle hulp, kennis en 
peptalks de afgelopen jaren. Ik wens je samen met Berta alle goeds en veel geluk voor de 
toekomst! Lenny, wat hebben wij toch een avonturen beleefd tijdens onze promotie, hartelijk 
dank voor je optimistisch pessimisme waardoor we altijd flink hebben kunnen lachen. Ik zal me 
onze geslaagde (werk) uitjes altijd blijven herinneren. Voor de toekomst, veel geluk samen met 
Youssef en jullie hele boerderij aan dieren! Bas en Lenny, super fijn dat jullie mijn paranimfen 
zijn! Ik wens jullie alle succes toe met het afronden van jullie eigen promotie en dat we nog 
maar vaak lekker frietjes mogen gaan eten.        
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 Zo’n grote vakgroep als SMO kan niet draaien zonder de uitvoerige inzet van heel wat 
stafleden. Bert Meijer, René Janssen, Rint Sijbesma, Patricia Dankers, Lech Milroy, Anja Palmans, 
Stefan Meskers, Hans Heuts, Martijn Wienk, Marcel van Genderen, Ralf Bovee, Xiawen Lou, Joost 
van Dongen, Jolanda Spiering en Bas de Waal wil ik daarom bedanken voor de fijne werksfeer 
die bij SMO heerst en uitstekende faciliteiten. Jullie maken de basis voor stimulerende en 
gezonde samenwerkingen, dank voor het delen van jullie kennis en de wetenschappelijke 
discussies. Hierbij wil ik ook meteen Marjo, Margot, Martina, Carla, Cindy en Thea bedanken 
voor het regelen van een variëteit aan zaken waardoor alles soepel verloopt. Hans, hartstikke 
bedankt voor alle bestellingen die je hebt geregeld. Henk, ook al hou ik niet van koffie, toch wil 
ik je erg bedanken voor het regelen van allerhande zaken, van taart tot kantoorartikelen. 
Speciale dank gaat uit naar Peggy voor het managen van het biolab, zonder jou zou het een 
zooitje zijn en ook veel minder gezellig!        
 De experts van de ICMS animatie studio, Koen, Ricky en Marlijn, bedankt voor de cartoons die 
jullie gemaakt hebben wat het uitleggen van het onderzoek heel wat gemakkelijker maakt. 
Verder bedankt voor de gezellige borrels en openingen van de academisch jaren. Een extra 
woord van dank aan Marlijn voor het ontwerp en maken van mijn cover, super!  
 I would like to thank the entire Chemical Biology group for the enjoyable work environment 
and the gezellige borrels and fun trips such as to Winterberg, Park Hilaria and the 
Sjtasiefestasie. Inga, Pauline, Lidia, Marcel, Thuur, Ralph, Seppe, Maria, Anja, Richard, Sam, 
Jurgen, Sebastian, Ellen, Eline, Loes, Chan Vinh, Pim, Lenne, Rens, Xavier, Madita, Miguel, Alice, 
Federica, Bas, Lenny, Ardjan, Pascal, Emilien and Alex, thank you for all your input, advice, help 
and discussions during meetings and in the lab. Laurens, Brian, Anne, Stijn, Wouter, Martijn, 
Simone, Remco, Beda, Susann, Yan are additionally thanked for the discussions during the 
Protein Engineering meetings, the nice conferences, and for the delicious cakes. Brian, onze 
gezamenlijke verjaardag in Heidelberg was een geslaagd feestje! Sinds jij weg bent mis ik nog 
steeds het ’s ochtends lekker mee blèren met het foute uur op de radio in het lab. Stijn, 
hartstikke bedankt voor de fijne samenwerking en de enthousiaste discussies.  Marcel, ik vond 
het altijd zeer gezellig wanneer je kwam kletsen op ons kantoor en je bent onmisbaar voor een 
goede borrel! Ralph en Loes, voor jullie een extra woord van dank voor het meten van al mijn 
QToF samples. Ralph, bedankt voor alle hulp tijdens mijn afstuderen en het begin van mijn 
promotie! Loes, het was een eer om je paranimf te zijn, ik wens jou en Matt alle geluk voor de 
toekomst!           
 Tijdens mijn promotieonderzoek was het een grote eer om een aantal studenten te mogen 
begeleiden. Lenne, Joost, Minke en Lotte, hartelijk dan voor jullie inzet en harde werk wat 
onder andere heeft bijgedragen aan dit proefschrift. Ik wens jullie allen een glansrijke carrière 
en alle goeds voor de toekomst. Lenne, wat een feest om nu als collega’s samen te mogen 
werken zodat ik nog meer van je humor kan genieten.     
 Dan het leukste kantoor van de gang, STO 3.28. Inga, Wencke, Jeroen, Remco, Eva, Pim en Iris, 
bedankt voor alle gezelligheid en hulp gedurende de jaren. Inga, bedankt voor de begeleiding 
