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Engineered protein scaffolds 

 

 

 

 

 

Assembly of proteins into higher-order complexes generates specificity and selectivity in 

cellular signaling. Signaling complex formation is facilitated by scaffold proteins that use modular 

scaffolding domains, which recruit specific pathway enzymes. Multimerization and recombination 

of these conjugated native domains allows the generation of, libraries of, engineered 

multidomain scaffold proteins. Analysis of these engineered proteins has provided molecular 

insight into the regulatory mechanism of the native scaffold proteins and the applicability of these 

synthetic variants. The use of engineered, conjugated multidomain scaffold proteins on different 

length scales is highlighted in the context of synthetic signaling pathways, metabolic engineering, 

liquid-liquid phase separation and hydrogel formation. An interesting key player in the field of 

scaffold proteins is the 14-3-3 protein. In this thesis, the versatility of this platform is applied to 

generate synthetic protein complexes. These complexes are applied to gain fundamental insight 

into protein assembly and functioning of this protein, to engineer modular sensors and to create 

synthetic signaling networks in a complex environment. 

 

 

 

 

 

 

 

 

 

Parts of this work have been published as: 

L.J.M. Lemmens, C. Ottmann, L. Brunsveld, Bioconjugate Chem., 2020, 31(6), 1596-1603. 
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Conjugated protein domains as engineered scaffold proteins 
Cell signaling is controlled by assembly of signaling proteins into higher-order complexes, 

which facilitates the coexistence of multiple signaling cascades.1 Through organization of 

signaling enzymes by scaffold proteins, spatiotemporal control over specific pathways is 

achieved.2,3 Scaffold proteins are defined as organizing platforms that link together at least two 

protein partners.4 Although these platforms typically do not possess any enzymatic activity, their 

specific recruitment of signaling proteins provides a tightly controlled and dynamic regulation 

mechanism for cellular signaling.5,6 New cellular regulatory circuits and behaviors have been 

proposed to arise from recombination of the highly modular scaffold domains rather than the 

generation of new protein functions.7,8 By rewiring these domains in different combinations, the 

finite set of native scaffold domains allows for the generation of a huge variety in signaling 

behavior.9 

Multidomain scaffold proteins (MDSPs) can be divided into two classes: self-assembling or 

covalent scaffolds. Self-assembling scaffolds are generated through covalent coupling of scaffold 

domains to self-assembling units, such as peptide tags10, including leucine zippers11, or self-

assembling proteins12. Covalent scaffolds are engineered through genetic conjugation of scaffold 

domains via linkers. Here we highlight this second class of conjugated multidomain scaffold 

proteins. Libraries consisting of well-defined synthetic modules have been generated by 

conjugation, either through multimerization or recombination of native scaffold domains (Figure 

1.1A). These precisely designed synthetic platforms aid elucidation of various molecular 

mechanisms, such as plasticity of pathways13,14, evolutionary recombination15,16, nonlinearity in 

signaling output17,18, phase transitions19, and the effect of multivalency20,21. Fundamental insight 

into these mechanisms reveals how conjugated protein domains, forming engineered scaffold 

proteins can be used as regulators of in- and output of signaling pathways22,23 and generates 

understanding of their higher-order assembly into networks24. 

 
Figure 1.1 A. Engineered scaffold proteins by modular domain conjugation via multimerization and 

recombination have applicability on different length scales in various fields such as B. synthetic signaling 

pathways, C. synthetic metabolons in metabolic engineering, D. liquid-liquid phase separated systems and E. 
hydrogels. 
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Engineered MDSPs have been applied across multiple length scales in various fields of interest 

for different purposes. In synthetic signaling pathways, in vivo introduction of single synthetic 

modules allows for analysis of plasticity of native signaling pathways and the introduction of new 

functionalities (Figure 1.1B). Synthetic multienzyme assemblies are applied to optimize enzyme 

reaction rates and reaction efficiency (Figure 1.1C). Fundamental understanding of the 

composition and formation of liquid-liquid phase separation (LLPS) of signaling molecules into 

microscale biomolecular condensates can be achieved by analysis of synthetic LLPS systems 

(Figure 1.1D). Predictable tuning of hydrogel systems is achieved by detailed analysis of higher-

order network formation of well-defined multidomain components (Figure 1.1E). As application 

of MDSPs within these different fields results in structures ranging from the nano- to the 

macroscale, the synthetic scaffold proteins at hand entail deviating requirements. This has led to 

complementary molecular insights into the function of native scaffold proteins, the role of 

recombination in evolutionary innovation and general applicability, also outside the context of 

cellular signaling. 

Synthetic signaling pathways 
The role of scaffold proteins in controlling information flow within signaling pathways, 

whether they simply tether components or play a more active role, has been investigated 

extensively using synthetic variants of native scaffolds. This strategy has been widely applied to 

the well-characterized scaffold proteins of various mitogen-activated protein kinase (MAPK) 

pathways. Park et al. generated synthetic Ste5 and Pbs2 scaffolds and tested whether non-native 

protein-protein interactions could be used to mediate proper mating pathway function.13 Via 

known mutations in Ste5, recruitment of interaction partners could be selectively abolished, which 

resulted in a nonfunctional mating pathway. The re-recruitment of the specific interaction partner 

via artificial interactions with heterologous conjugated domains resulted in restoration of the 

mating response. Furthermore, a diverter scaffold was generated by head-to-tail fusion of two 

MAPK pathway scaffolds, which was able to link the input of one pathway (α-factor) to the output 

of the other pathway (osmo response) (Figure 1.2A).  

Plasticity of the MAPK pathway was further investigated by Peisajovich et al. by recombination 

of the various scaffold domains belonging to the different MAPK pathways. A library of chimeric 

scaffold proteins was generated from the domains of 11 MAPK scaffold proteins.15 Of the 66 

recombined scaffolds, 10 variants showed dynamic behaviors different from wild-type and their 

corresponding noncovalent coexpressed domain pairs. Of these 10 scaffolds, 7 created novel links 

between different signaling complexes. This high frequency of novel signaling behaviors, arising 

from a limited library, suggests high importance of domain recombination in the evolution of 

cellular signaling networks. In a later study, a library of 3375 chimeric MAPK scaffold variants – all 

possible conjugations of 15 domains and 3 positions – was investigated.16 Interestingly, of the 4 

recombined synthetic scaffolds capable of mediating a pheromone-induced response, 3 scaffolds 
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contain the Ste5 domains (Figure 1.2B). These results indicate that all scaffold domains are 

required for a proper physiological response, but modular recombination of their order is 

allowed. 

 
Figure 1.2 Plasticity in the MAPK pathway by modular recombination of MAPK scaffold domains. A. Design of 

a synthetic diverter scaffold upon head-to-tail conjugation of the Ste5 (blue) and Pbs2 (yellow) scaffold and 

mutational disruption of the Ste7 and Sho1 binding sites. Ste11 participates in both pathways, facilitating the 

diversion of α-factor input to an osmo-response output. In the presence of α-factor, only strains expressing the 

diverter scaffold survive high-osmolarity medium. Reprinted with permission from ref 13. Copyright 2003, 

AAAS. B. 3375 synthetic scaffolds created from the recombination of 15 MAPK scaffold domains. Quantitative 

mating efficiency for synthetic scaffolds capable of mediating a pheromone-dependent response show that the 

mating response can also be mediated by modular domain recombination. Reprinted with permission from ref 

16. Copyright 2015 American Chemical Society. 

To elucidate the prerequisites for the scaffold protein to mediate the mating response, 

whether sole recruitment of pathway enzymes is sufficient, Ryu and Park generated a synthetic 

protein scaffold.14 The synthetic scaffold consisted of an MTD (membrane-targeting domain) 

conjugated to PDZ (PSD95, Dlg, and ZO-1) interaction domains, thereby generating a synthetic 

platform for recruitment of PDZ target peptides fused to the pathway enzymes, Ste11, Ste2, and 

Fus3. Only the entire synthetic scaffolds consisting of both the MTD and the PDZ domains were 

able to mediate a galactose-induced mating response. Additionally, a PDZ valency-dependent 

induction increase was observed, with a minimal requirement of 2 domains (Figure 1.3A). As the 

pathway consists of three enzymes, this indicates the possibility of enzyme switching or cross-

activation via other scaffolds clustered at the plasma membrane. 

The ability of the Ste5 scaffold protein to serve as a platform to systematically reshape output 

of the mating pathway was shown by Bashor et al.17 The output of the pathway was linked to the 

expression of pathway modulators. Recruitment of these modulators to an artificial binding site 

on Ste5 resulted in synthetic positive- and negative-feedback loops, as the transcriptional activity 

was either increased or decreased with respect to wild-type activity (Figure 1.3B). By further 

expansion of this modulator recruitment toolkit, diverse response behaviors such as acceleration, 

delay, pulse generation and ultrasensitivity could be engineered. Using similar synthetic 

modulator recruitment scaffolds, Wei et al. studied the effect of recruitment of bacterial virulence 

to the Ste5 and Pbs2 scaffolds.25 These pathogen effector proteins induced alterations in the 

pathway time-dependent dynamics, making them valuable synthetic biology tools. 
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Collectively, the application of conjugated multidomain scaffolds to generate synthetic MAPK 

signaling pathways has shown the higher-order role of scaffold proteins as signal-processing 

hubs. Serving as the target of feedback loops, scaffold proteins alter signaling amplitude and 

timing. Furthermore, recombination of the scaffold domains has shown that scaffolds are modular 

and flexible organizing centers of which the response can be modulated by simple alterations or 

rearrangements of the recruitment domains. 

 
Figure 1.3 Synthetic scaffolds can mediate and alter pathway responses. A. Synthetic scaffolds consisting of a 

membrane-targeting domain (MTD) and n PDZ scaffold domains (n = 0-7) were used to recruit Ste11, Ste7, 

and Fus3 conjugated to PDZ ligands. Time-resolved measurements of Fus1-EGFP induction upon activation by 

galactose for the various PDZnMTD synthetic scaffolds show a valency-dependent response. Reprinted with 

permission from ref 14. Copyright 2015,  AAAS. B. Negative and positive feedback loop design. Modulators are 

expressed from a mating-responsive promoter which are then recruited to the Ste5-complex via an artificial 

recruitment domain and modulate pathway flux. The negative feedback circuit (red) shows an initial increase in 

transcriptional activity, followed by a decrease. The positive feedback circuit (blue) shows higher transcriptional 

activity compared to wild-type (WT, black) activity. Reprinted with permission from ref 17. Copyright 2008, 

AAAS. 

Besides synthetic variants of MAPK scaffolds, various other synthetic modules have also been 

engineered to study signaling circuits. Synthetic equivalents of complex allosteric gating signaling 

switches – such as the actin regulatory switch N-WASP (neuronal Wiskott-Aldrich syndrome 

protein) – were generated by Dueber et al.26 These allosteric switches consist of an output domain 

conjugated to a PDZ domain with a SH3 (SRC Homology 3) domain conjugated to their respective 

ligands (Figure 1.4A). Intramolecular recognition induces a conformational change of the output 

domain, thereby switching the module to the OFF-state. Addition of high-affinity ligands results 

in dissociation of the intramolecular ligands, switching the module to the ON-state. The resulting 

switches are functionally modular; simple substitution of the high-affinity intramolecular PDZ 

ligand (10 µM) for a lower-affinity PDZ ligand (100 µM) showed transition in behavior from an 

AND-gate to an OR-gate (Figure 1.4A). A range of different gating behaviors was obtained by 

altering parameters such as linker length, output domain, and intramolecular ligand affinities. 

This strategy was further expanded toward ultrasensitive input/output control upon introduction 

of tandem SH3 domains and intramolecular ligands, in which the switches showed a valency-
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dependent increase in sensitivity (Figure 1.4B).18 Collectively, these synthetic scaffold switches 

provide insight into functionality and modularity and how complex natural switches facilitate 

cellular gating behaviors. 

 
Figure 1.4 Synthetic modules altering output response. A. The PDZ/SH3 switch resembles an AND-gate; strong 

activation is observed only upon addition of both SH3 and PDZ ligands. By interchanging the intramolecular 

PDZ ligand (10 µM affinity) with a weaker binding PDZ ligand (100 µM affinity), the switch resembles an OR 

gate (right), in which the individual ligands already yield relatively strong activation. Reprinted with permission 

from ref 26. Copyright 2003, AAAS. B. Ultrasensitive switch designs. Comparisons of input/output functions for 

switches S1.1, S3.3, and S5.5; each switch’s relative activity is plotted as a function of the concentration of input 

ligand normalized by Kact. Observed ultrasensitivity scales with the number of autoinhibitory interactions. 

Reprinted by permission from ref 18. Copyright 2007, Springer Nature. 

The interplay of scaffold proteins and kinases was investigated by Hobert and Schepartz, who 

reported a miniature-protein-based scaffold to template phosphorylation of a latent substrate, 

hDM2, by the Hck kinase.27 Similarly, Taz phosphorylation was directed by Whitaker et al. upon 

conjugation of the kinase to tandem SH3 scaffold domains.28 A bridging module consisting of a 

SH3 ligand and a leucine zipper was used to recruit complementary leucine zippers conjugated 

to kinase substrates. Via systematic alterations of the scaffold and bridging module, 

autoinhibition and combinatorial inhibition were shown. By applying the classic principles of 

proximity-induced reactions, via the introduction of orthogonal interaction domains, the 

dynamics of kinase activity could be altered. These results indicate that such passive protein 

scaffolds can play an active role by directing enzyme activity. 

Metabolic Engineering 
Synthetic scaffolds can also be exploited for the generation of artificial metabolic pathways. 

Within synthetic enzyme complexes, enzymes exerting different activity levels can lead to 

suboptimal pathway flux through the accumulation of intermediates. Optimization of enzyme 

stoichiometry can be used to overcome this flux imbalance. To achieve such regulatory control 

over stoichiometry, Dueber et al. introduced a synthetic scaffold consisting of three orthogonal 

scaffold domains GBD (GTPase binding domain), SH3, and PDZ.20 By conjugation of their 

respective ligands to the three enzymes of the mevalonate pathway, selective recruitment of 
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those enzymes to the synthetic scaffolds was achieved. The resulting complex (GBD1SH31PDZ1) 

showed a 1.4-fold increase in mevalonate production over the unscaffolded pathway. By varying 

the stoichiometry of the different scaffold domains, the production levels could be increased, 

with an optimum (77-fold) for the GBD1PDZ2SH32 scaffold (Figure 1.5A). Using similar synthetic 

multidomain scaffolds, the biosyntheses of, e.g., glucaric acid29, resveratrol30, butyrate31, 

(deoxy)violacein32, and L-serine33 have been optimized, showing the modularity of this scaffold. 

Of special interest within metabolic engineering are pathways inspired by native cellulosomes. 

The central feature within these metabolons is the cohesin-dockerin pair, which is a high-affinity 

protein complex that allows for position-specific incorporation of enzymes (Figure 1.5B).34 

Although the function of native cellulosomes is to degrade cellulose, the various cohesin scaffolds 

and dockerin ligands allow for modular assembly of synthetic cellulosomes and new metabolic 

pathways. The potential utilization of cellulosome hybrids and recombination of its domains for 

various applications was first acknowledged by Bayer et al.35, who also generated the first in vitro 

synthetic cellulosome.36 Innovations within this field have led to the construction of higher-order 

cellulosomes37, the introduction of non-cellulosomal enzymes38 and their introduction within 

organisms, such as bacteria39–41 and S. cerevisae42,43. The cohesin-dockerin systems have also been 

utilized for non-metabolic purposes, such as protein purification44,45, biosensors46 and building 

blocks for in vitro synthetic biology projects.47  

 
Figure 1.5 Synthetic scaffolds provide modular control over metabolic pathways. A. Synthetic scaffolds to 

control the mevalonate pathway constructed by conjugation of three interaction domains (GBD, SH3 and PDZ), 

where x, y and z represents the number of their repeats. Optimizing the number of recruitment domains 

(GBD1SH32PDZ2) for maximum pathway flux resulted in a 77-fold increase in product titer compared. Reprinted 

with permission from Springer Nature from ref 20, Copyright 2009. B. Schematic overview of synthetic 

cellulosomes, consisting of conjugated cohesin domains, often with a carbohydrate binding domain and if 

required, a cell-wall anchoring domain. Dockerin-fused enzymes can be recruited to the scaffold via interaction 

with the cohesin domains. C. Comparison of the activity of Cl. thermocellum-based designer cellulosome (green 

bars) versus hyperthermophilic Ca. bescii-based designer cellulosome (red bars) at 75°C, using the same 

enzymes. The designed hyperthermophilic cellulosome shows better thermostability, with higher 

concentrations of product formed at 75°C. From ref 48. 

Early systems used cellulose as the substrate, later, modularity of cohesin-scaffolds and 

dockerin-fused enzymes has been utilized in the field of sustainable biosynthesis.49–51 Recent 

advances in the field of cellulose degradation have focused on transferring the cellulosomal 

technology to industrial settings. For example, cellulose systems are introduced into microbes 
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which lack the required biosynthesis ability, but are tolerant of low pH and ethanol.52 Additionally, 

hyperthermostable cellulosome variants are generated to remain stable during exothermic 

processes.48 Kahn et al. used cohesin-dockerin pairs from the thermophilic microbe Ca. bescii, the 

resulting designer cellulosome showed higher activity at 75°C than the native Cl. thermocellum 

(Figure 1.5C). Since in both systems the same enzymes were used, these results highlight the 

importance of the scaffold stability on the whole cellulosome complex. 

The field of metabolic engineering has led to insights into the generation of various synthetic 

metabolons relying on pathway assembly of enzymes onto conjugated multidomain scaffold 

proteins. Recombination of these domains allows for optimization of metabolic flux and the 

introduction of new biosynthetic pathways, thereby greatly expanding the functional application 

of synthetic protein complexes.53 

Liquid-liquid phase separation 
Cellular signaling is tightly regulated in time and space through various mechanisms such as 

classic organelles, scaffold proteins and membraneless organelles. These membraneless 

compartments, also called biomolecular condensates, function to concentrate proteins and 

nucleic acids. A review by Banani et al. summarizes both the cellular and biochemical assays that 

have provided insight into the molecular regulation of these biomolecular condensates.24 Here, 

we focus on the molecular insights that have been gained, specifically via the application of 

conjugated multidomain scaffold proteins. Multidomain proteins allow for precise control of 

valency and monovalent affinity, thereby serving as ideal model systems.  

Li et al. generated multidomain scaffolds by conjugation of 1 to 5 SH3 domain repeats, which 

interacted with the ligand composed of 1 to 5 conjugated repeats of PRM (proline-rich motif) 

ligand.54 At low concentrations and low valency, these solutions were clear, while at high 

concentrations and higher valency they showed the presence of phase-separated droplets (Figure 

1.6A). The phase-separation behavior of the multivalent natural nephrin – Nck – N-WASP system 

was analyzed both in vitro and in vivo, which showed the requirement of all three components 

for the formation of droplets. In an artificial system, Banjade and Rosen observed a sharp 

transition in clustering of Nephrin, Nck, and N-WASP upon increasing concentration.55 This 

behavior is indicative of a critical concentration required for clustering, resulting in phase 

separation. It was found that this behavior is highly dependent on the valency of the proteins and 

the interaction strength between the proteins. 

The compositional regulation within these cellular bodies was investigated by Banani et al. via 

the introduction of low valency clients56. By varying the concentrations of a synthetic SUMO10 

(small ubiquitin-like modifier) scaffold and SIM10 (SUMO interacting motif) ligand, partitioning of 

monovalent GFP-SUMO and RFP-SIM was followed (Figure 1.6B). A sharp transition in recruitment 

was observed based on the relative stoichiometries of the scaffold and ligand. Additionally, 

droplet composition is strongly influenced by client valency, as larger magnitudes of maximum 

partitioning were observed for di- and trivalent clients compared to their monovalent equivalents. 
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Recruitment of GFP-SUMO and -SIM clients into endogenous cellular bodies (promyolocytic 

leukemia nuclear bodies) in U2OS cells showed selective and valency-dependent partitioning 

analogous to the synthetic model system.  

Collectively, these synthetic systems show that sharp transitions observed in liquid-liquid 

phase separation are driven by multivalent interactions between scaffolds and their respective 

ligands and provide a model for the subsequent recruitment of lower valency clients within these 

droplets. The partitioning of cellular signaling molecules within these phase separating systems 

thus provides a regulatory mechanism for generating nonlinearity in signaling pathways. 

 
Figure 1.6 Synthetic multidomain scaffolds allow systematic analysis of prerequisites for liquid-liquid phase 

separation (LLPS). A. Phase diagrams of multivalent PRM3-5 and SH33-5 proteins. Red circles indicate phase 

separation and blue circles indicate no phase separation. Reprinted by permission from ref 54. Copyright 2012, 

Springer Nature. B. Phase diagram position dictates client recruitment. Solutions of multivalent scaffolds plus 

the indicated clients were imaged for client fluorescence. GFP-SUMO (green) and RFP-SIM (magenta) (100 nM 

each) were mixed with the indicated module concentrations of polySUMO and polySIM. Reprinted with 

permission from ref 56. Copyright 2016, Elsevier. 

Hydrogels 
Protein-based supramolecular hydrogels allow for tuning and tailoring the viscoelastic 

properties by molecular-level design, as both the interaction strength between the domains and 

the amount of scaffold domains per chain can be varied. Various protein-based hydrogels 

exist57,58; however, here we specifically focus on the application of conjugated scaffold domains. 

Wong Po Foo et al. engineered protein-based hydrogels from conjugated WW scaffold domains 

(C), which interact with conjugated proline-rich ligand peptides (P) (Figure 1.7A).59 Mixing-

induced two-component hydrogels (MITCH) are formed upon mixing of the scaffold CX (where X 

represents the amount of conjugated domains) with the ligand PX. Microrheological 

measurements of various CX and PX mixtures demonstrated clear differences in viscoelastic 

properties. The low functionality mixtures C3:P3, C3:P9, and C7:P3 showed liquid-like behavior, in 

contrast to the high functionality mixture C7:P9 which showed hydrogel behavior (Figure 1.7B). 

This behavior is dependent on the interaction between both components, as omitting either 

component results in liquid-like behavior (Figure 1.7C).  

In a follow-up study, tunability of this gel was investigated by determining the viscoelastic 

properties for various component densities and ratios.19 The density of the two components 

greatly affects the hydrogel-forming ability, as only higher weight percentages of components  
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7.5 and 10% w/v showed gel-like behavior (Figure 1.7D). The hydrogel-forming ability is less 

dependent on the C:P ratio, as hydrogel formation is observed across various C:P ratios. 

Interestingly, gels with a C:P ratio of 0.5 rather than 1:1 stoichiometry exhibited the highest degree 

of elasticity and formed the strongest network. Isothermal titration calorimetry analysis of the C7 

scaffold with either single ligand (P1) or the ligand chain (P9) revealed 7.46 or 2.32 apparent 

binding sites per C7 molecule, respectively. These results indicate that conjugation of ligands 

affects the binding between the individual ligands and the scaffold. Therefore, the effect of linkers 

should be considered when designing multidomain scaffolds and ligands, as this may alter the 

macroscopic properties of the resulting hydrogel network. 

 
Figure 1.7 Tunable hydrogels via synthetic multidomain scaffold proteins. A. MITCH consists of scaffold CX and 

ligand PX (X denotes the amount of repeats). B. Microrheology of C3:P3, C7:P3, C3:P9, and C7:P9 (7.5% w/v). 

Reprinted with permission from ref 59. Copyright 2009, National Academy of Sciences. C. Microrheology of C7, 

P9, and C7:P9 (10.0% w/v). Reprinted with permission from 19. Copyright 2011, American Chemical Society. D. 

Phase diagram of C7:P9 mixed in different ratios and at different % w/v. The dotted line is a visual guide to 

separate the liquid phase (α > 0.55) from the hydrogel phase (α < 0.55). Reprinted with permission from 19. 

Copyright 2011, American Chemical Society. 

The MITCH system has been used to control the codelivery of cells and growth factors for 

regenerative medicine therapies. Mulyasasmita et al. showed that the MITCH-system provided 

significant protection from cell damage after injection through a syringe compared to PBS.60 

Additionally, a MITCH composite hydrogel with hydroxyapatite nanoparticles was used to 

encapsulate and immobilize adipose-derived stem cells within a macroporous scaffold to 

stimulate bone regeneration.61 In summary, protein-based scaffolds and ligands in hydrogels 

allow for specific tuning of the viscoelastic properties, which facilitates its translation toward 

clinical application. 

Engineered scaffold proteins 
Engineered multidomain scaffold proteins have provided substantial fundamental insight into 

molecular mechanisms facilitating complex signal transduction. Conjugation of modular scaffold 

domains via multimerization and recombination allows for rapid diversification of existing 

scaffold proteins. The four highlighted application fields have provided complementary molecular 

insight into scaffold functioning. First, in vivo introduction of synthetic scaffold proteins showed 

plasticity of native signaling pathways and the application of these scaffolds for designing new 

functional pathway outputs. Modular recombination and multimerization allows for optimization 
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of pathway flux and connection of otherwise unrelated input and output responses, which has 

enormous potential in the field of biosynthesis and metabolic engineering. Additionally, cellular 

liquid-liquid phase separation is dictated by multivalent interactions between scaffold proteins 

and ligands, which leads to partitioning of cellular signaling molecules within a confined space. 

Finally, detailed analysis of the well-defined scaffold proteins within hydrogel systems allows for 

predictable tuning of the viscoelastic properties. Altogether, synthetic multidomain scaffold 

proteins are valuable tools in synthetic biology, which can provide fundamental insight into the 

complexity of cellular signaling, but also find application in various fields, for example to engineer 

therapeutic or diagnostic functionalities in synthetic cells or to tune hydrogels for specific 

regenerative medicine therapies. Additionally, integration of self-assembling properties results in 

behavior deviant from the isolated components, similarly to that observed within the described 

LLPS and hydrogel systems. Therefore, we envision future application of covalent scaffolds to 

template self-assembly, for example, in capsid formation67,68 or in combination with other 

biomolecules such as RNA to study biomolecular condensate formation69. Within these complex 

higher-order structures, modularity of these covalent scaffolds would allow for tunability of 

network formation. 

An interesting key player in the field of scaffold proteins is the 14-3-3 protein. In this thesis, 

the versatility of this platform protein is applied to gain fundamental insight into protein complex 

assembly and functioning of this protein, to engineer modular sensors and to create synthetic 

signaling networks in a complex environment. 

Versatility of the 14-3-3 platform 
14-3-3 proteins were first discovered in 1967 and described as acidic, abundant brain 

proteins.62 The peculiar name arises from the experimental conditions that led to the discovery 

of 14-3-3 in aqueous brain extract, as the numbers 

refer to the elution fraction of DEAE-cellulose ion-

exchange chromatography and subsequent 

migration pattern observed using acrylamide gel 

electrophoresis.63 14-3-3 proteins are a family of 

highly-conserved regulatory molecules, expressed in 

all eukaryotic cells.64 Seven mammalian 14-3-3 

isoforms – β, γ, ε, η, ζ, τ and σ – are known, which 

mainly exist as dimers (Figure 1.8).65 The nine α-

helices comprising a 14-3-3 monomer form a 

concave amphipathic ligand-binding groove, in 

which predominantly phosphorylated 

serine/threonine protein partners bind.66,67  

14-3-3 proteins are involved in many cellular pathways, thereby regulating various cellular 

functions including metabolism, signal transduction, gene expression, cell cycle progression and 

 

Figure 1.8 General structure of 14-3-3 (PDB 

6Y1J), showing the dimeric nature of the 

scaffold (monomers are indicated in 

light/dark gray), the binding grooves are 

indicated by arrows. The inlay shows a 

cartoon representation of 14-3-3 used 

throughout the thesis. 
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apoptosis.68,69 Alterations of these key cellular signaling processes have been connected to 

cancer70,71, metabolic diseases72,73, neurodegenerative diseases74–76 including Alzheimer’s 

disease77,78 and other diseases79–81. 14-3-3 proteins execute their function in signal transduction 

events through three modes of action: via direct conformational change of the target protein, via 

physical occlusion of sequence-specific or structural features, or by anchoring proteins within 

close proximity of each other, by acting as a scaffold.82 Through these modes 14-3-3 proteins 

mediate protein folding, target stabilization, subcellular protein localization and indirect 

interaction between two partners.83 

Applicability of 14-3-3 proteins in the context of synthetic signaling networks was first shown 

by Skwarczynska et al.84 A C-terminally truncated version of the Tobacco 14-3-3c (T14-3-3cΔC) 

isoform served as an orthogonal scaffold in a general chemically induced dimerization system. As 

chemical inducer, the natural small molecule fusicoccin (FC) was used, which is known to stabilize 

the interaction of 14-3-3 proteins with the C-terminus of the H+-ATPase PMA2 (CT52).85 

Reversibility of the T14-3-3cΔC/CT52/FC system was shown in context of translocation, as 

addition of FC resulted in sequestration from the nucleus of CT52-fused fluorescent proteins, 

which could be reversed upon washing with medium. Additionally, the system was applied in vivo 

to modulate NF-κB signaling, in which addition of FC induced nuclear localization of CT52-

functionalized p65 (Figure 1.9A).84 

Protein dimerization was controlled using the same T14-3-3cΔC/CT52/FC system by den 

Hamer et al.86 Upon fusion of caspase-9 monomers to the CT52 components, dimerization and 

activation of caspase-9 was regulated. A combination of mathematical modelling and 

biochemical experiments revealed underlying parameters of the synthetic ternary protein 

complex. Strong cooperativity between the assembling 14-3-3 binding partners formed the basis 

for the observed combinatorial inhibition profile.86 

Intramolecular scaffold-ligand interactions can also be exploited for the generation of a 

synthetic autoinhibited scaffold. Aper et al. used the native interaction between the 14-3-3 

scaffold and one of its ligands, ExoS, to generate covalently conjugated, autoinhibited scaffolds.87 

By incorporation of protease recognition motifs in the linker between the domains, protease-

activatable scaffold proteins were created. Versatility of these scaffolds was shown in context of 

self-activation and a three-step synthetic signaling network. Within this network, dimerization 

and activation of FGG-caspase-9 upon cucurbituril-8–binding resulted in activation of the 

scaffold. Subsequently, this allowed complementation of a split-luciferase on the activated 

scaffold (Figure 1.9B).87 
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Figure 1.9 14-3-3 as the central platform in synthetic signaling pathways. A. Addition of the small-molecule 

fusicoccin (FC) induces nuclear localization of CT52-functionalized p65, as it stabilizes the interaction with the 

14-3-3 scaffold functionalized with a nuclear localization sequence (NLS). Reprinted from ref 84 with permission 

of NAS. B. Protease-activatable 14-3-3 scaffolds were applied in a three-step signaling cascade in which 

dimerization and activation of FGG–caspase-9 on an orthogonal supramolecular platform resulted in activation 

of the 14-3-3 scaffold, which in turn allowed 14-3-3–templated complementation of a split-luciferase.87 

The aforementioned examples show application of the 14-3-3 platform in the context of 

synthetic signaling networks. However, versatility of the 14-3-3 protein potentially allows 

application outside these networks. The protein structure, as well as the (modulation of) protein-

protein interactions with binding partners is well characterized.88,89 Additionally, different binding 

modes are available – intrinsic90, small-molecule induced85 or phosphorylation-dependent 

binding67 –, which provide orthogonal modulation of binding. Moreover, the rigid structure allows 

modification of the N- or C-terminus through fusion of fluorescent proteins84,91, peptides84,87 and 

other protein domains92. Collectively, the 14-3-3 platform is envisioned to provide a valuable tool 

for the generation of synthetic protein complexes. 

Aim and outline of the thesis 
Cellular signaling is precisely regulated by assembly of proteins into higher-order complexes. 

Bottom-up de novo design of protein-protein interactions and synthetic protein assemblies 

remains highly challenging. Therefore, the focus in designing synthetic higher-order signaling 

complexes has been on native and well-characterized scaffold proteins. Efforts in the engineering 

of such protein complexes have led to insight into various molecular mechanisms key in cellular 

signaling. These mechanisms have revealed how synthetic protein complexes can be used as 

regulators of synthetic signaling pathways, provide basis for higher-order assembly into networks 

and can be applied in various fields, as discussed in this chapter. In summary, synthetic protein 

complexes are valuable tools in synthetic biology both to gain fundamental understanding and 

in terms of application. Therefore, the aim of the research described in this thesis is to generate 

synthetic protein complexes, which can provide complementary insight into the various aspects 

of protein assembly into signalling complexes. Central within these synthetic protein complexes 

is the versatile platform 14-3-3, which provides a valuable basis through its robust, dimeric nature 

and dynamic, well-characterized interaction with binding partners.  
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Here, versatility of the 14-3-3 platform has been exploited in context of application, as well 

as to provide fundamental insight into 14-3-3 scaffold functioning (Figure 1.10). The 

phosphoregulated interaction of 14-3-3 with binding partners allows engineering of modular 

kinase sensors. Extensive structural characterization of 14-3-3 protein complexes facilitates 

rational modulation of the complex to elucidate key parameters of complex assembly. Robustness 

of the platform allows functionalization, including linking of monomers to generate synthetic 

platforms with new functions. Additionally, 14-3-3 based synthetic modules find application as 

central basis for synthetic signaling cascades in coacervate-based protocells. Altogether, 14-3-3 

platforms and engineered versions thereof provide a valuable basis for synthetic protein 

complexes, both in context of elucidation of crucial parameters in signaling complex assembly, 

as well as in engineering modules for synthetic signaling pathways. 

 
Figure 1.10 14-3-3 as a versatile platform in synthetic protein complexes. In this thesis, the 14-3-3 platform 

has been applied to engineer modular kinase sensors, to design asymmetric complex assembly, to generate 

higher-order platforms trough covalent linking, and to provide a basis for signaling cascades in coacervate-

based protocells. 

The interaction of 14-3-3 and binding partners is well-characterized and regulated by kinases 

through phosphorylation of the interaction partner. In Chapter 2, the engineering of modular 

serine/threonine kinase sensors based on complementation of split NanoBiT luciferase on 14-3-3 

assembly platforms is described. Two designs were conceptualized, both relying on binding of 

defined kinase recognition motifs to the 14-3-3 platform upon phosphorylation, resulting in 

reconstitution of active split-luciferase. Especially the design based on double phosphorylation 

and bivalent 14-3-3 binding exhibits excellent efficiency for signal amplification and sensitivity to 

specific kinases. The platform is highly modular and easy adaptable as exemplary shown using 

novel sensors for the kinases PKA, PKB, and CHK1. 

Engineered 14-3-3 platforms facilitate rational modulation of protein assembly into higher-

order complexes to elucidate key parameters. Chapter 3 describes the design and 

implementation of asymmetric assembly of a ternary protein complex facilitated by Rosetta 

modeling and thermodynamic analysis. The wild type symmetric CT32-CT32 interface of the 
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14-3-3/CT32 complex was targeted, ultimately favoring asymmetric assembly on the 14-3-3 

scaffold. Biochemical studies, supported by mass-balance models, allowed for characterization of 

the parameters driving asymmetric assembly. Importantly, this chapter reveals that both the 

individual binding affinities and cooperativity between the assembling components are crucial 

when designing higher-order protein complexes. Enzyme complementation on the 14-3-3 

scaffold highlighted that interface engineering of a symmetric ternary complex generates 

asymmetric protein complexes with new functions. 

The biochemical and physiological effects arising from differences in dimerization behavior 

of the seven human 14-3-3 isoforms remain only partially understood. Chapter 4 describes a 

covalent linking strategy in order to generate defined 14-3-3 dimers. Analysis of the covalent 

dimers revealed an unexpected distribution in structures, besides dimers also higher-order 

structures were observed. By shortening the linker, this distribution was shifted towards tetramer 

and higher-order structures. This strategy can be applied for fundamental studies on 14-3-3 

interaction with highly phosphorylated binding partners. Additionally, this multivalent platform 

serves great potential for application in synthetic systems. 
Chapter 5 describes a unique strategy to introduce scaffold-mediated signal transduction 

within the compartmentalized and cytosol-mimetic environment of protocells. Spatial 

organization is facilitated by 14-3-3 scaffold proteins as localization signaling hubs. The phospho-

regulated interaction of 14-3-3 with functional protein partners provides a robust and reversible 

central mode-of-action for signal transduction in protocells. 

In the aforementioned chapters, 14-3-3 proteins have been exploited as a central basis in the 

design of synthetic modules and elucidation of key parameters in protein complex assembly. The 

epilogue discusses strategies to further employ the versatility of the 14-3-3 platform. It illustrates 

how new fundamental insight into the molecular mechanisms behind 14-3-3 functioning, such as 

dimerization and involvement in biomolecular condensates, can be achieved. Additionally, the 

epilogue elaborates on the application of 14-3-3 in the design of complex synthetic signaling 

networks to gain fundamental insight into cellular signaling.  
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2 
Modular engineered kinase sensors based on scaffold 

protein-mediated split-luciferase complementation 

 

 

 

 

 

Phosphorylation is a key regulation event in cellular signaling. Sensing the underlying kinase 

activity is of crucial importance for its fundamental understanding and for drug development. For 

this modular kinase activity sensing concepts are urgently needed. We engineered modular 

serine/threonine kinase sensors based on complementation of split NanoBiT luciferase on 14-3-3 

assembly platforms. Two designs were conceptualized, both relying on binding of defined kinase 

recognition motifs to the 14-3-3 platform upon phosphorylation, resulting in reconstitution of 

active split-luciferase. Especially the design based on double phosphorylation and bivalent 14-3-3 

binding exhibits excellent efficiency for signal amplification and sensitivity to specific kinases. The 

platform is highly modular and easy adaptable as exemplary shown using novel sensors for the 

kinases PKA, PKB, and CHK1. 

 

 

 

 

 

 

 

This work has been published as: 

X. Xu‡, L.J.M. Lemmens‡, A. den Hamer, M. Merkx, C. Ottmann, L. Brunsveld, Chem. Sci., 2020, 11, 

5532–5536. ‡ Contributed equally: XX characterized the sensors in buffer and lysate. LL designed 

the experiments and the bivalent sensor, and performed kinase selectivity and time-response 

experiments. AdH designed the monovalent PKA sensor and performed initial characterization. 



| Chapter 2 

20 

Introduction 
Cells respond to a diversity of internal and external signals with the appropriate physiological 

output through tightly controlled networks predominantly comprising signaling proteins.1 

Regulation of proteins in signal transduction is coordinated by distinct mechanisms,2 with 

posttranslational modifications (PTMs) as very important, fast, and reversible central mode-of-

action.3–8 Phosphorylation is the most prevalent PTM and more than 500 kinases catalyze the 

phosphorylation of specific substrates. Misregulation of kinases has been connected to diverse 

diseases, such as various cancers and developmental-, metabolic-, and neurological disorders.9  

Sensors for protein phosphorylation and kinase activity have therefore been developed and have 

seen applications ranging from high-throughput screening in drug discovery to cellular activity 

studies. Notwithstanding these great achievements current sensors typically feature certain 

limitations such as lack of modularity10 or specificity11, restrain to only one kinase12, need for 

purified kinases13, small dynamic ranges14,15, or the need for genetic modification of the kinase of 

interest16,17. As such, there is a need for conceptually novel sensors that can measure activities of 

various native kinases, show a large dynamic range, and ideally are modular18 to allow the same 

sensor design to be applied to different kinases and with short development times. 

Bioluminescence based sensors serve great potential over the use of fluorescence based 

sensors19, as their dynamic range and sensitivity is typically higher. 

14-3-3 proteins are the main reader proteins of Ser/Thr phosphorylation events and bind as 

dimers to a large variety of both single and double phosphorylated protein motifs.20,21 Previous 

work has shown the amenability of 14-3-3 proteins to engineering approaches towards protein 

assembly platforms based on the binding of phosphorylated peptide motifs.22–24 Here, we 

designed and engineered a set of modular kinase sensors comprising the 14-3-3 protein as 

general assembly platform for kinase phosphorylation motifs, complemented with the NanoBiT 

split-luciferase system.25 The modular kinase sensor design was evaluated using the three kinases 

PKA, PKB/Akt, and CHK1 as example and showed high modularity combined with broad dynamic 

ranges. 

Two kinase sensing concepts were designed, based on binding of kinase-specific single or 

double phosphorylated peptide motifs to the 14-3-3 protein platform. The monovalent strategy 

(Figure 2.1, strategy 1) relies on the binding and functional luciferase activation of two peptides 

each built up with the same kinase motifs but with either a small or large half of the NanoBiT (NB) 

split luciferase (SmNB-peptide and LgNB-peptide) to 14-3-3 upon phosphorylation. The intrinsic 

affinity of the LgNB and SmNB elements was chosen to be relatively weak (Kd=190 µM25) to 

suppress background complementation. Specific peptide motifs for the three kinases defined the 

Mono-PKA, Mono-PKB, and Mono-CHK1 sensors. The bivalent strategy (Figure 2.1, strategy 2) is 

based on a 14-3-3 construct engineered to be connected to the small fragment of the split 

NanoBiT luciferase (14-3-3-SmNB) and constructs based on the large fragment of NanoBiT 

together with a peptide motif that features two phosphorylation sites for the specific kinase at 
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hand (LgNB-peptide), resulting in the Bi-PKA, Bi-PKB, and Bi-CHK1 sensors. Phosphorylation of 

the LgNB-peptide would lead to efficient bivalent binding to 14-3-3-SmNB, enabling luciferase 

complementation and signal amplification. We expected the monovalent sensor to selectively 

form the hetero split-luciferase complex on the 14-3-3 platform because of the additional 

cooperative interaction between the two different luciferase parts23,26 and the bivalent sensors to 

assemble with very high affinity because of the underlying multivalency principle as also used by 

14-3-3 in natural protein recognition events.24,27 Detailed design considerations and peptide 

sequences used for the different sensors are provided in the Supporting Information (Appendix 

2.1). 

 
Figure 2.1 Schematic representation of the kinase activity sensor designs. Strategy 1 is based on the 

monovalent binding of two single-phosphorylated NanoBiT fragments to the dimeric 14-3-3 protein and 

subsequent luciferase complementation. Strategy 2 is based on the binding of a large NanoBit fragment upon 

biphosphorylation to an engineered 14-3-3 scaffold fused to the small NanoBit fragment. 