tijdens mijn afstuderen, ik vond het zeer gezellig dat ik tijdens mijn promotie bij jullie op 
kantoor kwam te zitten. Wencke, bedankt voor het helpen opstarten en alle adviezen. Jeroen, 
bedankt voor alle gezelligheid. Remco, wat was het fijn om jou tegenover me te hebben als 
hulplijn voor serieuze en ook heel wat minder serieuze zaken. Dank voor alle gezellige lunches 
en het was het een voorrecht om jouw paranimf te zijn. Eva, guapa, thank you for bringing 
some muy bien Spanish flavour to our office, I enjoyed being your office-buddy! Pimmie, harde 
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werker, bedankt voor alle slimme opmerkingen! Eva, Pim en Iris, succes met de afronding van 
jullie promotie.          
 Waar ik elke werkdag naar uitkeek was toch de lunch om stipt 12 uur. Hiervoor wil ik dan ook 
graag Brian, Ralph, Thuur, Marcel, Susann, Jeroen, Loes, Sebastian, Maria, Simone, Junhong, 
Chan Vinh, Madita, Ellen, Stijn, Martijn, Eva, Pim, Rens, Daan, Suzanne, Roy, Anneloes, Femke, 
Iris, Chiara, Annelies, Lenny, Bas, en vooral Remco en Lenne bedanken voor het bijdragen aan 
het hoogtepunt van mijn werkdag.        
 Olga, als beste buur wil ik je graag bedanken voor de vele zeer gezellige en soms ook wat 
serieuzere kletspraatjes. De spinningles was altijd weer afzien, maar door jou gezonde dosis 
enthousiasme en motivatie en de leuke liedjes was ik toch altijd weer blij dat ik was geweest, 
ook de bijbehorende indoor SMO-cycling club Bas, Pim, Sam, Eline, Loes, Anneloes, Ardjan, Gijs 
en Peter-Paul zorgden voor de extra motivatie. Olga, het was een genoegen je paranimf te zijn 
(behalve de volgende ochtend), en ik wens jou en Ralph het allerbeste voor de toekomst.   
 De club “F is het zuurste proton” mag ook zeker niet worden vergeten, Luuk, Peter-Paul, Ellen, 
Maarten, Jurgen, Bas en Olga, bedankt voor de gezelligheid bij het nakijken van al die bergen 
tentamens.             
 Een feestje op zijn tijd kan nooit kwaad. Sam, Maarten, Jurgen, Loes, Eva, Mila, Peter-Paul, 
Lenny, Bas, Sjors, Eline en Dan Jing bedankt voor alle heerlijke feestjes en festivals!  
 De hele Sely-familie verdiend natuurlijk een woord van dank voor de interesse, maar vooral 
ook voor de goede feestjes in de afgelopen jaren!       
 Willeke, Irene, Wilma, Wai Kam en Simone, jullie wil ik graag bedanken voor alle leuke, 
gezellige, en lekkere etentjes, borrels en high teas&wines, hopelijk kunnen we deze nog lang 
voortzetten!           
 Lisanne, hartelijk dank voor alle gezellige jaren en de steun die gewoonlijk gepaard gaat met 
een lekker etentje. Dat we nog maar veel leuke plekken mogen bezoeken samen! Ik wens je 
samen met Joost het allerbeste voor de toekomst en succes met het afronden van je promotie.
 Een woord van dank aan de schoonfamilie. Bernadette, Merlijn, Eveline, Toon en Mieke, 
bedankt voor het warme welkom en de interesse in mijn onderzoek.    
 Oma, bedankt voor alle goede zorgen en belangstelling. Ik vind het heel jammer dat Opa, 
Luc’s grootste fan, er helaas niet meer bij kan zijn. Allerliefste Pap en Mam, wat zou ik zonder 
jullie zijn. Ik kan jullie niet genoeg bedanken voor alles wat jullie voor me doen! Sowieso extra 
dank voor de vele peptalks tijdens mijn studie en promotie, jullie onophoudelijke 
ondersteuning en vertrouwen heeft me hier gebracht. Sabien en Martijn, zeer veel dank dat 
jullie er altijd voor me zijn! Ik vind het hartstikke fijn dat jullie zo dicht in de buurt wonen en ben 
super trots op jullie. Jullie zijn mijn voorbeeld, toppers!     
 Wie had dat gedacht, de beste vondst tijdens mijn promotie deed ik bij de vaatwasser in het 
biolab. Ronald, ik ben ontiegelijk blij dat ik jou heb leren kennen! Bedankt voor alle steun, dat je 
me vaak laat lachen, zelfs om je super slechte grappen, en dat je me altijd op tijd te eten geeft. 
Als ik bij jou ben kan ik de hele wereld aan! Aangezien je de afgelopen jaren het meeste met 
me hebt afgezien verdien je ook de meeste credits. Nu op naar jouw promotie en ons volgend 
avontuur!  

Allen nogmaals hartelijk dank, het ga jullie goed! 

  Anniek 



186 