Results and Discussion 
Monovalent sensing strategy 

The monovalent sensing strategy was first evaluated. Mass spectrometric analyses showed 

that the SmNB-peptide and LgNB-peptide elements of the Mono-PKA, Mono-PKB, and Mono-

CHK1 sensors could all be phosphorylated by their corresponding kinases (Figure S2.2-S2.3). 

When studying the effect of this phosphorylation on the luciferase signal amplification, the 

Mono-PKA sensor featured an impressive 95-fold bioluminescence increase upon 

phosphorylation, with all sensor components (SmNB-peptide, LgNB-peptide, 14-3-3 dimer) 

present at 50 nM (Figure 2.2A). As anticipated, the 14-3-3 assembly platform was crucially 

important to facilitate the luciferase complementation of the phosphorylated components. The 

Mono-PKB and Mono-CHK1 were similarly evaluated and showed, respectively, a 22-fold and 3-

fold increase in luciferase signal intensity upon phosphorylation (Figure 2.2A). The strongest 

signal amplification, as observed for the Mono-PKA sensor, probably relates to the high 14-3-3 

binding affinity of the phosphorylated peptide motif used for this sensor.  
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Bivalent sensing strategy 
Effective two-fold phosphorylation of the three LgNB-peptide constructs from the bivalent 

sensors, by their respective kinases, could also be shown using mass spectrometry analyses 

(Figure S2.4). Functionally, the phosphorylation of the bivalent sensors led to even more 

impressive levels of signal amplification as compared to the monovalent sensors (Figure 2.2B). 

Phosphorylation of the Bi-PKA sensor induced an almost 4000-fold increase in luciferase activity. 

Interestingly, the Bi-PKA sensor achieved a similar signal intensity as for the Mono-PKA sensor, 

however at a 5-fold lower concentration of the sensor elements and at a 4-fold lower furimazine 

substrate concentration. These features also result in a lowering of the background signals 

generated by the unphosphorylated sensor, or in the absence of the 14-3-3–SmNB assembly 

platform. The Bi-PKB and Bi-CHK1 sensors similarly showed very attractive levels of signal 

amplification upon phosphorylation of around 65- and 1600-fold respectively. For these two 

kinases the bivalent binding of the phosphorylation motifs to the 14-3-3 platform thus crucially 

enhances the affinity for complex formation. This enhanced binding affinity for the bivalent 

constructs allows usage of lower sensor concentrations with concomitantly lowered background 

activity, but still with enhanced sensor reconstitution. Notwithstanding the promising data for the 

monovalent sensors, we thus focused the subsequent in depth evaluation of the sensors on the 

bivalent platform. 

 
Figure 2.2 Bioluminescence activity of monovalent and bivalent kinase sensors for PKA, PKB, and CHK1. A. 
Phosphorylated (+ATP) or unphosphorylated (-ATP) LgNB- and SmNB-monovalent peptides (50 nM) in 

presence or absence of 14-3-3 (50 nM). Furimazine was used at a final dilution of 1:2000. B. Phosphorylated 

(+ATP) or unphosphorylated (-ATP) LgNB-bivalent peptides (10 nM) in presence or absence of 10 nM 14-3-3-

SmNB. Furimazine was used at a final dilution of 1:8000. Error clouds represent SE (n=3). 
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Evaluation of the dynamic range 
The dynamic range of the bivalent sensors was evaluated by analyzing the concentration 

dependences of the sensors. All three bivalent sensors showed impressive signal to background 

values over a broad concentration window (Figures 2.3, S2.5-S2.7). Each sensor featured its own 

ideal concentration for optimal signal intensity versus background signal, typically at sensor 

concentrations between 10 and 100 nM and probably relating to the binding affinities of the 

specific phospho-epitopes to the 14-3-3 platform. These data also make clear that even at low 

sensor concentration, down to 1 nM for the Bi-PKA and the Bi-CHK1 sensors, impressive signal 

intensity is achieved.  

An alternative for modulating and understanding the stability of the sensor responses is by 

modulating the ratio of the two sensor elements. Titration of the 14-3-3–SmNB platform to a 

constant concentration of the phosphorylated kinase peptide epitopes revealed a remarkable 

constant signal output (Figures S2.8-S2.10). The 14-3-3–SmNB platform could be added in up to 

100-fold excess without affecting the signal intensity, nor signal-to-background values strongly. 

All these features together hint to a sensor design which is applicable and signal-stable over 

broad concentrations windows. 

 
Figure 2.3 Bivalent sensor dynamic range evaluation. Bioluminescence intensities recorded at 1, 2.5, 5, 10, 25, 

50, and 100 nM. Background signals in absence of the 14-3-3–SmNB platform (dotted lines) or without 

phosphorylation (dashed lines) are several decades lower. Furimazine was used at a final dilution of 1:8000. 

Error clouds represent SE (n=3). 

Time-responsiveness of the bivalent kinase sensors 
The bivalent sensors were evaluated regarding their real-time luciferase activity upon kinase 

addition (Figures S2.11A, S2.12). Incubation of each sensor with its respective kinase and ATP led 

to a clearly detectable time-dependent increase of the bioluminescence of several orders of 

magnitude. The responsiveness of the sensors is almost immediate, on the time-scale of the 

measurement, as adding the kinases directly resulted in detectable signal enhancements. This 

result testifies to the rapid phosphorylation, subsequent sensor assembly on the 14-3-3 platform 

and split-luciferase reconstitution. When performing these analyses at increased kinase 

concentrations a similar fast response was observed. At the highest PKB concentration the time-

scale of the measurements need to be shortened because of depletion of the furimazine 

substrate, despite the increase amount of furimazine to accommodate for this depletion. These 
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results demonstrate the applicability of the sensors for real-time activity sensing and their 

relevant sensitivity at low concentrations. 

The time-responsiveness of the Bi-PKA sensor upon varying PKA concentrations was 

compared to the response of the commercial PKA activity kit AssayQuant PhosphoSens. Linear 

regression was applied to the initial linear part of the traces to determine the velocity for the 

various PKA concentrations (Figures 2.4B, S2.11). Both assays show a clear PKA concentration 

dependent increase in velocity. The Bi-PKA 0.02 U/µL datapoint approaches the limit of detection 

(LOD) further compared to the AssayQuant assay, suggesting higher sensitivity for the 

commercial kit. In contrast, the Bi-PKA shows a bigger spread in velocity values, suggesting higher 

precision compared to the AssayQuant assay.  

The kinase selectivity of the bivalent sensors was tested within the panel of the three kinases 

studied at set kinase concentrations (Figure 2.4C-E). All three bivalent sensors performed with 

gratifying selectivity towards the kinase they were specifically designed for. Differences in 

bioluminescence signal intensity could already be observed within minutes after addition of the 

kinases and to the sensors. 

 
Figure 2.4 Time-responsiveness and kinase selectivity of bivalent sensors. A. Schematic representation of 

experiment. B. Velocity upon phosphorylation of Bi-PKA (10 nM) or AssayQuant with varying PKA 

concentrations (0.02-1.28 and 0.02-0.32 U/µL, respectively). Signal intensities were normalized to background, 

the velocity was derived from the linear part of the curves. Error bars represent the SD (n=3), smaller than 

datapoint symbols. The limit of detection (LOD) is defined as three times the SD of the background. Time-

response curves and regression can be found in Figure S2.11. C-E. Bi-PKA, Bi-PKB, and Bi-CHK1 (10 nM) were 

each incubated with PKA (0.1 U/µL), PKB (0.008 U/µL) and CHK1 (0.1 U/µL). Furimazine was used at a final 

dilution of 1:2000 and background (without kinase) was subtracted. Error clouds represent SE (n=3). 
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PKA activity sensing in cell lysate 
The Bi-PKA sensor was used to test the applicability of the sensing concept to measure kinase 

activity in cell lysates. First the activity of a PKA overexpressed in E. coli cells was measured. The 

LgNB–Bi-PKA component of the sensor, containing the two PKA phosphorylation sites, was 

incubated with the E. coli lysate and additional ATP for 3 hours after which the 14-3-3–SmNB 

platform was added to reconstitute the functional sensor. A strong bioluminescent signal was 

observed, testifying to the large dynamic range of the sensor system and capability to sense the 

PKA activity in the lysate (Figures 2.5A, 2.6B, S2.13). The around 1000-fold lower signal of the 

E.coli lysate without PKA (EV; empty vector) or when either of the two protein elements of the Bi-

PKA sensor is absent pin-point the effectiveness and need for full sensor complementation. 

The activity of native PKA, as present in eukaryotic cells, was evaluated using the human 293T 

cell line. Incubation of the Bi-PKA sensor with 293T lysate and additional ATP resulted in a 

substantial bioluminescence signal, not present in absence of lysate (Figures 2.5B, S2.14). The 

signal output was sensitive, and increased, to stimulation of the PKA signaling pathway by 

culturing the cells in the presence of forskolin (FSK), a small molecule activator of the adenylate 

cyclase pathway. Direct addition of cyclic AMP (cAMP), an activator of PKA, to the 293T lysate 

could also be sensed, and resulted in a more than 3-fold increase in signal output by the Bi-PKA 

sensor. Furthermore, the Bi-PKA sensor was also capable of sensing PKA inhibition, as revealed 

by the lower bioluminescence detected upon addition of the PKA inhibitor H89. 

 
Figure 2.5 PKA activity sensing in cell lysates. A. LgNB-Bi-PKA was incubated with ATP and E.coli lysate with 

PKA or without (EV; empty vector) for 3 h. 14-3-3–SmNB and furimazine (1:4000) were subsequently added for 

Bi-PKA sensor reconstitution to a final concentration of 25 nM. B. The Bi-PKA sensor (25 nM, all components) 

and additional ATP were added to lysates of 293T cells, forskolin (FSK) treated 293T cells, 293T cells with 

additional cAMP or H89 added. Bioluminescence was recorded after 1 hour incubation upon addition of 

furimazine (1:2000). Student’s t-test at 99% confidence interval (double asterisks). Error bars represent SD (n=3). 

Conclusion  
These new protein designs address the need for modular kinase sensors with large dynamic 

ranges and facile applicability. The modular platform is based on the 14-3-3 protein as integrator 

platform of protein phosphorylation combining binding and luciferase reconstitution. Of the two 

conceptual designs, the monovalent sensors showed attractive signal amplification, which was 

even surpassed by the bivalent sensors with an additional broad concentration efficiency and 
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kinase selectivity. As an example, the Bi-PKA sensor was shown also to be effective in diverse 

cellular lysates and capable of sensing different PKA activity states. The flexibility of the sensor 

design allows rapid development of sensors for different kinases by implementing one or two 

kinase recognition motifs in the protein constructs. We envision these kind of sensors to lead to 

broad applications, including in vitro small molecule screenings, cellular studies, and diagnostic 

kinase activity profiling. 
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Experimental section 
Buffers 
Lysis buffer: 50 mM Tris, 300 mM NaCl, 50 mM imidazole, 5 mM MgCl2, pH 8.0 

Wash buffer: 50 mM Tris, 300 mM NaCl, 50 mM imidazole, pH 8.0 

Elution buffer: 50 mM Tris, 300 mM NaCl, 250 mM imidazole, pH 8.0 

FP buffer: 10 mM HEPES, 150 mM NaCl, pH 7.4 

Phosphorylation buffer: 10 mM HEPES, 150 mM NaCl, 20 mM MgAcetate, pH7.4 

Complementation buffer: 10 mM HEPES, 150 mM NaCl, 1 mg/mL BSA (Sigma), pH 7.4 

Kinase buffer: 10 mM HEPES, 150 mM NaCl, 20 mM MgAcetate, 1 mg/mL BSA, pH 7.4 

SDS-PAGE sample buffer (2x): 125 mM Tris pH 6.8, 5% w/v SDS, 0.02% w/v bromophenol blue, 

20% v/v glycerol 

SDS-PAGE running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3 

Plasmid preparation and protein purification 
C-terminal fusion of the monovalent peptides to the large NanoBiT (LgNB) and the small NanoBiT 

(SmNB) fragments of split-NanoLuc25 were obtained via restriction and ligation of the synthesized 

Gblocks encoding the monovalent peptides. In the case of bivalent systems, only LgNB was fused 

to the bivalent peptides via restriction and ligation of the Gblocks encoding the bivalent peptides. 

SmNB was fused to the C-terminus of the covalent dimeric scaffold protein 14-3-324 (dT14-3-3–

SmNB), also via restriction and ligation. 

The LgNB/SmNB fusion proteins and SUMO-PKA, encoded in a pET28a plasmid, were expressed 

under sterile conditions supplemented with kanamycin (30 µg/mL) in E.coli BL21(DE3) (Novagen). 

T14-3-3cΔC23, encoded in a pOPINF plasmid, was expressed under sterile conditions 

supplemented with ampicillin (100 µg/mL) in E.coli BL21-CodonPlus(DE3)-RIL (Novagen). Cultures 

of either Luria-Bertani (LB) or Terrific Broth (TB) medium supplemented with the appropriate 

antibiotic were used after inoculation with overnight small cultures and were incubated at 37 °C 

and 160 rpm until the optical density OD600 reached 0.6 or 1, respectively. Subsequently, 0.5 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce expression and the culture was 

incubated at 160 rpm *overnight at 18 °C*. Differentiating protocol for SUMO-PKA: *4 hours at 

37 °C*. Cells were harvested by centrifugation (10 min, 8,000 rpm, 4 °C) in a Sorvall Evolution 

Centrifuge with a SLC-3000 rotor (Thermo Scientific). The pellets were resuspended in lysis buffer 

(10 mL/gcell pellet, 1 µL/gcell pellet Benzonase® Nuclease (Novagen)) and cells were lysed using an 

EmulsiFlexC3 High Pressure homogenizer (Avestin) at 15,000 psi for two rounds. Cell debris was 

removed by centrifugation (40,000 xg, 20 min, 4 °C) in a Sorvall Evolution Centrifuge with a SA300 

rotor. Differentiating protocol for SUMO-PKA, for use in assays, the supernatant was directly 

applied. The supernatant was applied to a Ni-loaded column (His-Bind® Resin, Novagen) and 

washed with wash buffer in subsequent presence and absence of 0.1% Triton-X-100. Protein was 

eluted from the column using elution buffer. *For SmNB fused monovalent peptides, samples 

were cleaved with SUMO protease dtUD1 (17.2 mg/mL)28 during overnight dialysis (MWCO 3.5 

kDa, Thermo Scientific). The cleaved and dialyzed sample was further purified with Ni-loaded 

column and the flow-through containing SmNB fused proteins were collected.* The elution 

fraction was concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore). 

Concentrated protein was exchanged into FP buffer using a PD-10 desalting column (GE 
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Healthcare). Concentration of the protein was determined using a Thermo Scientific ND-1000 

spectrophotometer at 280 nm. Aliquots of pure protein were snapfreezed and stored at -80°C 

prior to use. 

In vitro phosphorylation assay 
To obtain the phosphorylated peptides, the purified fusion proteins, including LgNB/SmNB-

mPKA, LgNB/SmNB-mPKB, LgNB/SmNB-mCHK1, LgNB-biPKA, LgNB-biPKB, LgNB-biCHK1 (20 

µM, total volume 150 µL) were incubated separately with their relevant commercial kinases, i.e. 

PKA (10 µL, P6000S, 2500 U/µL, New England Biolabs), PKB (10 µL, SRP5001, 10.3 U/µL, Sigma), 

CHK1 (15 µL, C0870, 16.9 U/µL, Sigma) in the absence or presence of adenosine triphosphate 

(ATP, 200 µM) in phosphorylation buffer at 30 °C, 300 rpm for 3 hours. The phosphorylated 

protein aliquots were stored at -80 °C prior to use. The reaction buffer was changed to 0.1% 

formic acid before confirming the phosphorylation via Q-ToF LC/MS analysis. 

Activity assays 
In the monovalent system, the phosphorylated LgNB and SmNB fusion protein were incubated 

simultaneously with the 14-3-3 monomer in complementation buffer. In the bivalent system, 

LgNB fusion protein was incubated with 14-3-3 dimer for each sensor. Furimazine (substrate for 

Nano-Glo® Luciferase assay, Promega) was added into the mixture (total volume 100 µL, 

LumiNunc 96 wells-plate) before recording the bioluminescent spectra from 398 nm to 608 nm 

on a Tecan Spark 10M platereader (integration time: 1000 ms). 

Unphosphorylated LgNB-bivalent peptides (10 nM) with the equal amount of 14-3-3–SmNB were 

incubated directly with ATP (200 µM) and their corresponding kinase in kinase buffer. Furimazine 

was added at the start of recording the bioluminescent intensity (at 458 nm) at 30 °C for 1 h (total 

volume 100 µL, LumiNunc 96 wells-plate, EASYfilm cover). The selectivity of the kinase sensors 

was investigated in the same way while incubating with different kinases. 

AssayQuant PKA PhosphoSens assay 
Considerations 

The kinase concentrations recommended by the supplier are within the range of 0.02-20 nM. 

Using the following constants; specific activity: ~5*106 U/mg and molecular weight: 38 kDa 

(derived from the NEB product summary sheet), a PKA activity concentration range of 0.02-1.28 

U/µL translates to a PKA concentration range of ~ 0.1-7 nM. These concentrations are within the 

recommended concentration range. 

Protocol 

The commercial AssayQuant PKA PhosphoSens assay was performed following the instructions 

manual. First, a mastermix was prepared, to which serial dilutions of PKA (0.02-1.28 U/µL, New 

England Biolabs) prepared in Enzyme dilution buffer were added. The final mixture contains 

HEPES (54 mM, pH 7.5), ATP (1 mM), Brij-35 (0.012%), MgCl2 (10 mM), AQT0458 (10 µM). 

Fluorescence intensity (ex: 460(20) nm, em: 492(20) nm, gain: 85, Z-position: 22848 µm) was 

measured on a Tecan Spark 10M platereader for 1h at 30°C (total volume 25 µL, white 384 wells-

plate (Corning, small volume, NBS treated), ClearVue cover (MolecularDimensions)). 
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Application of the Bi-PKA sensor in E. coli lysate 
LgNB-biPKA (20 µM) was incubated with E. coli cell lysate (5 µL) containing expressed PKA in the 

absence or presence of ATP (200 µM) in a total volume of 150 µL, at 30 °C, 300 rpm for 3 hours 

in phosphorylation buffer. E.coli lysate containing ev plasmid was used as control. Subsequently, 

the pre-incubated LgNB-biPKA was diluted in complementation buffer to arrive at a final 

concentration of 25 nM, with equal concentration of 14-3-3–SmNB (25 nM). The bioluminescent 

intensity was recorded immediately after adding the substrate furimazine.  

Cell culturing 
Human embryonic kidney cells HEK293T were maintained and proliferated in DMEM (Dulbecco's 

Modified Eagle Medium) solutions supplemented with 10% fetal bovine serum (FBS, Gibco®), and 

1% penicillin-streptomycin (Gibco®) at 37 °C in an atmosphere of 5% CO2 and 70% humidity.29 

For PKA stimulation, 5x106 cells per well were incubated in 6-well plate for 48 hours prior to cell 

treatment with forskolin (FSK, 100 µM, Sigma) for 1 hour. Control cells were treated with an equal 

amount of dimethyl sulfoxide (DMSO, vehicle). After detaching the cells from the bottom of the 

plate via pipetting with PBS, the culture was transferred into Eppendorf cups and centrifuged at 

4 °C, 20,000 rpm for 10 min. The cell pellet was lysed by 100 µL pre-cooled lysis buffer (20 mM 

Tris pH 8.0, 137 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Tween 20) with 1 % (v/v) protease 

inhibitor (P8340, Sigma) and 1% (v/v) phosphatase inhibitor (P2850, Sigma). After spinning down 

at 20,000 rpm for 30 min, the supernatant was kept at -80 °C before use.  

Application of the Bi-PKA sensor in human cell lysate 
To validate the feasibility of the Bi-PKA sensor in human cell lysate, LgNB-biPKA (25 nM) 

with/without 14-3-3–SmNB (25 nM) was incubated with 293T cell lysate (5 µL) in kinase buffer in 

the presence or absence of ATP (200 µM) at 37 °C. Cyclic adenosine monophosphate (cAMP, 2 

mM, A9501, Sigma) was added to stimulate the PKA activity in vitro. On the contrast, the inhibitor 

H89 (10 µM, B1427, Sigma) was used to inhibit the PKA activity in cell lysate. After 1 h, luminescent 

intensity (at 458 nm) was recorded immediately after adding substrate furimazine.  

Q-ToF LC/MS analysis and/or SDS-PAGE analysis of purified proteins 

Q-ToF LC/MS analysis 

Purity and exact mass of proteins were determined using a high-resolution LC-MS system 

consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of 

Flight (Q-ToF). The system comprised a Binary Solvent Manager and a Sample manager with 

Fixed-Loop (SM-FL). The protein was separated (0.3 mL min-1) on a column (Polaris C18A reverse 

phase column 2.0 x 100 mm, Agilent) using a 15-75% acetonitrile gradient in water supplemented 

with 0.1% v/v formic acid before analysis in positive mode in the mass spectrometer. 

Deconvolution of the m/z spectra was done using the MaxENT1 algorithm in the Masslynx v4.1 

(SCN862) software. 

SDS-PAGE analysis 

5 µL sample (1-5 µM, if the concentration was known) was mixed with 5 µL SDS-PAGE sample 

buffer (2x), heated for 5 minutes at 95°C and was loaded onto a 4-15% Mini PROTEAN TGX gel 

(15 well, Bio-rad), which was run with SDS-PAGE running buffer for 40 minutes at 200V. After 3x5 
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minutes washing with dH2O, the gel was stained with Coomassie (30 minutes, Bio-Rad) and 

washed with dH2O. 

 
Figure 2.6 A. SDS-PAGE analysis of purified proteins. Expected molecular weights: 62.2 kDa (dT14-3-3cΔC–

SmNB), 25.6 kDa (LgNB-biPKB), 26.7 kDa (LgNB-biPKA), 25.8 kDa (LgNB-biCHK1), 29.2 kDa (T14-3-3cΔC), 23.8 

kDa (LgNB-mPKB), 23.8 kDa (LgNB-mCHK1), 6.3 kDa (SmNB-mPKB), 6.1 kDa (SmNB-mCHK1), 24.7 kDa (LgNB-

PKA) and 7.1 kDa (SmNB-mPKA). B. SDS-PAGE analysis to verify expression of SUMO-PKA compared to the 

empty vector. The elution shows a band, indicated by the arrow, which is located at the expected molecular 

weight of 54.0 kDa. 
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Appendices 
Appendix 2.1 – Sensor design details 
To generate sensors for protein kinases including PKA, PKB, CHK1, the optimal peptides (Table 

S2.1) were respectively selected. These peptides have been reported to bind to 14-3-3 upon 

phosphorylation. The monovalent peptide for the Mono-PKA sensor (mPKA) was derived from 

the C-terminus of the plant plasma membrane H+-ATPase PMA2.30,31 Effectiveness of this 

14-3-3/CT32 interaction has already been shown in a synthetic biology approach.23 The kinase 

that naturally phosphorylates the wild-type CT32 remains unknown, however, introduction of the 

well-defined PKA recognition motif (R-R-X-S-Φ)32 was hypothesized to result in a CT32 that 

requires the phosphorylation by PKA to induce binding to 14-3-3. Since CT32 possesses a C-

terminal mode III 14-3-3 binding motif, e.g. requires a free C-terminus, this peptide does not 

allow for the generation of a bivalent 14-3-3 binding motif. Therefore, the well-studied natural 

PKA substrate motif derived from c-Raf was selected to generate the Bi-PKA sensor, since it 

contains two PKA phosphorylation sites and has been shown to interact with 14-3-3 (Kd=346 

nM).33 The monovalent peptide for Mono-CHK1 sensor (mCHK1) is derived from Cdc25C, which 

is a known substrate of Checkpoint Kinase 1.34 CHK1 phosphorylation of this peptide on serine-

216 has shown to induce the binding to 14-3-3.35,36 The length of the peptide was based on the 

crystal structure (Figure S2.1), as observed electron density for residues is indicative for rigidity, 

which might be the result of interaction with 

14-3-3 and are therefore important residues for 

binding. For the Bi-CHK1 sensor, the bivalent 

peptide was obtained from covalent attachment 

of two monovalent peptides via a flexible (Gly-

Gly-Ser)3 – linker, the length of this linker is 

chosen to be long enough to span the distance 

between two peptides binding in separate 

binding grooves. The monovalent peptide for 

Mono-PKB sensor (mPKB) was derived from the 

protein glycogen synthase kinase (GSK3α), which 

is a known substrate for protein kinase B.37 Since no crystal structure of the interaction between 

14-3-3 and CDC25C is available, the length of the peptide was chosen to include the known PKB 

recognition motif (RXRXXS)38 on the N-terminal side and to include residues that might play a 

role in interaction of CDC25C with 14-3-3 on the C-terminal side, more specifically, the glycine 

residues flanking the chosen peptide sequence are not incorporated. The hypothesized 14-3-3 

binding of mPKB was evaluated via online software 

http://www.compbio.dundee.ac.uk/1433pred/ (cut-off = 0.50). For the Bi-PKB sensor, the bivalent 

peptide was obtained from covalent attachment of two monovalent peptides via a flexible (Gly-

Gly-Ser)3 – linker, the length of this linker is chosen to be long enough to span the distance 

between two peptides binding in separate binding grooves. The Gblocks were synthesized by IDT 

(USA). 

  

 
Figure S2.1 Crystal structure for the 

CDC25C/14-3-3 interaction (PDB 5M35). 
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Table S2.1 Details of monovalent and bivalent peptides. The putative phosphorylation sites are underlined. 

Name Source Motif  Kinase  Strategy  

mPKA CT32_RRYSI  RQRELHTLKGHVESVVKLKGLDIETIQRRYSI PKA  Monovalent  

mPKB GSK3α_S21  RARTSSFAEP PKB  Monovalent  

mCHK1 Cdc25C_S216  LYRSPSMPEN CHK1  Monovalent  

biPKA c-Raf_S233/S259  QHRYSTPHAFTFNTSSPSSEGSLSQRQRSTSTPNVH  PKA  Bivalent  

biPKB GSK3A_biS21  RARTSSFAEPGGSGGSGGSRARTSSFAEP PKB  Bivalent  

biCHK1 Cdc25C_biS216  LYRSPSMPENGGSGGSGGSLYRSPSMPEN CHK1  Bivalent  

Appendix 2.2 – Sequences of constructs 
T14-3-3c∆C 
  1 MAHHHHHHSS GLEVLFQGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE LTVEERNLLS 70 
 71 VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI CDGILKLLDA KLIPSAASGD 140 
141 SKVFYLKMKG DYHRYLAEFK TGAERKEAAE STLTAYKAAQ DIATTELAPT HPIRLGLALN FSVFYYEILN 210 
211 SPDRACNLAK QAFDEAIAEL DTLGEESYKD STLIMQLLRD NLTLWTSD         258 

dT14-3-3–SmNB 
  1 MGGSHHHHHH GTGASSSGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE LTVEERNLLS 70 
 71 VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI CDGILKLLDA KLIPSAASGD 140 
141 SKVFYLKMKG DYHRYLAEFK TGAERKEAAE STLTAYKAAQ DIATTELAPT HPIRLGLALN FSVFYYEILN 210 
211 SPDRACNLAK QAFDEAIAEL DTLGEESYKD STLIMQLLRD NLTLWTSDMQ GGSGGSGGSG GSGGGSGGSG 280 
281 GSGSGGSGGS MAVAPTAREE NVYMAKLAEQ AERYEEMVEF MEKVSNSLGS EELTVEERNL LSVAYKNVIG 350 
351 ARRASWRIIS SIEQKEESRG NEEHVNSIRE YRSKIENELS KICDGILKLL DAKLIPSAAS GDSKVFYLKM 420 
421 KGDYHRYLAE FKTGAERKEA AESTLTAYKA AQDIATTELA PTHPIRLGLA LNFSVFYYEI LNSPDRACNL 490 
491 AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD MQGTGGNGSS GGVTGYRLFE EILGGSGGSW 560 
561 SHPQFEKGGS            570 

LgNB-CT32_RRYSI (LgNB-mPKA) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG SRQRELHTLK 210 
211 GHVESVVKLK GLDIETIQRR YSI          233 

SmNB-CT32_RRYSI (SmNB-mPKA) 
1   VTGYRLFEEI LGGSGGSGGS GGSGGSGGSG GSGGSGGSGG SRQRELHTLK GHVESVVKLK GLDIETIQRR 70 
71  YSI                    73 

LgNB-GSK3A_S21 (LgNB-mPKB) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG GTRARTSSFA 210 
211 EPGGSGGSGG SWSHPQFEK           229 

SmNB-GSK3A_S21 (SmNB-mPKB)  
1   VTGYRLFEEI LGGSGGSGGS GGSGGSGGSG GSGGSGGSGG GTRARTSSFA EPGGSGGSGG SWSHPQFEK  69     

LgNB-CDC25C_S216 (LgNB-mCHK1) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG GTLYRSPSME 210 
211 NGGSGGSGGS WSHPQFEK                                                          228 

SmNB-CDC25C_S216 (SmNB-mCHK1) 
  1 VTGYRLFEEI LGGSGGSGGS GGSGGSGGSG GSGGSGGSGG GTLYRSPSME NGGSGGSGGS WSHPQFEK   68  

LgNB-c-Raf_S233/S259 (LgNB-biPKA) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG TQHRYSTPHA 210 
211 FTFNTSSPSS EGSLSQRQRS TSTPNVHGGS GGSGGSWSHP QFEK                             254 

LgNB-GSK3A_biS21 (LgNB-biPKB) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG TRARTSSFAE 210 
211 PGGSGGSGGS GSRARTSSFA EPGGSGGSGG SWSHPQFEK            249 
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LgNB-CDC25C_biS216 (LgNB-biCHK1) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG TLYRSPSMPE 210 
211 NGGSGGSGGS GSLYRSPSMP ENGGSGGSGG SWSHPQFEK        249 

SUMO-PKA 
  1 MGSSHHHHHH SSGLVPRGSH MSDSEVNQEA KPEVKPEVKP ETHINLKVSD GSSEIFFKIK KTTPLRRLME 70 
 71 AFAKRQGKEM DSLRFLYDGI RIQADQTPED LDMEDNDIIE AHREQIGGMG NAAAAKKGSE QESVKEFLAK 140 
141 AKEDFLKKWE TPSQNTAQLD QFDRIKTLGT GSFGRVMLVK HKESGNHYAM KILDKQKVVK LKQIEHTLNE 210 
211 KRILQAVNFP FLVKLEFSFK DNSNLYMVME YVAGGEMFSH LRRIGRFSEP HARFYAAQIV LTFEYLHSLD 280 
281 LIYRDLKPEN LLIDQQGYIQ VTDFGFAKRV KGRTWTLCGT PEYLAPEIIL SKGYNKAVDW WALGVLIYEM 350 
351 AAGYPPFFAD QPIQIYEKIV SGKVRFPSHF SSDLKDLLRN LLQVDLTKRF GNLKNGVNDI KNHKWFATTD 420 
421 WIAIYQRKVE APFIPKFKGP GDTSNFDDYE EEEIRVSINE KCGKEFTEF                        469 

Appendix 2.3 – Supporting figures 

 
Figure S2.2 Qtof-LC/MS analysis of unphosphorylated (-ATP, top row) and phosphorylated (+ATP, bottom row) 

monovalent LgNB-peptides. Deconvoluted spectra are shown with the respective total ion count 

chromatogram as inlay. Expected molecular weights: 24680.6/24760.6 Da (LgNB-mPKA, left column), 

23713.2/23793.2 Da (LgNB-mPKB, middle column) and 23688.2/23768.2 Da (LgNB-mCHK1, right column). 

Additional indicated masses represent expected molecular weight including His6-tag gluconoylation.39 
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Figure S2.3 Qtof-LC/MS analysis of unphosphorylated (-ATP, top row) and phosphorylated (+ATP, bottom row) 

monovalent SmNB-peptides. Deconvoluted spectra are shown with the respective total ion count 

chromatogram as inlay. Expected molecular weights: 7136.8/7216.8 Da (SmNB-mPKA, left column), 

6169.4/6249.4 Da (SmNB-mPKB, middle column) and Da (SmNB-mCHK1, right column). 
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Figure S2.4 Qtof-LC/MS analysis of unphosphorylated (-ATP, top row) and phosphorylated (+ATP, bottom row) 

bivalent LgNB-peptides. Deconvoluted spectra are shown with the respective total ion count chromatogram as 

inlay. Expected molecular weights: 26553.2/26713.2 Da (LgNB-biPKA, left column), 25507.0/25667.0 Da (LgNB-

biPKB, middle column) and 25651.3/25811.2 Da (LgNB-biCHK1, right column). Additional indicated masses 

represent expected molecular weight including His6-tag gluconoylation.39 
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Figure S2.5 Bioluminescence spectra for complementation of the Bi-PKA sensor. Phosphorylated (+ATP) or 

unphosphorylated (-ATP) LgNB-biPKA (1-400 nM) was incubated in presence or absence of equal concentration 

of 14-3-3–SmNB. Furimazine was used at a final dilution of 1:8000. Error bars represent SE (n=3). 
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Figure S2.6 Bioluminescence spectra for complementation of the Bi-PKB sensor. Phosphorylated (+ATP) or 

unphosphorylated (-ATP) LgNB-biPKB (1-400 nM) was incubated in presence or absence of equal concentration 

of 14-3-3–SmNB. Furimazine was used at a final dilution of 1:8000. Error bars represent SE (n=3). 
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Figure S2.7 Bioluminescence spectra for complementation of the Bi-CHK1 sensor. Phosphorylated (+ATP) or 

unphosphorylated (-ATP) LgNB-biCHK1 (1-400 nM) was incubated in presence or absence of equal 

concentration of 14-3-3–SmNB. Furimazine was used at a final dilution of 1:8000. Error bars represent SE (n=3). 
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Figure S2.8 Titration of the 14-3-3–SmNB scaffold (0.5 nM - 20 µM) to constant concentrations of LgNB-biPKA 

(10 nM). Unphosphorylated peptides (-ATP) were used as a control. Furimazine was used at a final dilution of 

1:8000. Error bars represent SE (n=3). A. Summary of panel B showing the bioluminescence at 458 nm. B. Full 

bioluminescence spectra.  
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Figure S2.9 Titration of the 14-3-3–SmNB scaffold (0.5 nM - 20 µM) to constant concentrations of LgNB-biPKB 

(50 nM). Unphosphorylated peptides (-ATP) were used as a control. Furimazine was used at a final dilution of 

1:8000. Error bars represent SE (n=3). A. Summary of panel B showing the bioluminescence at 458 nm. B. Full 

bioluminescence spectra. 
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Figure S2.10 Titration of the 14-3-3–SmNB scaffold (0.5 nM - 20 µM) to constant concentrations of 

LgNB-biCHK1 (50 nM). Unphosphorylated peptides (-ATP) were used as a control. Furimazine was used at a 

final dilution of 1:8000. Error bars represent SE (n=3). A. Summary of panel B showing the bioluminescence at 

458 nm. B. Full bioluminescence spectra. 
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Figure S2.11 Time-responsiveness of bivalent sensor Bi-PKA and commercial kit AssayQuant PhosphoSens. A. 
Bioluminescence intensity at 458 nm of Bi-PKA (10 nM) incubated with PKA (0.02 – 1.28 U/µL). Furimazine was 

used at a final dilution of 1:2000. Error clouds represent the SE (n=3). B. Fluorescence intensity at 492(20) nm 

of AQT0458 (10 µM, AssayQuant) incubated with PKA (0.02 – 1.28 U/µL). Error clouds represent SE (n=3). C+E. 

Linear regression of background (-ATP) subtracted Bi-PKA traces. D. Linear regression of background (0 U/µL) 

subtracted AssayQuant PhosphoSens traces. Note: the traces for 1.28 and 0.64 U/µL PKA are not taken along, 

due to limited datapoints in the initial linear part of the traces. F. Velocity upon phosphorylation varying PKA 

concentrations (0.02-1.28 and 0.02-0.32 U/µL, respectively). Same as Figure 2.4B, smaller symbols show error 

bars, which represent the SD (n=3). The limit of detection (LOD) is defined as three times the SD of the 

background (-ATP or 0 U/µL PKA). 
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Figure S2.12 Time-responsiveness of bivalent sensors Bi-PKB and Bi-CHK1. Bioluminescence intensity at 458 

nm of Bi-PKB (A. 10 nM) and Bi-CHK1 (B. 10 nM) incubated with their respective kinase (0 – 0.128 U/µL). 

Furimazine was used at a final dilution of 1:2000. Error clouds represent the SE (n=3). 

 

 
Figure S2.13 Bioluminescence spectra of the Bi-PKA sensor applied in E. coli cell lysate. LgNB-biPKA (5 nM, 10 

nM or 20 nM) was pre-incubated with 5 µL of cell lysate containing overexpressed PKA in the presence (+ATP) 

or absence (-ATP) for 3 hours. Then the pre-incubated sample was incubated with or without the same amount 

of 14-3-3–SmNB scaffold. Cell lysate containing empty vector (EV) was used as control. The substrate furimazine 

was used at a final dilution of 1:4000. Error bars represent the SD (n=3). 

 

 
Figure S2.14 Bioluminescent intensity at 458 nm of the Bi-PKA sensor was applied in human cell lysate. 293T 

cells were treated with Forskolin (FSK, 100 µM) or vehicle (1% DMSO) for 1 h before cell lysis. LgNB-biPKA (25 

nM) was incubated with cell lysate in the presence/absence of 14-3-3–SmNB (25 nM) and ATP (200 µM). 

Additionally, the PKA inhibitor H89 (10 µM), the PKA activator cAMP (2 mM) or vehicle (0 µM, 1% DMSO) were 

added. Lysis buffer was used to detect the background. The substrate furimazine was used at a final dilution of 

1:2000. Error bars represent the SD (n=3). 



 



 

 

 

3 
Designed asymmetric protein assembly on a 

symmetric scaffold 

 

 

 

 

 

Cellular signaling is precisely regulated by assembly of proteins into higher-order complexes. 

Bottom-up creation of synthetic protein assemblies, especially asymmetric complexes, is highly 

challenging. Here, we present the design and implementation of asymmetric assembly of a 

ternary protein complex facilitated by Rosetta modeling and thermodynamic analysis. We 

targeted the wild type symmetric CT32-CT32 interface of the 14-3-3/CT32 complex, ultimately 

favoring asymmetric assembly on the 14-3-3 scaffold. Biochemical studies, supported by mass-

balance models, allowed for characterization of the parameters driving asymmetric assembly. 

Importantly, our work reveals that both the individual binding affinities and cooperativity 

between the assembling components are crucial when designing higher-order protein 

complexes. Enzyme complementation on the 14-3-3 scaffold highlighted that interface 

engineering of a symmetric ternary complex generates asymmetric protein complexes with new 

functions. 
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Int. Ed., 2020, 59(29), 12113-12121. ‡Contributed equally: LL performed biochemical assays, JR 

performed Rosetta and mass-balance modelling.  
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Introduction 
Signal protein assembly into higher-order complexes facilitates the coexistence of signaling 

cascades in cells.1 High efficiency and selectivity for specific pathways is achieved, amongst other 

mechanisms, through spatial organization of signaling enzymes by scaffold proteins.2,3 Assembly 

of signaling proteins through orthogonal protein-protein interactions establishes the central 

basis for high fidelity signaling within the complexity of a cell.4 Orthogonality of interacting 

species is encoded in their chemical structure, e.g. recognition motifs in kinase substrates5 and 

phosphorylation-induced SH2-ligand interaction6. To elucidate key parameters of complex 

formation, in vitro assembly of native signaling complexes comprising scaffold proteins has been 

investigated.7–10 Additionally, engineering of native scaffold proteins has led to insight into 

plasticity of existing cellular signaling pathways and allowed for introduction of new pathways or 

functionalities to the cell.11–14 In contrast, the bottom-up design of synthetic higher-order 

assemblies is much less addressed with challenges relating to achieving fundamental insights in 

the underlying assembly parameters. 

Strategies to design synthetic protein complexes have predominantly been focused on 

components possessing inherent self-assembling properties, such as coiled-coils forming higher-

order nanostructures15–17, design of self-assembling repeat proteins18,19 or forced complex 

formation through encapsulation inside self-assembling compartments20,21. Since the de novo 

design of protein-protein interactions remains challenging, the focus in designing synthetic 

higher-order signaling complexes has been on native and well-characterized scaffold proteins. 

Efforts in the engineering of synthetic scaffold proteins have led to insight into the basis of 

scaffolding22–24 and the rewiring of cellular processes25–27, highlighting the strength of synthetic 

biology approaches. Starting from a natural homodimeric scaffold protein, we generate a 

synthetic ternary protein complex through introduction of orthogonality between interacting 

components in a rational fashion ultimately favoring asymmetric protein self-sorting (Figure 

3.1A). 

As scaffold we use the dimeric 14-3-3 protein. This native eukaryotic protein serves as an ideal 

scaffold as this versatile hub protein is well characterized28–32 and plays a pivotal role in many 

cellular processes33–35. Of special interest is the interaction of Tobacco 14-3-3cΔC (T14-3-3) with 

the C-terminal part (CT32) of the plant plasma membrane H+-ATPase (PMA2).36 This interaction 

is strongly enhanced by the presence of the small-molecule fusicoccin (FC), enabling a switch-

like binding response (Figure 3.1B).36,37 By fusing enzymes with a CT32 peptide construct, we have 

previously shown cooperative symmetric enzyme assembly, i.e. binding of two identical 

constructs, on 14-3-3 scaffold proteins induced by addition of FC.38 One of 14-3-3’s functions is 

the scaffolding of two different binding partners, in which 14-3-3 acts as an adaptor molecule 

bridging the interaction between both proteins.39 Ternary complexes with dedicated functions 

divergent from both respective binary 14-3-3 complexes can thus be generated, as observed in 

14-3-3 complexes with e.g. GSK3β/tau40, c-myc/Pin141 and A20/C-RAF42. The selective recruitment 
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of two different proteins to generate ternary complexes on the homodimeric 14-3-3 scaffold is 

thus an important strategy to regulate signaling pathways. Design and understanding of synthetic 

asymmetric self-sorting, i.e. binding of two non-identical constructs, on homodimeric 14-3-3 

would offer widespread application in bottom-up synthetic biology. 

 
Figure 3.1 Designed asymmetric protein self-sorting on a homodimeric protein scaffold. A. The native complex 

comprises two CT32 constructs (green) that bind symmetrically on the dimeric 14-3-3 scaffold (grey) upon 

stabilization by the small molecule fusicoccin (FC, red). Through careful redesign of the CT32-CT32 (yellow and 

blue) interface, orthogonal asymmetric binding on this scaffold can be achieved. B. Crystal structure (PDB 2O98) 

of the native complex consisting of CT32 (green), FC (red) and 14-3-3 (grey), the zoom in shows the residues 

subjected to mutation. C. Overview of the workflow. Mutations of the selected residues within the CT32-CT32 

interface are modeled using Rosetta. CT32 pairs that are predicted to assemble asymmetrically are synthesized 

and characterized using fluorescence polarization assays supplemented with mass balance models. The 

opportunities for the designed asymmetric ternary complexes are shown in context of in vitro enzyme 

complementation. 

Here, we present the design, implementation and detailed characterization of synthetic 

asymmetric assembly into a ternary protein complex formed through interaction of carefully 

designed orthogonal asymmetric CT32 pairs on the homodimeric scaffold protein 14-3-3. Using 

the Rosetta protein design suite43, which has been used for the design and redesign of protein-

protein interfaces44–46, we perform in silico mutation of selected residues in the CT32-CT32 

interface and score each variant by their ability to form asymmetric pairs over symmetric pairs. 

From these structures, we choose combinations that are predicted to destabilize symmetric, and 

stabilize asymmetric complexes. To verify the orthogonality of these ternary complexes, extensive 

experimental characterization assisted by binding-site mutants and subsequent analysis of the 

experimental binding data by tailored mass balance models are used. The opportunities for the 

designed self-sorting complexes are shown in context of in vitro enzyme complementation. By 

fusion of the NanoBiT sytem47 to the CT32 peptide constructs, we show efficient asymmetric 

reconstitution of the full enzyme, indicating increased orthogonality (Figure 3.1C). The results 
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reveal that both binary and cooperative interactions between protein building blocks need to be 

considered when designing synthetic protein complexes and show the potential of our approach 

for the design of synthetic higher-order assemblies. 

Results and Discussion 
CT32 residue selection 

Our asymmetric ternary protein complex is based on the 14-3-3 – CT52 interaction as has 

been resolved in the 2O98 PDB entry crystal structure. This structure reveals a central interaction 

site between the two CT52-peptide constructs (Figure 3.1B), as well as a coiled-coil domain near 

the N-terminal region of the peptides.36 To eliminate hydrophobic interactions induced by these 

coiled-coil domains, we removed the twenty N-terminal amino acids after which the 32 C-terminal 

residues (CT32) remain. Rosetta modeling revealed that removing these residues does not alter 

the binding mode of the remaining part of the construct (Appendix 3.1.2). It was reasoned that 

asymmetric assembly can be favored over symmetric assembly by introducing mutations in the 

central site between the two CT32 constructs (Figure 3.1B, inset). An elaborate discussion on the 

choice of CT32 residues considered for the design of asymmetric complex assembly can be found 

in the supporting discussion (Appendix 3.1.1). Summarizing, CT32 glutamate 928 and serine 938 

were considered as mutation targets based on their central position in the CT32-CT32 interface. 

Rosetta modelling 
We used Rosetta modeling to predict mutations at E928 and S938 in CT32 that enhance 

stability of the asymmetric ternary protein complex over the respective symmetric complex. The 

mutations are indicated by E928X-1 and S938X-1 for one construct and E928X-2 and S938X-2 for 

the other (Figure 3.2A). The detailed workflow is indicated in Figure 3.2B. Preparation of the initial 

structure is described in the methods section. To obtain structures for all combinations of 

E928X-1, E928X-2, S938X-1 and S938X-2 mutants, two rounds of double mutant-scanning were 

performed, mutating E928 and S938 to all possible residues. Proline and cysteine were excluded 

to prevent disruption of the α-helices and formation of disulfide bridges, resulting in a total of 

52488 unique models. 

To determine the effect of specific mutations on the preference of asymmetric assembly over 

symmetric assembly, a measure that quantifies the interaction between the constructs is required. 

Rosetta’s interface analyzer48 was used to compute the interface energy (ΔG) of a 14-3-3 – CT32 

construct complex and every other mutant construct. We quantified the orthogonality of each 

complex by calculating the difference between the interface energies of the symmetric assembly 

that shows the strongest binding and the asymmetric assembly, which we term ω. The results 

show an increase in ω for models containing opposite charges at the S938 positions, which can 

be explained by salt bridges favoring the formation of the asymmetric complex, while identical 

charges disfavor formation of symmetric complexes (Appendix 3.1.3). 
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Figure 3.2 Rosetta modeling. A. Schematic representation of the mutation sites in both CT32 constructs. B. 
Flowchart showing the Rosetta protocol used to predict orthogonal CT32 pairs. C-E. 2D histograms showing 

the frequency of combinations of mutations leading to orthogonal CT32 pairs on the C. E928X-1 and E928X-2 

positions, D. S938X-1 and S938X-2 position and E. E928X-2 and S938X-1 position. F-H. Visual representation 

of models from Rosetta with E928E(WT)+S938A and E928A+S938R constructs showing F. CT32-asymmetric 

complex, G. CT32-symmetric complex with both E928E-1 mutant constructs and H. CT32-symmetric complex 

with both S938R-2 mutant constructs. 

Given the large amount of models, we examined trends in mutations that occur frequently in 

pairs of mutant constructs with high ω. To find the structures that are both stable and orthogonal, 

we selected all models with an orthogonality value ω > 3 Rosetta Energy Units (R.E.U.) and with 

an interface energy ΔG that is lower than that of the wild type. The frequency of mutations on 

both E928X positions, both S938X positions, or one E928X and one S938X position resulting in 

increased orthogonality is displayed in 2D histograms (Figure 3.2C-E). The results show that in 

most of these models glutamate or arginine is present in either construct. In particular, the 

combination with arginine on the E928X position and glutamate on the S938X position, or vice 

versa, is predicted to form an orthogonal pair. Since the E928E-1, the wild type residue at this 

position, and S938R-2 mutant pair shows the most promising result, we visually inspected the 

model of this asymmetric pair where E928X-2 and S938X-1 are mutated to alanine (Figure 3.2F). 
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We observe a favorable interaction between the positively charged arginine and the negatively 

charged glutamate caused by the size of the residues and their relative positions in the central 

region. The respective symmetric complexes (Figure 3.2G-H), contain identically charged residues 

in the central pocket, destabilizing the interaction between the CT32 constructs. Collectively, 

these results show that using a Rosetta protocol we can make predictions for mutations in CT32 

that favor asymmetric over symmetric assembly on a 14-3-3 scaffold. Combinations of arginine 

and glutamate on both the E928 and S938 position seem most promising. 

Monomeric binding of designed CT32 constructs 
To verify the outcome of the Rosetta modeling on predicted orthogonal asymmetric complex 

formation, we synthesized CT32-constructs with either an arginine or a glutamate on both the 

E928 and S938 position. The other E928 or S938 site was mutated to an alanine in order to analyze 

the contribution of each residue in isolation. CT32 constructs are indicated by their respective 

residues at the E928 and S938 positions. In other words, the construct E928R+S938A is 

abbreviated as CT32-RA. Following the above, four CT32 constructs were synthesized; CT32-EA, 

CT32-AE, CT32-RA and CT32-AR. The affinity of the interaction between a single CT32 construct 

and the 14-3-3 scaffold in the presence of FC is important for determining the thermodynamic 

parameters of protein assembly on the scaffold. Since two CT32 constructs bind simultaneously 

to the dimeric 14-3-3 scaffold, the experimentally determined binding affinity represents a 

combined effect of the monomeric binding affinity and a cooperativity parameter resulting from 

interaction between the two CT32 constructs in the ternary complex, as illustrated in previous 

work38. In order to eliminate this cooperative binding effect, we covalently linked two 14-3-3 

monomers, to form the 14-3-3 scaffold through intramolecular dimer formation. This strategy 

allows for specific modification of the scaffold, as mutations can be introduced in only one 14-3-3 

monomer. Two 14-3-3 monomers were covalently tethered using a flexible (Gly-Gly-Ser)10-linker, 

hereafter named 14-3-3_X1_X2, where X1 and X2 each represent a 14-3-3 monomer. The crystal 

structure (PDB 2O98) shows an essential interaction between arginine 136 (R136) in 14-3-3 and 

aspartate 955 of CT32. The introduction of a R136A mutation in one of the two 14-3-3 binding 

pockets results in a significant reduction of affinity between 14-3-3 and CT32 (Figure S3.5A), 

thereby disabling one 14-3-3 binding pocket.37 Titration of all designed CT32 constructs with the 

single inactive site 14-3-3 dimer mutant allows determination of the monomeric binding affinity 

of all constructs to the 14-3-3 protein without interference of binding cooperativity between the 

two CT32 constructs. Fluorescence polarization assays were performed using FITC-labeled CT32 

constructs by titrating the 14-3-3_R136A_WT scaffold in the presence of 0, 10 and 100 µM FC 

(Figures S3.5B, S3.7).  

To quantify the specific binding affinities of the different CT32 constructs to the 14-3-3 

scaffold as obtained from the experimental fluorescence polarization assay, we first derived a 

mass-balance model describing the concentrations of all species at chemical equilibrium24,49. This 

model describes complexation of the 14-3-3_R136A_WT scaffold with FC and CT32 construct into 
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different molecular complexes with equilibrium reactions as shown in Figure 3.3A. We compute 

the theoretical fluorescence polarization signal from the concentrations of bound and unbound 

labeled construct.50 In the model we assume that FC is required to bind to the 14-3-3 scaffold 

before CT32 is able to bind. This assumption was experimentally verified (Figures S3.5B, S3.6B). 

By non-linear least square optimization of the model to the fluorescence polarization data, we 

estimated the dissociation constants of CT32 binding to 14-3-3_R136A_WT (Figure 3.3B). Since 

the dissociation constant of FC has been determined to be in the high-micromolar range 

(approximately 300 μM51), we used this estimated value for 𝐾𝐾d,FC as a fixed parameter in our 

analysis. The resulting fits for all assays are shown in Figure S3.8. The results show that the 

dissociation constants of CT32 constructs containing arginine (CT32-RA and CT32-AR) for 

14-3-3_R136A_WT are approximately 4-fold lower with respect to those containing glutamate 

(CT32-EA and CT32-AE) and the wild type CT32 (Table 3.1A). 

 
Figure 3.3 Mass balance analysis and resulting fit of the fluorescence polarization data for binding of exemplary 

CT32 constructs to 14-3-3_R136A_WT. A. Schematic representation of the mass balance model. In grey is shown 

the 14-3-3 scaffold, red circles represent FC and rectangles C with yellow star represent FITC-labeled CT32 

construct. Red crosses indicate R136A mutation site, green lines indicate parameters estimated by fitting. 𝐾𝐾d,FC 

and 𝐾𝐾d describe dissociation constants of FC binding to 14-3-3_R136A_WT and CT32 binding to the 

14-3-3_R136A_WT-FC complex, respectively. B. Fit of the mass balance model (lines) to the fluorescence 

polarization data (circles) of the 14-3-3_R136A_WT scaffold titrated to FC and fluorescently labeled CT32-AE 

and CT32-RA mutant constructs (5 nM in case of 10 µM FC, 15 nM in case of 100 µM FC) as examples (full data 

see Figures S3.7, S3.8 and Table 3.1). Error bars represent the SD (n=3). 

Determining symmetric and asymmetric cooperativity 
To characterize the formation of the ternary protein complex, we determined the binding 

cooperativity of the assembling CT32 constructs.24,38 The symmetric assembly of two identical 

CT32 constructs on the 14-3-3 protein scaffold was measured by performing fluorescence 

polarization assays for all FITC-labeled constructs by titrating the 14-3-3_WT_WT scaffold in the 

presence of 0, 10 and 100 µM FC (Figures S3.5B, S3.9). Similar to our observations on the 

14‑3‑3_R136A_WT scaffold, the CT32-EA and CT32-AE constructs show overall similar binding 

affinity to 14-3-3_WT_WT with respect to wildtype CT32, while the CT32-RA and CT32-AR 

constructs show an overall increased binding affinity.  
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The assembly process of two distinct constructs on a 14-3-3_WT_WT scaffold was measured 

using fluorescence polarization assays in which one of the CT32 constructs was utilized each time 

as stabilizer for its designed complementary CT32 construct. By performing assays with 

fluorescently (FITC-)labeled CT32 constructs in the presence of increasing concentrations of 

unlabeled, acetylated (Ac-) counterpart CT32, the stabilizing or destabilizing effect of the 

unlabeled CT32 construct on the labeled CT32 construct can be observed. This concept is widely 

applied in the screening for small-molecule stabilizers of 14-3-3 protein-protein interactions.51 

Fluorescence polarization assays were performed for all FITC-labeled constructs by titrating the 

14-3-3_WT_WT scaffold in the presence of 10 µM FC and increasing concentrations (15, 30, 75, 

150, 300 nM, i.e. 1x, 2x, 5x, 10x, 20x molar excess) of unlabeled construct (Figure S3.11). 

Interestingly, all four combinations of FITC-EA or FITC-AE together with Ac-RA or Ac-AR resulted 

in increased binding affinity, hence stabilization, of the FITC-EA or FITC-AE. The counter 

combinations of FITC-RA or FITC-AR with Ac-EA or Ac-AE showed little to no increased 14-3-3 

binding affinity of the FITC-RA or FITC-AR upon addition of the acetylated counterpart. 

To obtain quantitative insight into the composition of the scaffold system with two CT32 

constructs, we derived a mass balance model for the assembly of the CT32 constructs on the 

bivalent 14-3-3_WT_WT scaffold. A schematic representation of the general two-site binding 

model that describes formation of both symmetric and asymmetric bivalent CT32 binding is 

shown in Figure 3.4A. To fit the symmetric (𝜎𝜎CC and 𝜎𝜎DD) and asymmetric (𝜎𝜎CD) cooperativity 

constants, non-linear least square optimization was performed, for which the experimentally 

determined dissociation constants 𝐾𝐾d,FC, 𝐾𝐾d,C and 𝐾𝐾d,D (vide infra) were used as fixed parameters.  

All obtained values of 𝜎𝜎CC reveal a decrease in CT32-CT32 cooperativity with respect to the 

wild type ternary complex for most symmetric complexes with mutated 928 and 938 amino acid 

positions, except for the EA construct (Table 3.1B). Most notably, the CT32 constructs with 

arginine mutations feature the lowest cooperativity for symmetric complex formation, thus 

contrasting with their higher intrinsic affinity (𝐾𝐾d) for the 14-3-3 platform. Furthermore, S938X 

mutations have a larger effect on the cooperativity than E928X mutations (Table 3.1B, Figure 

S3.10). The reduced cooperativity constants of symmetric binding of CT32 constructs with 

arginine or glutamate mutations at the S938X position with respect to the E928X position can be 

explained by the fact that these mutations are more closely positioned with respect to each other, 

leading to stronger repulsive charges between the amino acid side chains of equal charge. 

 

 

 

  

Table 3.1 Key parameters relevant for formation of the complexes between the 14-3-3 scaffold and CT32 

constructs, as found by non-linear least square optimization. A. Dissociation constants of single CT32 construct 

binding to 14-3-3_WT_R136A. B-C. Cooperativity constants of the B. symmetric and C. asymmetric 

intermolecular CT32-CT32 interactions on the 14-3-3_WT_WT scaffold. 
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The asymmetric complexes were similarly analyzed with exemplary titrations and model 

analysis as shown in Figure 3.4B-D and fits to all data from assays with two distinct constructs are 

reported in Figures S3.12-S3.17. The cooperativity constants 𝜎𝜎CD  of the asymmetric complexes 

(Table 3.1C) are in between the extremes of the symmetric cooperativity constants 𝜎𝜎CC. 

Asymmetric complexes containing a glutamate at the 938 position, i.e. pairs of CT32-AE with 

either CT32-AR or CT32-RA, feature the highest asymmetric 𝜎𝜎CD values relative to the respective 

symmetric 𝜎𝜎CC values. These 𝜎𝜎CD are higher than the 𝜎𝜎CC of the corresponding symmetric 

complexes containing arginine, suggesting preferential formation of asymmetric complexes over 

the CT32-AR or CT32-RA symmetric assemblies. In contrast, the CT32 construct with a glutamic 

acid at the 928 position (CT32-EA) preferably forms symmetric assemblies, mainly resulting from 

its high 𝜎𝜎CC value. From the mass-balance model we computed the speciation plots which provide 

valuable insight into the composition of the system at equilibrium. In Figure 3.4E, the 

concentrations of the resulting symmetric CT32-RA and CT32-AE complexes and the asymmetric 

CT32 RA – CT32 AE complex are shown as a function of the 14-3-3_WT_WT scaffold concentration. 

This speciation plot clearly reveals the preferential formation of the asymmetric assembly with 

respect to the symmetric assemblies (and the sum of both). If the binding affinities and 

cooperativity constants would be identical, the total concentration of both symmetric pairs would 

also be identical to that of the asymmetric pair. In this case, the different binding affinities and 

non-identical cooperativity constants of the different species result in a shift towards higher 

concentrations of asymmetric over symmetric protein complex. 

Together, these data show that while CT32 binding partners containing arginine have a higher 

binding affinity for 14-3-3, the cooperativity that determines the overall stability of the ternary 

complex is significantly decreased with respect to the wild type CT32 construct, which is 

corroborated by predictions made using Rosetta (Figure S3.3). The combinations of constructs 

with opposite arginine and glutamate, especially those with cross-wise E928X and S938X 

mutations, show an increased cooperativity with respect to symmetric constructs containing 

arginine resulting in significant orthogonality in the formation of ternary protein complex. 
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Figure 3.4 Mass balance analysis and fit of the fluorescence polarization data for binding of CT32 mutant 

constructs to 14-3-3_WT_WT. A. Schematic representation of the mass balance model. In grey is shown the 

14-3-3 scaffold, red circles represent fusicoccin and rectangles C and D represent different CT32 construct 

mutants. Green lines indicate parameters estimated by fitting. 𝐾𝐾d,FC , 𝐾𝐾d,C and 𝐾𝐾d,D describe dissociation constants 

of FC binding to 14-3-3_WT_WT and either distinct CT32 construct binding to 14-3-3_WT_WT with FC bound, 

respectively. Cooperativity constants 𝜎𝜎CC and 𝜎𝜎DD decrease the dissociation constant of the second identical 

CT32 construct that binds to 14-3-3_WT_WT. Cooperativity constant 𝜎𝜎CD decreases the dissociation constant of 

the second non-identical CT32 construct that binds to 14-3-3_WT_WT. B-D. Fit of the mass balance model 

(lines) to the fluorescence polarization data (circles) of the asymmetric complex formation of B. fluorescently 

labeled CT32-AE* (15 nM) with unlabeled CT32-EA, CT32-RA and CT32-AR constructs (15 nM), C. unlabeled 

CT32-AE (15 nM) with fluorescently labeled CT32-EA*, CT32-RA* or CT32-AR* constructs (15 nM) and D. 

fluorescently labeled CT32-AE* (15 nM) with varying concentrations of unlabeled CT32-RA (15 nM, 30 nM, 75 

nM, 150 nM and 300 nM) for varying 14-3-3_WT_WT scaffold concentrations. Error bars represent the SD (n=3) 

E. Speciation plot of the concentrations of the CT32-RA symmetric complex (yellow), CT32-AE symmetric 

complex (grey) and CT32-RA – CT32-AE asymmetric complexes (red) computed using the mass-balance model 

as a function of 14-3-3_WT_WT scaffold concentration, 15 nM of each CT32 construct and 10 μM FC. 

Enzyme complementation 
To highlight the potential of the designed asymmetric protein complex, we show enzyme 

complementation through luciferase reconstitution (Figure 3.5a). The CT32 constructs were fused 

to the C-terminus of a large NanoBiT (LgNB-CT32) and a small NanoBiT (SmNB-CT32) fragment 

with low affinity for complementation (𝐾𝐾d = 190 µM47). CT32-symmetric and CT32-asymmetric 

split-luciferase components were purified and their complementation on the 14-3-3 scaffold 

analyzed in vitro. Split-luciferase complementation was carried out at 15 nM of either split 

component in the presence of 100 µM FC and 100 nM 14-3-3 scaffold; a scaffold concentration 

optimal for asymmetric complex formation (Figure 3.4E). The bioluminescent signal generated by 

LgNB-CT32-EA (Figure 3.5B, left/blue) is increased upon asymmetric complexation (+SmNB-

CT32-AR) compared to symmetric complexation (+SmNB-CT32-EA). Omittance of either the 

SmNB-CT32 construct or the 14-3-3 scaffold results in background luminescence (<1000 
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counts/s), indicating that all protein components are crucial for the assembly of functional 

signaling complexes. The results for the LgNB-CT32-AR construct (Figure 3.5B, right/yellow) show 

again an increase in bioluminescence for asymmetric over symmetric complexation. This increase 

is even enlarged compared to LgNB-CT32-EA. Taken together, the NanoBiT system shows an 

approximately 2-fold higher bioluminescence emission in case of asymmetric CT32 constructs 

compared to symmetric CT32 constructs (Figure 3.5B).  

 

 
Figure 3.5 Split-luciferase complementation assay. A. Schematic representation of the NanoLuc reconstitution 

on the 14-3-3 scaffold by fusion of large and small NanoBiT to CT32 constructs. In grey is shown the 14-3-3 

scaffold, red circles represent FC, rectangles in blue or yellow indicate CT32 construct glutamate or arginine 

mutants, respectively. Bioluminescent read-out at 458 nm for NB-CT32 fusion constructs designed for B. 
enzyme regulation or C. enhanced enzyme regulation. LgNB-CT32-EA (B, left), LgNB-CT32-AR (B, right), LgNB-

CT32-EE (C, left) or LgNB-CT32-RR (C, right) is complemented with or without SmNB-CT32 (15 nM) in the 

presence of FC (100 µM) and with or without 14-3-3 (100 nM). The dotted line indicates bioluminescence 

resulting from 2 nM complemented luciferase; LgNB-CT32 (2 nM) complemented with SmNB0.7nM (100 nM) in 

the presence of FC (100 µM) and 14-3-3 (100 nM). Error bars represent the SD (n=3). Full spectra can be found 

in Figures S3.19, S3.20. 

Enhanced enzyme complementation 
The split-luciferase complementation assay was used to analyze whether asymmetric protein 

complex assembly can be further enhanced. An additional Rosetta analysis of the X-position of 
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CT32-EX and CT32-XR constructs was performed. Of the 40 analyzed CT32-pairs that we classified 

as orthogonal pairs and containing CT32-EX and CT32-XR mutations, 29 pairs showed either an 

aspartate or a glutamate at the X (938) position of the CT32-EX construct. We therefore 

hypothesized that the CT32-EE would result in enhanced asymmetric assembly. The variation in 

residues found at the 928 position for the complementary CT32-XR showed no clear enrichment 

of a specific residue class, although both doubly charged peptides (EE+KR and EE+RR) show a 

high predicted orthogonality. Asymmetric assembly of LgNB-CT32-EE (Figure 3.5C, left/blue) in 

the presence of SmNB-CT32-RR shows an approximately 12-fold higher bioluminescence 

intensity as compared to symmetric assembly with SmNB-CT32-EE. Conversely, asymmetric 

assembly of LgNB-CT32-RR (Figure 3.5C, right/yellow) in the presence of SmNB-CT32-EE shows 

an approximately 2-fold higher bioluminescence as compared to symmetric assembly with 

SmNB-CT32-RR, indicating a slight reduction of orthogonality compared to the 2-fold increase 

observed for the CT32-AR split NanoLuc system (Figure 3.5B, right/yellow). The bioluminescence 

intensity for LgNB-CT32-RR complemented with SmNB-CT32-EE is lower than the 

bioluminescence generated by the reference (2 nM complexed LgNB), implying a reduction in 

asymmetric complex formation. Mutation of charged residues in the CT32 construct affects the 

isoelectric point of this part of the protein, which might result in different interactions within the 

protein itself or with partner proteins, thereby influencing the bioluminescence. The enhanced 

enzyme regulation for LgNB-CT32-EE (~12-fold, Figure 3.5C, left) over LgNB-CT32-EA (~2-fold, 

Figure 3.5B, left) can mainly be attributed to a decrease in symmetric complex formation, as the 

relative bioluminescence of LgNB-CT32-EE in the presence of SmNB-CT32-EE is much lower 

compared to other symmetric complexes. The introduction of a second mutation in the CT32-

CT32 interface therefore leads to an increase in orthogonality, illustrating how cooperativity 

between interacting species can be modulated. 

Conclusion 
Signaling pathways within the complex and crowded environment of the cell are facilitated 

by orthogonal self-assembly of proteins into functional complexes, thereby generating specificity 

and selectivity. Bottom-up design of such assemblies remains challenging. Here we show how 

scaffolds can be used to elucidate key parameters of asymmetric ternary protein complexation. 

Starting from the natural symmetric 14-3-3/CT32 ternary protein complex, we rationally 

modulated the interface between the two CT32 constructs on this scaffold, which favored 

formation of an asymmetric ternary complex. Mass balance models gave insight into scaffold 

binding and heteropartner interactions driving asymmetric complex formation. By addressing the 

interface between identical peptides within a symmetric ternary complex, asymmetric complexes 

with new functions can be engineered, as shown in context of in vitro enzyme complementation. 

The designed asymmetric pairs showed more efficient complex formation on the 14-3-3 scaffold 

with concomitant superior enzymatic activity. The introduction of a second interface mutation in 

the CT32 pairs favored the asymmetric assembly even further, with improved enzyme 
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reconstitution. The results highlight that both the binding affinities of individual interactions and 

the cooperativity between assembling components are crucial parameters for designing higher-

order protein complexes. 

Advances in the structural elucidation of higher-order protein structures8,52–54 provide 

mechanistic insight into the regulatory role of scaffold proteins in cellular signaling pathways. 

The design of synthetic equivalents of these higher-order protein complexes, analogous to those 

developed by us, can aid fundamental analysis of underlying thermodynamics of the assembling 

components. Additionally, in vivo introduction of synthetic higher-order protein complexes as 

modular synthetic elements can diversify existing pathways and introduce new functionalities, 

thereby greatly broadening the scope of bottom-up synthetic biology of signaling complexes 

and beyond. 
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Experimental section 
Rosetta simulations 
PDB entry 2O98 was used as input for the mutant structure generation script. The initial PDB file 

was cleaned using the clean_pdb.py python script included in the Rosetta package, leaving only 

protein atoms, and amino acids were removed manually from the CT52 chains to leave CT32 

peptides as used in further experiments. A symmetry definition file was created using Rosetta’s 

make_symmdef_file.pl script55, describing a two-fold point symmetry for the 14-3-3/CT32 

complex. 100 relaxed structures were generated with symmetric constraints using the relax 

protocol in Rosetta, and the lowest-scoring structure was chosen as input for further protocols. 

Rosetta’s point mutant scanning protocol (pmut_scan_parallel) was then used to generate the 

mutant structures. In a first round, the E928 positions were mutated with a double mutant scan 

to all natural amino acids, excluding cysteine and proline. Using an in-house Python script, a 

second round of double mutant scanning was performed using every previously generated 

structure as input, this time mutating the S938 positions to the same 18 amino acids. For each 

structure, Rosetta’s InterfaceAnalyzer was performed, where the ΔΔGinterface for the binding of one 

CT32 chain to the 14-3-3 complex with one CT32 chain bound was determined. Further 

processing of Rosetta data was done using in-house Python scripts. For all Rosetta simulations, 

we used the –ex1 and –ex2 flags for extra chi1 and chi2 sub-rotamers. 

Peptide synthesis 
All CT32-peptide constructs were synthesized via Fmoc solid phase peptide synthesis 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, 0.19 mmol/g loading), preloaded with an 

isoleucine. The resins were split in halves and were N-terminally acetylated before deprotection 

and cleavage of the resin. The other halves were labeled via an Fmoc-β-alanine-OH linker (Sigma-

Aldrich) with FITC (Sigma-Aldrich). The peptides were purified using a preparative LC-MS system 

that comprised a LCQ Deca XP Max (Thermo Finnigan) ion-trap mass spectrometer equipped with 

a Surveyor autosampler and Surveyor photodiode detector array (PDA) detector (Thermo 

Finnigan). Solvents were pumped using a high-pressure gradient system using two LC-8A pumps 

(Shimadzu) for the preparative system and two LC-20AD pumps (Shimadzu) for the analytical 

system. The crude mixture was purified on a reverse-phase C18 column (Atlantis T3 prep OBD, 5 

µm, 150 x 19 mm, Waters) using a flow of 20 mL min-1 and linear acetonitrile gradient in water 

with 0.1% v/v trifluoroacetic acid (TFA). Fractions with the correct mass were collected using a 

PrepFC fraction collector (Gilson Inc.). The purity and exact mass of the synthesized peptides were 

determined using analytical LC-MS. The mass of all peptides corresponded with the calculated 

mass, with a purity >90% (SI4.1). The high affinity SmNB peptide (Ac-VSGWRLFKKIS-CONH2) was 

ordered from Genscript (>95% purity). 

Expression and purification of 14-3-3 and LgNB-CT32 
His6-tagged 14-3-3 and His6-tagged LgNB-CT32 proteins were expressed in BL21(DE3) 

competent cells with a pET28a plasmid (LB medium, 0.5 mM IPTG, overnight at 18°C), and purified 

using Ni2+-affinity chromatography. The 14-3-3 and LgNB-CT32 proteins were buffer exchanged 

against FP buffer (10 mM HEPES pH7.4, 150 mM NaCl) before usage using a PD10 desalting 
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column (GE Healthcare). All proteins were obtained in good yield, e.g. ≥30 mg/L (14-3-3), ≥70 

mg/L (LgNB-CT32). 

Expression and purification of SmNB-CT32 
His-SUMO-tagged SmNB-CT32 EA+AR proteins were expressed in BL21(DE3) competent cells 

with a pET28a plasmid (2xYT-medium, 0.5 mM IPTG, overnight at 18°C), His-SUMO-tagged 

SmNB-CT32 EE+RR proteins were expressed in Nico21(DE3) competent cells with a pET28a 

plasmid (ZYP-5052 medium, 0.5 mM IPTG, overnight at 18°C). All four proteins were purified using 

Ni2+-affinity chromatography. After treatment with dtUD1 protease, a second Ni2+-affinity 

chromatography purification step followed and subsequent buffer exchange against FP buffer 

using a PD10 desalting column (GE Healthcare). All proteins were obtained in sufficient yield, e.g. 

≥0.4 mg/L. 

Fluorescence polarization assay 
Buffer: 10 mM HEPES, 150 mM NaCl, 0.1% Tween20. Monomeric binding: The FITC-labeled 

peptides were dissolved in buffer to a final concentration of 5 nM (for 10 µM FC) or 15 nM (for 

100 µM FC), in the presence of either 10 or 100 µM FC. Symmetric complex formation: The FITC-

labeled peptides were dissolved in buffer to a final concentration of 5 nM in the presence of 

either 10 or 100 µM FC. Asymmetric complex formation: The FITC-labeled and acetylated peptides 

were dissolved in buffer to a final concentration of 15 nM or 15, 30, 75, 150 and 300 nM, 

respectively in the presence of 10 µM FC. All assays: In these mixtures, 2-fold dilution series of 

14-3-3 were made in Corning Black round bottom 384-well plate, and their polarization was 

measured with a Tecan Infinite F500 plate reader (ex. = 485 nm, em. = 535 nm). 

Mass balance models 
Two mass balance models were made: one for the system with one blocked 14-3-3 binding site 

and one for the system with the two 14-3-3 binding sites both available. These models are based 

on the detailed balance principle, which states that, assuming the total system is in equilibrium, 

each reaction in the system is also in equilibrium. By writing the total concentration of each input 

molecule as a sum of the concentration of molecules in complexes and those of free molecules 

and substituting the equilibrium equations for every reaction into these equations, we obtain the 

mass balance equations. This constitutes a number of dependent equations with equal number 

of variables that we solve numerically using an in-house MATLAB script. The full mathematical 

derivation of the mass balance equations and conversion of concentrations of the various species 

to a calculated fluorescence polarization signal can be found in SI3.1.  Fitting the models to the 

fluorescence polarization data was done using MATLAB’s lsqnonlin function. MATLAB version 

R2016b was used for all computations. 

Bioluminescence complementation assay 
LgNB-CT32, SmNB-CT32, FC and 14-3-3 were diluted in FP buffer containing 0.1% Tween20 to 

final concentrations of 15 nM, 15 nM, 100 µM and 100 nM, respectively. After 15 minutes 

incubation, furimazine (2000-fold diluted in final sample) was added and bioluminescence 

emission was measured at 15 emission wavelengths equally distributed from 398 to 608 nm (20 

nm bandwidth) with a Tecan Spark 10 M plate reader using integration times of 100 ms at 25°C. 

To compare different enzyme-batches (i.e. different LgNB-CT32 proteins, Figure S3.18), a 

calibration sample is included in the experiments to determine the maximum activity, by adding 
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an excess of high affinity (𝐾𝐾d = 0.7 nM47) SmNB peptide to the LgNB-CT32 construct. The 

bioluminescence emission resulting from this 2 nM complexed LgNB/SmNB0.7nM is used as a 

reference (Figure 3.5B,C dotted line). 

Q-ToF LC/MS analysis and/or SDS-PAGE analysis of purified proteins 
Q-ToF LC/MS analysis 

See Experimental section of Chapter 2. 

 
Figure 3.6 Q-ToF LC/MS analysis of FITC-labelled CT32 peptides, the graphs represent the total ion count and 

m/z spectrum (inlay). A. F-WT, expected mass: 4194.7 Da. B. F-EA, expected mass: 4178.7 Da. C. F-AE, expected 

mass: 4178.7 Da. D. F-RA, expected mass: 4205.8 Da. E. F-AR, expected mass: 4205.8 Da. F. Sequences of used 

peptides. 
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Figure 3.7 Q-ToF LC/MS analysis of acetylated CT32 peptides, the graphs represent the total ion count and m/z 

spectrum (inlay). A. Ac-EA, expected mass: 3760.3 Da. B. Ac-AE, expected mass: 3760.3 Da. C. Ac-RA, expected 

mass: 3787.4 Da. D. Ac-AR, expected mass: 3787.4 Da. 

 

 
Figure 3.8 Q-ToF LC/MS analysis of 14-3-3 scaffold constructs, the graphs represent the total ion count and 

deconvoluted mass spectrum (inlay). A. 14-3-3_WT_WT, expected mass: 60273.2 Da. B. 14-3-3_R136A_WT, 

expected mass: 60188.1 Da. Additional indicated masses represent expected molecular weight including His6-

tag gluconoylation.56 



| Chapter 3 

64 

 
Figure 3.9 Q-ToF LC/MS analysis of split-NanoLuc constructs, the graphs represent the total ion count and 

deconvoluted mass spectrum (inlay). A. LgNB-CT32_EA, expected mass: 24595.5 Da. B. SmNB-CT32_EA, 

expected mass: 7051.6 Da. C. LgNB-CT32_AR, expected mass: 24622.5 Da. D. SmNB-CT32_AR, expected mass: 

7048.7 Da. E. LgNB-CT32_EE, expected mass: 24563.5 Da. F. SmNB-CT32_EE, expected mass: 7109.7 Da. G. 

LgNB-CT32_RR, expected mass: 24885.8 Da. H. SmNB-CT32_RR, expected mass: 7163.8 Da. Additional indicated 

masses represent expected molecular weight including His6-tag gluconoylation.56 
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SDS-PAGE analysis 

See Experimental section of Chapter 2. 

 
Figure 3.10 SDS-PAGE analysis of purified proteins, expected masses: 60.2 kDa (14-3-3_WT_WT), 60.2 kDa 

(14-3-3_R136A_WT), 24.6 kDa (LgNB-CT32_EA/LgNB-CT32_AR/LgNB-CT32_EE), 24.9 kDa (LgNB-CT32_RR), 7.1 

kDa (SmNB-CT32_EA/SmNB-CT32-EE), 7.0 kDa (SmNB-CT32_AR) and 7.2 kDa (SmNB-CT32_RR). 
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Appendices 
Appendix 3.1 – Supporting discussion 
3.1.1 CT32-residues considered for the design of asymmetric assembling pairs 

Our synthetic asymmetric ternary protein complex is based on the 14-3-3 – CT52 interaction 

as has been resolved in the 2O98 PDB entry crystal structure.36 Another potential strategy for the 

design of an asymmetric ternary complex would be to modulate the interface between the 

peptides at the C-terminal region and 14-3-3, thereby forming pairs of 14-3-3 / CT52 monomers. 

However, as the interaction of binding partners with specific 14-3-3 isoforms remains ambiguous, 

creating a 14-3-3 heterodimeric scaffold seems a less feasible strategy. The crystal structure 

shows two CT52 peptide constructs bound to the 14-3-3 dimer. To eliminate hydrophobic 

dimerization effects of the coiled-coil binding near the N-terminal region of the CT52 construct, 

we removed the twenty N-terminal amino acids from the PDB after which the C-terminal 32 

residues (CT32) remain. Each CT32 construct consists of a C-terminal unstructured loop region 

that interacts with the 14-3-3 binding groove and FC, and a central α-helix interacting with the 

other CT32 construct. Binding of two CT32 reveals a central interaction site between the 

constructs, in which three residues reside; glutamate 928 (E928), serine 938 (S938) and leucine 

942 (L942) (Figure S3.1A). Glycine 934 and histidine 935 are located at the same α-helix as S938 

and L942, one turn before S938, but are not considered, as these residues are either positioned 

up- or downwards rather than towards the opposite CT32 construct. 

Mutation of S938 to a glutamate has been shown to result in reduced binding of 14-3-3.36 

Furthermore, a related plasma membrane (PM) H+-ATPase can be phosphorylated by PKS5 on 

this serine, simultaneous phosphorylation on both PM H+-ATPase constructs results in blocked 

binding of 14-3-3.57 Based on the crystal structure, the hypothesis was stipulated that this reduced 

binding is caused by steric and electrostatic hindrance between the two constructs rather than 

altered binding between the construct and 14-3-3. These findings make residue S938 an 

interesting target for introducing orthogonality, as by introduction of opposite charges at this 

position, asymmetric binding can be favored over symmetric binding, as the latter is disfavored 

due to electrostatic hindrance. 

By considering E928, it is hypothesized that orthogonality in asymmetric assembly might be 

enhanced. The distance between the two E928 residues in the wildtype structure is 4.8Å (Figure 

S3.1B), by introduction of a positive residue at the opposite CT32 construct, a stabilizing salt 

bridge might be formed, as both arginine and lysine consist of a longer sidechain in respect to 

glutamate. 

L942 is positioned close to the opposite CT32 construct and might therefore be an interesting 

residue to introduce asymmetric assembly. However, alterations at this position are not 

hypothesized to result in additional orthogonality, as the sidechain points below R925, in-

between E928 and L929 (Figure S3.1C), therefore, introduction of charge is hypothesized to result 
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in interactions with the backbone of the opposite CT32 construct, which does not result in 

specificity. 

In summary, we consider glutamate 928 and serine 938 as targets for the re-engineering of 

the complex, which we term E928X-1 and S938X-1 for one construct, and E928X-2 and S938X-2 

for the other. 

 
Figure S3.1 Central interaction site between the CT32 constructs (PDB 2O98). A. Overview of residues (yellow) 

in the central interaction site. B. Both E928 residues (yellow) are separated approximately 4.8 Å. C. L942 (yellow) 

is positioned below R925 and in-between E928 and L929. 

3.1.2 Flexible peptide docking of CT32  

To verify if removing the twenty N-terminal residues of CT52 constructs results a similar 

structure as refined in the 2O98 PDB, we performed a flexible docking simulation using Rosetta’s 

FlexPepDock protocol58, where the structural conformation of one CT32 chain was predicted in 

presence of the two 14-3-3 monomers and the other wild type CT32 chain. The three best-scoring 

structures (all from the largest cluster) are shown as an overlay with the native (crystal structure) 

CT32 construct in the 14-3-3 protein in Figure S3.2B. These results made us confident that the 

assumption that CT32 binds to 14-3-3 similarly as CT52 does, is valid. 

 
Figure S3.2 Flexible peptide docking of CT32 to 14-3-3_WT_WT. A. Scatter plot of Rosetta score of the docked 

structures as a function of the Root Mean Square deviation with respect to the natively docked structure.  Colors 

indicate clusters of decoys. B. Representation of the three best-scoring decoys (red, green and blue) from the 

largest cluster and the native construct (black, PDB 2O98) docked to 14-3-3_WT_WT. 
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3.1.3 Rosetta modeling of orthogonal pairs 

Rosetta’s interface analyzer48 was used to compute the interface energy (ΔG) of a 14-3-3–

CT32 construct complex and every other mutant construct. The results of mutant pairs on either 

E928X-1 and E928X-2, S938X-1 and S938X-2, or E928X-1 and S938X-2, are shown as heat maps 

in Figure S3.3. Most mutations introduce only a small effect on the ΔG with some exceptions that 

show a decrease in binding affinity, typically mutations that introduce bulky residues at S938. 

Conversely, mutations that introduce glutamate and arginine at E928 and S938 positions, 

respectively, and positively charged residues and glutamate at E928 and S938 positions, 

respectively, increase binding affinity. 

 
Figure S3.3 Difference in Rosetta interface energy between mutant and wild type structure of CT32 construct 

2 binding to the complex composed of the 14-3-3_WT_WT scaffold and construct 1 bound. A. Mutations on 

E928X-1 and E928X-2 with both S938-1 and S938-2 mutated to alanine. B. Mutations on S938X-1 and S938X-2 

with both E928-1 and E928-2 mutated to alanine. C. Mutations on E928X-1 and S938X-2 with both E928-2 and 

S938-1 mutated to alanine. 

We calculate the difference between interface energies of the symmetric assembly that shows 

the strongest binding and the asymmetric assembly, which is a measure for the orthogonality 

that we term ω. By examining the heat maps for ω (Figure S3.4), we observe that combinations 

with arginine and glutamate on S938X typically increase orthogonality, as well as combinations 

of lysine with either glutamate, aspartate, or tyrosine. Additionally, also E928E (WT) with S938R, 

or S938E with E928R or E928K lead to a higher ω. The observed increase in orthogonality for 

systems containing constructs with opposite charges can be explained by salt bridges favoring 

the formation of the asymmetric complex, while the identical charges disfavor formation of 

symmetric complexes. 
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Figure S3.4 Predicted orthogonality values of asymmetric pairs. A. Mutations on E928X-1 and E928X-2 with 

both S938-1 and S938-2 mutated to alanine. B. Mutations on S938X-1 and S938X-2 with both E928-1 and E928-

2 mutated to alanine. C. Mutations on E928X-1 and S938X-2 with both E928-2 and S938-1 mutated to alanine. 

The frequency of E928X mutations in models with an orthogonality value ω > 3 Rosetta 

Energy Units (R.E.U.) and with an interface energy ΔG that is lower than that of the wild type is 

shown in a 2D histogram (Figure 3.2C). The histogram shows that in most of these models 

glutamate or arginine is present in either construct, or a glutamate on one construct and an 

aspartate on the other. Also, arginine mutations lead to orthogonal pairs with varying residues 

on the other construct. A very similar picture arises for the S938X 2D histogram (Figure 3.2D). 

Again, many orthogonal structures contain glutamate in one construct and glutamate or 

aspartate on the other, or arginine on one and one of a range of residues on the other. An 

explanation for this observation is that the crosswise interaction between E928X and S938X 

residues seems more critical for the interaction between the two CT32 constructs than the 

residues at both E928X positions or both S938X positions. Therefore, we also analyzed the 2D 

histogram of the mutations of orthogonal pairs on the E928X and S938X interaction (Figure 3.2E). 

Here, arginine on the E928 position and glutamate on the S938 position, or vice versa, is predicted 

to form an orthogonal pair. 
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Appendix 3.2 – Sequences of constructs 
14-3-3_WT_WT (X=R) and 14-3-3_R136A_WT (X=A) 
  1 MGGSHHHHHH GTGASSSGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE LTVEERNLLS 70 
 71 VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI CDGILKLLDA KLIPSAASGD 140 
141 SKVFYLKMKG DYHXYLAEFK TGAERKEAAE STLTAYKAAQ DIATTELAPT HPIRLGLALN FSVFYYEILN 210 
211 SPDRACNLAK QAFDEAIAEL DTLGEESYKD STLIMQLLRD NLTLWTSDMQ GGSGGSGGSG GSGGGSGGSG 280 
281 GSGSGGSGGS MAVAPTAREE NVYMAKLAEQ AERYEEMVEF MEKVSNSLGS EELTVEERNL LSVAYKNVIG 350 
351 ARRASWRIIS SIEQKEESRG NEEHVNSIRE YRSKIENELS KICDGILKLL DAKLIPSAAS GDSKVFYLKM 420 
421 KGDYHRYLAE FKTGAERKEA AESTLTAYKA AQDIATTELA PTHPIRLGLA LNFSVFYYEI LNSPDRACNL 490 
491 AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD MQGTGGNGSS WSHPQFEKGG S          551 

His-LgNB-CT32-EA (X=E, Z=A), His-LgNB-CT32-AR (X=A, Z=R), His-LgNB-CT32-EE (X=E, Z=E) 

and His-LgNB-CT32-RR (X=R, Z=R) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG SRQRXLHTLK 210 
211 GHVEZVVKLK GLDIETIQQS YDI               233 

SmNB-CT32-EA (X=E, Z=A), SmNB-CT32-AR (X=A, Z=R), SmNB-CT32-EE (X=E, Z=E) and SmNB-

CT32-RR (X=R, Z=R) 
  1 VTGYRLFEEI LGGSGGSGGS GGSGGSGGSG GSGGSGGSGG SRQRXLHTLK GHVEZVVKLK GLDIETIQQS YDI 73 

Appendix 3.3 – Supporting figures 
Fluorescence polarization assays and fits 

 
Figure S3.5 A. Fluorescence polarization assay of 14-3-3_R136A_R136A (24 pM – 100 µM) together with CT32-

WT (15 nM) and FC (100, 10 or 0 µM). B. Fluorescence polarization assay of 14-3-3_WT_WT/14-3-3_R136A_WT 

(24 pM – 100 µM) together with CT32-WT/CT32-RA (15 nM) and FC (0 µM). Error bars represent the SD (n=3). 

 

 
Figure S3.6 A. Schematic representation of the mass-balance model for the system with one 14-3-3 construct 

binding site and one type of construct, where construct can also bind to the scaffold binding site in absence of 

fusicoccin. Here, 14-3-3 is the scaffold (S), fusicoccin the stabilizer (F) and the blue rectangle with the star the 

labeled construct (C). B. Fit of the mass balance model described in A. to the fluorescence polarization data of 

Figure S3.5B. 
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Figure S3.7 Fluorescence polarization assay of 14-3-3_R136A_WT (24 pM – 100 µM) together with CT32 (A. 5 

nM, B. 15 nM) and FC (A. 10 µM, B. 100 µM). Error bars represent the SD (n=3). 

 

 

 
Figure S3.8 Fit of the mass balance model described in Figure 3.3A to the fluorescence polarization data of 

Figure S3.7. 
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Figure S3.9 Fluorescence polarization assay of 14-3-3_WT_WT (24 pM – 100 µM) together with CT32 (5 nM) 

and FC (A. 10 µM, B. 100 µM). Error bars represent the SD (n=3). 

 

 
Figure S3.10 Fit of the mass balance model described in Figure 3.4A (dotted lines) to the fluorescence 

polarization data of Figure S3.9. 
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Figure S3.11 Fluorescence polarization assays of 14-3-3_WT_WT (24 pM – 100 µM) together with FITC-CT32 

(15 nM, indicated by the star), Ac-CT32 (15-300 nM) and FC (10 µM). Error bars represent the SD (n=3). 
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Figure S3.12 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-EA+Ac-CT32-AR and FITC-CT32-AR+Ac-CT32-EA. 

 
Figure S3.13 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-AR+Ac-CT32-RA and FITC-CT32-RA+Ac-CT32-AR. 
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Figure S3.14 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-AE+Ac-CT32-RA and FITC-CT32-RA+Ac-CT32-AE. 

 
Figure S3.15 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-AE+Ac-CT32-EA and FITC-CT32-EA+Ac-CT32-AE. 
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Figure S3.16 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-AE+Ac-CT32-AR and FITC-CT32-AR+Ac-CT32-AE. 

 
Figure S3.17 Fit of the mass balance model described in Figure 3.4A to the fluorescence polarization data of 

Figure S3.11 FITC-CT32-EA+Ac-CT32-RA and FITC-CT32-RA+Ac-CT32-EA. 



| Chapter 3 

80 

Bioluminescence complementation assays 

 
Figure S3.18 Bioluminescence complementation assays with LgNB-CT32 (0.5, 1 or 2 nM), SmNB0.7nM (100 nM), 

14-3-3_WT_WT (100 nM), FC (100 µM) and furimazine (1:2000). Error clouds represent the SD (n=3). 

 

 
Figure S3.19 Bioluminescence complementation assays with LgNB-CT32 (15 nM), SmNB-CT32 (15 nM), 

14-3-3_WT_WT (100 nM), FC (100 µM) and furimazine (1:2000). A. LgNB-CT32-EA and B. LgNB-CT32-AR. Within 

each subsection the upper panel shows all data and the lower panel shows a zoom of the upper panel. Error 

clouds represent the SD (n=3). 
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Figure S3.20 Bioluminescence complementation assays with LgNB-CT32 (15 nM), SmNB-CT32 (15 nM), 

14-3-3_WT_WT (100 nM), FC (100 µM) and furimazine (1:2000). A. LgNB-CT32-EE and B. LgNB-CT32-RR. Within 

each subsection the upper panel shows all data and the lower panel shows a zoom of the upper panel. Error 

clouds represent the SD (n=3). 

Appendix 3.4 – Overview of elements and accompanying cartoons 

 



 



 

 

 

4 
Covalent linking of 14-3-3 monomers 

 

 

 

 

 

Seven different 14-3-3 isoforms are present in humans, which are indicated by β, γ, ε, η, ζ, τ 

and σ. These isoforms show resemblance in structure and sequence, but show differences in 

expression levels, interaction with binding partners and dimerization behavior. Five isoforms – β, 

γ, τ, η and ζ – both form homo- and heterodimers, in contrast to 14-3-3σ and ε, which form only 

homodimers or only heterodimers, respectively. The biochemical and physiological effects arising 

from these variations remain only partially understood. Mixing of dimers results in various 

stoichiometries of dimer species, thereby complicating analysis of a single heterodimer. Here, a 

covalent linking strategy is proposed in order to generate defined 14-3-3 dimers. Crystallography 

of a γ-ε resulted in low resolution crystals, which however were shown by mass spectrometry to 

contain both 14-3-3 isoforms. Analysis of the covalent dimers revealed an unexpected 

distribution in structures, besides dimers also higher-order structures were observed. By 

shortening the linker, this distribution was shifted towards tetramer and higher-order structures. 

This strategy can be applied for fundamental studies on 14-3-3 interaction with highly 

phosphorylated binding partners. Additionally, the engineered multivalent 14-3-3 has great 

potential to serve as general platform in synthetic systems. 
 

 

 

 

 

LL designed and performed the experiments. Madita Wolter and Rens de Vries provided 

extensive guidance in the crystallography.  
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Introduction 
In mammals, seven different 14-3-3 isoforms are present, named β, γ, ε, ζ, η, σ and τ. These 

isoforms each contain nine α-helices in a similar fold and all form dimers.1 Among the seven 

isoforms, ~48% of the residues is fully conserved, which are predominantly located within the 

binding groove (Figure 4.1, see Appendix 4.2 for alignment of the human 14-3-3 isoforms). In 

contrast to this resemblance in sequence and structure, variations in expression levels are 

observed for different human tissues, suggesting tissue specificity for each isoform. The exception 

is brain tissue, which shows the highest expression level for all isoforms.2 Despite the complete 

conservation of the binding pocket among the seven human 14-3-3 isoforms, 3- to 50-fold 

differences in binding affinity between isoforms are reported for various 14-3-3 binding peptides 

(Appendix 4.1).3–11 In general, 14-3-3γ and η are among the strongest binding isoforms, while 

14-3-3σ shows the weakest binding affinity. Variation is also observed in post-translational 

modification of the isoforms, as dimerization of 14-3-3ζ/β/η/γ/ε, but not 14-3-3σ/τ, is regulated 

through phosphorylation at the dimer interface.12–14 Additionally, several studies report the 

involvement of a specific isoform or heterodimer in signaling pathways.10–20 Collectively, 

resemblance is observed among the seven human 14-3-3 isoforms, as well as divergence, 

resulting in a diversity of 14-3-3 species. The biochemical and physiological effects arising from 

this diversity remain only partially understood, starting with the dimerization behavior. 

 
Figure 4.1 Visual representation of residue conservation among the human 14-3-3 isoforms, projected on 

14-3-3ζ (PDB 2O02). The color bar indicates the amount of conserved residues among the 7 isoforms, from less 

conserved (2, green) to fully conserved (7, red). 

The homo- and heterodimerization behavior of the different 14-3-3 isoforms has been 

elucidated through immunoprecipitation, cross-linking and native mass spectrometry studies.26–

30 The general consensus is that five 14-3-3 isoforms – β, γ, ζ, η and τ – can form both homo- and 

heterodimers, while 14-3-3σ can only form homodimers, in contrast to 14-3-3ε, which 

preferentially forms heterodimers. Structural comparison of the dimer interfaces of 14-3-3σ, ζ 

and τ showed multiple 14-3-3σ specific residues, which potentially provide a basis for 

homodimerization: S5, E20, F25, Q55 and E80 (Figure 4.2).28,31 Residues S5, F25 and E80 are 

located at the direct interface between the 14-3-3 monomers, while residues E20 and Q55 are 

located in the central cavity. Mutagenesis of these 14-3-3σ specific residues to amino acids 

observed in other isoforms revealed their contribution to the homodimerizing behavior of 
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14-3-3σ. Single mutations S5E, E20D and E80M promoted heterodimerization, while F25C and 

Q55R did not, although reduced homodimerization was observed.32 The significance of 14-3-3σ 

F25 in homodimerization was further investigated by immunoprecipitation and molecular 

dynamics simulations of a 14-3-3σ F25G mutant, which showed reduced homodimerization 

compared to wildtype 14-3-3σ.33 Structural elucidation of 14-3-3ε provided a molecular basis for 

heterodimerization, as this isoform contains E22 and M88, where all other isoforms contain D and 

K, respectively, which result in a heterodimer specific interaction between 14-3-3ε E22 and 

14-3-3other K88.30 Collectively, 14-3_3σ homodimerization preference is hypothesized to arise 

from the σ specific residues S5 and E80 and 14-3-3ε heterodimerization preference from 

interaction of ε E22 with K88 of other isoforms. 

 
Figure 4.2 Dimer interfaces (indicated bottom right) based on alignment of crystal structures of dimeric 14-3-3 

isoforms γ (blue), ε (yellow) and σ (red). The residues within the dimer interface displaying variation among 

14-3-3 isoforms are shown as sticks. Epsilon: PDB 2BR9, sigma: PDB 3IQU, gamma: PDB 5D3E. 

Although various experiments have provided a basis for above described dimerization 

hypothesis, a crystal structure of a 14-3-3 heterodimer remains to be resolved. Additionally,  

various other parameters, including the dimerization strength of the various homo-/heterodimers 

and binding affinity of partners to 14-3-3 heterodimers, also remain unelucidated.  As Yang et al. 

found differences in stoichiometry of species upon mixing of two isoforms34 and Ghorbani et al. 

did not obtain full homogeneity after Ni-NTA pull-down purification of His-14-3-3ε 

heterodimers35, analysis of specific dimers is intricate. In order to overcome this distribution of 



| Chapter 4 

86 

dimers, here we propose a covalent linking strategy. Linking of 14-3-3 monomers is hypothesized 

to generate defined 14-3-3 dimers through subsequent intramolecular dimerization (Figure 4.3A). 

To span the distance between the 14-3-3 monomers, a flexible 30 residue linker containing a TEV-

cleavage site was incorporated. As the C-terminus of the 14-3-3 monomers is typically flexible36, 

this results in a total flexible region of 44 residues (in case of γ-ε). It is hypothesized that this 

strategy can also be exploited to generate higher-order structures, e.g. ring-like structures or 

polymers of 14-3-3 monomers, by introduction of a short linker. To generate such potential 

higher-order structures through intermolecular dimerization, constructs with a shortened linker 

length of 35, 23, and 14 residues were also designed (Figure 4.3B). 

 
Figure 4.3 A. Covalent linking of 14-3-3 monomers is hypothesized to result in defined 14-3-3 dimers. B. Four 

linker lengths (14, 23, 35 and 44 residues) are incorporated to span the distance (51.1Å) between the C-terminus 

of the first 14-3-3 monomer (blue) to the N-terminus of the second 14-3-3 monomer (yellow). Each linker 

contains a TEV-cleavage site (underlined). 

Here, we analyze feasibility of 14-3-3 covalent dimers to elucidate the effects arising from 

diversity in 14-3-3 dimers. Not all 28 different combinations are taken along, but a subset 

containing 14-3-3γ, ε and σ is selected. Additionally, the effect of linker length is investigated 

using the covalent dimer 14-3-3γ-ε. 14-3-3ε and σ are of interest because of their divergent 

dimerization behavior, while 14-3-3γ is chosen as representative for the remaining group. 

Crystallography of a 14-3-3 heterodimer is pursued to define a structural basis for 14-3-3 

heterodimerization. Additionally, native PAGE and differential scanning fluorimetry are conducted 

to compare covalent 14-3-3 dimers with their noncovalent equivalents and to elucidate the effect 

of linker length on the composition of the 14-3-3 species. 

Results and Discussion 
Crystallography 

The 14-3-3 dimer consisting of C-terminally truncated γ and ε (for sequence, see Appendix 

4.3) was selected for crystallography studies. 14-3-3ε was incorporated based on its preferential 

heterodimerization behavior and 14-3-3γ was chosen based on availability of detailed 

experimental conditions for its crystallization8. Initial screenings were set up for all combinations 

of protein with/without linker, no peptide/monovalent peptide/bivalent peptide, 4°C/room 



Covalent linking of 14-3-3 monomers | 

 

87 

temperature (R.T.) and various crystallization suites (for detailed information, see experimental 

section). Crystals were observed with the apo protein (no peptide) without linker for various 

similar PACT conditions at R.T. (Figure 4.4A). Multiple optimization steps were conducted to arrive 

at well-defined single crystals (Figure 4.4B). However, the resolution of the diffraction pattern 

(Figure S4.1) was not sufficient for structural elucidation. Q-ToF LC/MS analysis of the crystals was 

performed and confirmed the presence of both isoforms (Figure 4.4C).  

 
Figure 4.4 Overview of 14-3-3 γ-ε heterodimer crystallography. A. Apo 14-3-3 γ-ε without linker initial crystals. 

B. After optimization smooth single crystals are observed. C. Q-ToF LC/MS analysis of solved crystals, expected 

masses: 27059.8 (14-3-3εΔC) and 28199.8 Da (14-3-3γΔC). 

Comparison of covalent and noncovalent 14-3-3 dimers 
Feasibility of the covalent linking strategy was analyzed by native PAGE and differential 

scanning fluorimetry of covalent 14-3-3 dimers and their noncovalent equivalents. Throughout 

the chapter, noncovalent dimers are represented as a singular isoform, i.e. γ, ε or σ, while covalent 

dimers are represented as the two isoforms separated by a dash, i.e. γ-γ, γ-ε, ε-ε, σ-ε, σ-σ, and 

γ-σ. Native PAGE analysis showed one defined band – presumably indicating the homodimer – 

for each of the three noncovalent 14-3-3 proteins (Figure 4.5A, left three lanes). Interestingly, the 

covalent 14-3-3 proteins revealed a multitude of bands, of which the band at the bottom is 

located at approximately the height of the noncovalent dimers (Figure 4.5A, right six lanes). The 

additional bands are hypothesized to be dimers, trimers and multimers of covalent dimers, i.e. 

tetramers, hexamers and multimers of 14-3-3 binding pockets, formed through intermolecular 

dimerization of covalent dimers. It can be observed that ε-ε shows less higher-order structures 

compared to the other covalent dimers, followed by γ-γ. The covalent dimers γ-ε and σ-σ show 

the largest distribution of species, which might be indicative of their dimerization preference. The 

specific composition of the dimers – defined homodimers, defined heterodimers or a mixture 

thereof (Figure 4.5B) – within structures resulting from covalent heterodimers cannot be resolved 

based on these data. 

Stability of the homodimers was investigated using differential scanning fluorimetry. 14-3-3γ 

showed the lowest melting temperature, while 14-3-3σ showed the highest melting temperature, 

independent of the presence of the linker (Figure 4.5C). For 14-3-3γ and ε introduction of the 

linker results in a negligible effect, while for 14-3-3σ, introduction of the linker results in an 
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increase of the melting temperature with 1.5°C. Covalent linking of 14-3-3σ might thus further 

stabilize the homodimeric nature of this isoform.  

 
Figure 4.5 Comparison of covalent and noncovalent 14-3-3 dimers. A. Native PAGE analysis of noncovalent 

dimers 14-3-3γ/ε/σ and covalent dimers 14-3-3γ-γ/γ-ε/ε-ε/σ-ε/σ-σ/γ-σ. B. Covalent 14-3-3 homodimers 

consist of two equal monomers, therefore, multivalent structures of covalent homodimers will only result in 

defined homodimers. In contrast, covalent heterodimers consist two different 14-3-3 isoforms. Following the 

preferential heterodimer forming behavior of 14-3-3ε, covalent heterodimers will also result in higher-order 

structures consisting of heterodimers. However, when assuming absence of preference in dimer formation, 

higher-order structures will consist of a statistical mixture of homo- and heterodimers. C. Melting temperatures 

for covalent and noncovalent dimers 14-3-3γ/ε/σ resulting from differential scanning fluorimetry analysis (see 

Figure S4.1A for additional data). Error bars represent SD (n=4). 

Fluorescence polarization assays were first performed on the covalent homodimers, to 

determine whether introduction of the linker causes interference with binding of interaction 

partners. Scaffold titrations with a monovalent ExoS (mExoS) peptide37 show variations among 

the isoforms, where 14-3-3γ shows the strongest and 14-3-3σ the weakest binding affinity (Figure 

4.6A). Titrations with a bivalent ExoS (biExoS) peptide37 show a general shift of the curves towards 

lower concentrations of 14-3-3 scaffold compared to the monovalent peptide (Figure 4.6B). The 

same trend in binding affinities is observed; 14-3-3γ shows the strongest and 14-3-3σ the 

weakest binding affinity. 14-3-3γ shows an aberrant pattern, indicating a binding affinity below 

the peptide concentration, repetition of the titrations at a lower peptide concentration (5 nM) 

showed similar results (data not shown). Titrations with a weaker binding, mutant bivalent ExoS 

peptide, biExoS_L423A, showed an even larger difference between the strongest and weakest 

binding isoforms γ and σ, compared to mExoS. These observations are in line with the general 

trend observed for other 14-3-3 binding peptides (Appendix 4.1). Additionally, similar binding 

curves are observed for open and closed symbols, representing the noncovalent and covalent 

dimers, respectively (Figure 4.6A-C). These similarities indicate minimal interference with binding 

of interaction partners upon introduction of the linker in case of the covalent dimers.  

Titrations of covalent heterodimers γ-ε, σ-ε, and γ-σ to the three ExoS peptides were 

performed next (Figure 4.6D-F). For all three peptides, σ-ε shows a weaker binding affinity 

compared to γ-ε and γ-σ, which show similar binding curves. Interestingly, all curves are shifted 

towards the strongest binding isoforms, suggesting that this isoform dictates the binding to the 
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dimeric platform. This effect is also observed in titrations with the monovalent peptide mExoS, 

which is hypothesized to result from a 2-fold dilution of the stronger binding isoform. 

 
Figure 4.6 Fluorescence polarization assay of three fluorescein isothiocyanate (FITC)-labeled ExoS peptides (20 

nM, A+D. mExoS, B+E. biExoS, C+F. biExoS_L423A) with various 14-3-3 constructs (1.62 nM – 50 µM dimer). 

The dotted lines indicate stoichiometric amounts of binding motif:14-3-3. The lines indicate fitting of the data 

with Equation 4.1 (Experimental section). Error bars represent SD (n=4). 

Analysis of the 14-3-3 titration curves 

reveals binding affinities within the same 

order of magnitude for the noncovalent and 

covalent homodimers (Table 4.1A-B). The 

biggest difference is observed for 14-3-3σ 

with biExoS, where the covalent dimer 

shows a 1.7-fold difference in binding 

affinity. These differences indicate minimal 

influence on binding of peptides upon 

introduction of the linker. When compared 

to previously reported titration data37,38, 

similar results are obtained for 14-3-3σ. A 

60/85-fold stronger binding affinity is 

observed for bivalent compared to 

monovalent ExoS binding, while Tobacco 14-3-3c showed a difference of 300-fold37. Additionally, 

Tobacco 14-3-3c, 14-3-3σ and 14-3-3ε show binding affinities in the micromolar range for mExos 

and nanomolar range for biExoS, while 14-3-3ζ and 14-3-3γ show a 20/35-fold stronger binding 

affinity for both peptides. As the isoforms show conserved binding grooves, these results further 

highlight the urge for fundamental insight into 14-3-3 binding mechanisms.  

Table 4.1 Kd values of noncovalent 14-3-3 dimers (A), 

covalent homodimers (B) and covalent heterodimers (C) 

with indicated ExoS peptides. Shaded rows indicate 

noncovalent dimers. Data is derived from fits in Figure 4.5. 

*Titrations have been repeated with 5 nM peptide (data 

not shown). 

  mExoS biExoS biExoS_L423A 

A γ 212 ± 13 nM < 5 nM* < 20 nM 

 ε 2.73 ± 0.91 µM 31.8 ± 1.6 nM 1.92 ± 0.06 µM 

 σ 8.20 ± 0.31 µM 140 ± 7 nM 10.4 ± 0.7 µM 

B γ-γ 313 ± 13 nM < 5 nM* 24.1 ± 1.5 nM 

 ε-ε 2.66 ± 0.11 µM 33.3 ± 1.7 nM 2.54 ± 0.11 µM 

 σ-σ 7.13 ± 0.32 µM 80.7 ± 2.2 nM 12.7 ± 0.9 µM 

C γ-ε 502 ± 22 nM < 5 nM* 59.0 ± 2.4 nM 

 σ-ε 5.60 ± 0.26 µM 50.4 ± 1.8 nM 6.06 ± 0.32 µM 

 γ-σ 401 ± 16 nM < 5 nM* 35.6 ± 2.1 nM 
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Analysis of the covalent heterodimer titration curves reveals similar binding affinities for γ-ε 

and γ-σ for all three peptides, while σ-ε shows ~10-fold or ~100-fold weaker binding affinity for 

mExoS or biExoS_L423A, respectively (Table 4.1C). When compared to the binding affinities for 

the covalent homodimers, intermediate binding affinities are observed for the covalent 

heterodimers (Table 4.1B-C). Interestingly, for γ-ε and γ-σ bias towards the strongest binding 

isoform – γ – is observed. Further analysis of the covalent heterodimers is supported by a 

theoretical model for binding of a bivalent peptide consisting of equal binding epitopes to a 

14-3-3 heterodimer (Appendix 4.6). Compared to 14-3-3γ, mExoS shows a ~10-fold and ~20/30-

fold weaker binding affinity for 14-3-3ε and 14-3-3σ, respectively. Theoretically, this would 

extrapolate to expected differences in binding affinity for a bivalent peptide of ~10-fold for γ-ε 

and ~20/30-fold for γ-σ compared to the homodimer γ-γ (Appendix 4.6). As only ~2 fold weaker 

binding affinity is observed for γ-ε and γ-σ compared to γ-γ, it is hypothesized that the covalent 

heterodimeric platforms have a dimerization profile that is shifted towards homodimerization.  

The weaker binding affinity for γ-ε compared to γ-σ, while the binding affinity of monovalent 

peptide mExoS to 14-3-3ε is stronger than observed for 14-3-3σ, might be indicative of a more 

heterodimer character of the γ-ε covalent platform. However, the exact composition of the dimers 

within structures resulting from covalent heterodimers remains unresolved. This composition 

would have to be determined in order to be able to draw conclusions. 

The effect of linker length on multimerization of covalent 14-3-3 dimers 
Covalent linking of 14-3-3 resulted in a distribution of observed species with varying valency, 

therefore, we investigated whether these species could be adapted in a controllable manner. To 

achieve this, the linker length between the 14-3-3 monomers was varied. The 14-3-3γ-ε covalent 

dimer was taken as a model platform, but it is hypothesized that other combinations would 

produce similar results. 

Native PAGE analysis of γ-44-ε/γ-35-ε/γ-23-ε/γ-14-ε covalent dimers showed a band at the 

height of the 14-3-3γ/ε noncovalent dimers for γ-44-ε/γ-35-ε and γ-23-ε, while this band is not 

observed for γ-14-ε (Figure 4.7A). These results indicate that the linker length for the γ-14-ε 

platform is too short to bridge the distance between C- and N-terminus in an intramolecular 

fashion, thus only higher order structures are formed through intermolecular dimerization. 

Differential scanning fluorimetry analysis shows similar melting temperatures for 14-3-3γ/ε 

noncovalent and γ-44-ε/γ-35-ε covalent dimers (Figure 4.7B). Interestingly, a tremendous 

decrease in melting temperature of ~12°C is observed for γ-23-ε and γ-14-ε covalent dimers. As 

γ-23-ε is still able to form dimers, these results show that the linker length has the biggest 

influence on the stability of the platforms. 



Covalent linking of 14-3-3 monomers | 

 

91 

  
Figure 4.7 Analysis of covalent dimers 14-3-3 γ-44-ε/γ-35-ε/γ-23-ε/γ-14-ε and noncovalent dimers 14-3-3γ/ε. 

A. Native PAGE analysis showing 14-3-3 dimers and higher-order structures (tetramers, hexamers, octamers, 

etc.), from bottom to top. B. Melting temperatures resulting from differential scanning fluorimetry analysis (see 

Figure S4.1B for additional data). Error bars indicate SD (n=4). 

To investigate whether the observed equilibrium patterns of species could be steered, the 

effect of various additives, most commonly used in protein storage buffers, was investigated 

through Native PAGE analysis (Figure S4.3A). All additives resulted in a similar pattern, indicating 

no effect of any of the additives on the dimerization pattern. Therefore, the stability of individual 

species was investigated. Using size-exclusion chromatography with manual fraction collection, 

the separation was not sufficient to obtain individual species (data not shown). As sufficient 

separation was observed with Native PAGE analysis, gel extraction of dimer and/or tetramer 

bands was performed for γ-44-ε and γ-14-ε (Figure 4.8). Gel extraction resulted in separation of 

species (0h). Some tetramer is still observed in the γ-44-ε gel extracted dimer, but its ratio in 

respect to the dimer remains stable over time (24h, 4°C and 24h, R.T.). Analysis of the samples 

after 24 hours shows the appearance of a dimer band in the γ-44-ε gel extracted tetramer. 

Additionally, a dimer band also appears in the γ-14-ε unprocessed sample after 24h, which is not 

observed in the gel extracted tetramer band (24h, 4°C and 24h, R.T.). As the gel extracted species 

show a pattern deviant from the unprocessed samples, even after 24 hour incubation at either 4

°C and room temperature, these results indicate that these species are relatively stable. The 

appearance of the dimer band over time suggests some dynamicity of the dimers, as interchange 

between the dimers still occurs. 

The multivalent platforms showed insensitivity to additives to steer the valency, therefore, a 

TEV (Tobacco Etch Virus) cleavage site was introduced to control the valency. Native PAGE 

analysis of γ-44-ε and γ-14-ε in the absence and presence of TEV protease, showed that cleavage 

of the covalent linker resulted in the formation of only dimer species (Figure 4.8B). This handle is 

especially of interest within the γ-14-ε platform as addition of TEV protease results in a switch 

from a multivalent platform to a dimer platform. 
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Figure 4.8 Native PAGE analysis of γ-#-ε proteins. A. The species at the indicated bands were extracted from 

the gel and analyzed directly or after 24 hour incubation at either 4°C or room temperature (R.T.). B. γ-44-ε and 

γ-14-ε were incubated with and without TEV protease (1 mgprotease/500 mgprotein,) for 2h at R.T. 

Conclusion 
The human 14-3-3 isoforms show resemblance in structure and sequence, as well as 

divergence in expression levels, binding affinity for interaction partners and dimerization 

behavior, resulting in a diversity of 14-3-3 species. The biochemical and physiological effects 

arising from this diversity in dimerization – such as the dimer binding affinity, the exchange of 

monomers between species and the influence of binding partners on the dimerization equilibria 

– remain unresolved. Elucidation of these dimerization aspects will greaten the general 

understanding of 14-3-3 functionality. This does not only provide fundamental insight into the 

cellular role of 14-3-3, but also aids in the design of drugs targeting specific 14-3-3 protein-

protein interactions.  

Here we pursued a covalent linking strategy, which resulted a variety of 14-3-3 species, 

ranging from dimers to multimers. The introduction of the linker did not impair stability of the 

14-3-3 platforms nor the ability to interact with binding partners. Nevertheless, a complementary 

strategy would be required to resolve the exact composition of the multimers and to study 

underlying parameters of 14-3-3 dimerization. A FRET (Förster Resonance Energy Transfer)-based 

strategy is considered most feasible, as it allows for analysis of dynamicity and parallel screening. 

The multivalent nature of the engineered 14-3-3 γ-ε platform with the shortened, 14 residue 

linker could provide a valuable tool for the fundamental analysis of multivalent binding within 

synthetic signaling systems. Recruitment of multivalent binding partners through 

phosphorylation allows dynamic tuning of valency and analysis of multivalent binding. A 

reduction of the linker length within covalent homodimers is hypothesized to result in similar 

distributions and would result in defined dimers within these higher-order structures. These 

platforms serve potential in fundamental analysis of multivalent binding of highly phosphorylated 

14-3-3 binding partners, such as CFTR8, tau39 and LRRK240. 
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Experimental section 
Buffers 
Lysis buffer: 50 mM Tris, 300 mM NaCl, 50 mM imidazole, 5 mM MgCl2, pH 8.0 

Wash buffer: 50 mM Tris, 300 mM NaCl, 50 mM imidazole, pH 8.0 

Elution buffer: 50 mM Tris, 300 mM NaCl, 250 mM imidazole, pH 8.0 

FP buffer: 10 mM HEPES, 150 mM NaCl, pH 7.4 

PBS: 140 mM NaCl, 10 mM phosphate buffer, 3 mM KCl, pH 7.4 (tablets, Calbiochem) 

Crystallography buffer: 100 mM NaCl, 25 mM HEPES, 2 mM DTT, pH 7.4 

Native sample buffer (2x): 62.5 mM Tris, 40% glycerol, 0.01% bromophenol blue, pH 6.8 

Native running buffer: 25 mM Tris, 192 mM glycine, pH 8.3 

SDS-PAGE sample buffer (2x): 125 mM Tris pH 6.8, 5% w/v SDS, 0.02% w/v bromophenol blue, 

20% v/v glycerol 

SDS-PAGE running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3 

Expression and purification of 14-3-3 constructs 
The 14-3-3 covalent proteins, encoded in a pET28a plasmid, were expressed under sterile 

conditions supplemented with kanamyacin (30 µg/mL) in E.coli BL21(DE3) (Novagen). The 14-3-3 

unlinked proteins, encoded in a pPROEX HTb plasmid, were expressed under sterile conditions 

supplemented with ampicillin (100 µg/mL) in E. coli NiCo21(DE3) (NEB). Cultures of either Luria-

Bertani (LB) or Terrific Broth (TB) medium supplemented with the appropriate antibiotic were 

used after inoculation with overnight small cultures and were incubated at 37 °C and 160 rpm 

until the optical density OD600 reached 0.6 or 1, respectively. 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 (10 min, 10,00 xg, 4 °C) in a Sorvall 

Evolution Centrifuge with a SLC-3000 rotor (Thermo Scientific). The pellet was resuspended in 

lysis buffer (10 mL/gcell pellet, 1 µL/gcell pellet Benzonase® Nuclease (Novagen)) and cells were lysed 

using an EmulsiFlexC3 High Pressure homogenizer (Avestin) at 15,000 psi for two rounds. Cell 

debris was removed by centrifugation (40,000 xg, 20 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 in subsequent presence and absence of 0.1% Triton-X-

100. Protein was eluted from the column using elution buffer. *The elution fraction was 

concentrated using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore). Concentrated 

protein was exchanged into PBS or FP buffer using a PD-10 desalting column (GE Healthcare).* 

Concentration of the protein was determined using a Thermo Scientific ND-1000 

spectrophotometer at 280 nm. Aliquots of pure protein were snapfreezed and stored at -80°C 

prior to use. 

Differentiating protocol for 14-3-3 covalent constructs used for crystallography:  

*The elution fraction was subjected to TEV-cleavage (1 mgprotease/500 mgprotein, purified in-house) 

to remove the N-terminal His6-tag during overnight dialysis. The sample was split into halves, one 

half was snapfreezed and stored at -80°C, the other half was subjected to Factor Xa cleavage 

(1:100, 1 mg/mL, NEB) to remove the linker between the 14-3-3 monomers. Both samples were 

subjected to additional size exclusion chromatography (HiLoad 16/60 Superdex 75 pg) with 
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crystallography buffer, after which pure fractions were pooled and concentrated using Amicon 

Ultra Centrifugal Filters (MWCO 10 kDa, Millipore).* 

Crystallography 
Mastermixes containing C-terminally truncated γ-ε (with or without linker, 15 mg/mL), with or 

without peptide (LRRK2_pS93540 or CFTR_pS753/pS7688, 750 µM or 375 µM, 1:1.5 molar 

stoichiometry 14-3-3 binding pocket:phosphoserine) in crystallography buffer were incubated for 

2 hours at R.T. and centrifuged shortly prior to use. Remaining sample was aliquoted, snapfreezed 

and stored at -80°C. The mastermixes were set up for sitting-drop crystallization in a 1:1 ratio 

with the JCSG+, PACT, MPD, MIDAS or Cryos suite (NeXtal, QIAGEN) and incubated at either R.T. 

or 4°C. Crystals were observed at R.T. for apo γ-ε without linker for various similar PACT 

conditions: 0.1M Bis-Tris propane pH 6.5/7.5, 20% w/v PEG3350, 0.2M sodium 

bromide/iodide/nitrate/fluoride/formate/acetate trihydrate. 

Apo γ-ε without linker was set up for hanging-drop crystallization in 1:0.5, 1:1, 1:1.5 ratio with the 

PACT-derived conditions: 0.1M Bis-Tris propane pH 7.5, 18/20/22/24/26% w/v PEG3350, 0.2M 

sodium bromide/iodide/formate/acetate trihydrate at R.T. The condition 0.1M Bis-Tris propane 

pH 7.5, 0.2M sodium acetate trihydrate, 20% PEG3350 (afterwards called PACT buffer), 1:0.5 ratio 

appeared to give the best crystals, based on visual inspection. Note: during visual inspection size, 

smoothness and the amount of copies within the crystal are taken into account, where bigger, 

more smooth and single crystals are preferred. 

Apo γ-ε without linker was set up for sitting-drop crystallization in 1:0.5 ratio with PACT buffer 

supplemented with the additive screen (Hampton) at R.T. Conditions with 10 µM L-proline, 10 µM 

Phenol, 3% w/v 6-Aminohexanoic acid and 0.1M Glycine resulted in improvement of the crystals, 

based on visual inspection. 

Apo γ-ε without linker was set up for sitting-drop crystallization in 1:0.5 ratio with PACT buffer 

supplemented with either 0.1/0.2/0.3M Glycine or 10/20/30 µM L-Proline at R.T. Streak seeding 

was performed  prior to incubation: previously generated crystals were broken and seeded into 

the new conditions with a cat whisker. Conditions with 0.2 M Glycine ultimately resulted the best 

crystals, based on visual inspection. Crystals were fished after 2 days of incubation, using direct 

addition of cryoprotectants PEG3350, glycerol and sucrose directly to the crystal solution or 

streaking of the fished crystal through 30% PEG3350 or 20/10% PEG3350/glycerol and flash-

cooled in liquid nitrogen. Only the direct addition of PEG3350 to a final concentration of 

cryoprotectant of 32% resulted in intact crystals. Diffraction data was collected with a Rigaku 

Compact HomeLab beamline (home source), although diffraction was observed, the resolution 

was not sufficient for structural elucidation. 

Dissolving crystals 
A MicroWick (Hampton) was used to carefully remove the buffer from the crystalsupport. The 

crystals were washed three times with a few µL of acetonitrile. 5 µL MQ was added and mixed to 

dissolve the crystal,  the resulting mixture was added to 95 µL 0.1% formic acid prior to Q-ToF 

LC/MS analysis. 

Fluorescence polarization (FP) assay 
The FITC-labeled peptides – mExoS and biExoS – were diluted in FP buffer supplemented with 

0.1% Tween20 to a final concentration of 20 nM. Serial dilutions of 14-3-3 were made in 384 
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Corning Black Round Bottom well plates. Fluorescence polarization was measured with a Tecan 

Infinite F500 plate reader (ex. = 485(20) nm, em. = 535(25) nm). The gain was optimized for each 

peptide and the G-factor was optimized using a measurement blank (only buffer) and reference 

(only peptide, set to 20 mP). To determine the Kd, a one site specific binding model was used for 

fitting of the data (Equation 4.1): 

𝑌𝑌 =  
𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑋𝑋
𝐾𝐾𝑑𝑑 + 𝑋𝑋

 + 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵                                                                                        (Equation 4.1) 

Where Bmax is the maximum specific binding, Kd the equilibrium binding constant and Background 

the polarization in absence of 14-3-3. 

Native gel electrophoresis 
5 µL sample (5 or 10 µM for covalent dimers, 10 or 20 µM for noncovalent dimers) was mixed 

with 5 µL native sample buffer (2x) and was loaded onto a 4-15% Mini PROTEAN TGX gel (15 well, 

Bio-rad), which was run with native running buffer for 2 hours at 150V (cooled). After a short 

washing step with dH2O, the gel was stained with Coomassie (30 minutes, Bio-Rad) and washed 

with dH2O. 

Gel extraction 
95 µL protein sample (γ-44-ε: 108.8 µM, γ-44-ε: 108.8 µM) was mixed with 95 µL native sample 

buffer (2x) and was loaded onto a 4-15% Mini PROTEAN TGX gel (prep well, Bio-rad), which was 

run with native running buffer for 2 hours at 150V (cooled). A small band was sliced from the gel, 

stained using Coomassie and used as a reference for cutting out specific bands. The gel cuts were 

placed in separate pieces of dialysis tubing (MWCO 3.5 kDa, SnakeSkin, Thermo Scientific) along 

with 500 µL of native running buffer. The dialysis bags were placed in a gel tray and run with 

native running buffer for 30 minutes at 100V (cooled). The supernatant was collected and 

concentrated using Amicon Ultra Centrifugal Filters (MWCO 3.5 kDa, Millipore). A sample was 

taken for immediate analysis via native gel electrophoresis (0h, protocol see above), the 

remaining sample was split into halves and stored for 24h at either 4°C or R.T (24h, 4°C or 24h, 

R.T.). 

Differential Scanning Fluorimetry (DSF) 
14-3-3 proteins (final dimer concentration: 5 µM) together with SYPRO Orange (final: 10x 

concentrated, Sigma) were measured in FP buffer (total volume: 40 µL) in 96 wells plates (fast PCR 

PI fullskirt white, Sarstedt) sealed with transparent foil (Plakker, EASYfilm). After short 

centrifugation step, the plate was placed in a real-time PCR machine (CFX96 Touch Real-Time 

PCR Detection System, Bio-Rad) and incubated at 30°C for 5 minutes, after which a temperature 

gradient from 30°C to 80°C was applied (0.3°C increments, 15s waiting time). The melting 

temperature, Tm, corresponding to the inflection points of the melting curves, was determined 

as the minima of the negative first derivative using the Bio-Rad CFX manager software. 

Q-ToF LC/MS analysis and/or SDS-PAGE analysis of purified proteins 
Q-ToF LC/MS analysis 

Purity and exact mass of proteins were determined using a high-resolution LC-MS system 

consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of 

Flight (Q-ToF). The system comprised a Binary Solvent Manager and a Sample manager with 

Fixed-Loop (SM-FL). The protein was separated (0.3 mL min-1) on a column (Polaris C18A reverse 
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phase column 2.0 x 100 mm, Agilent) using a 15-75% acetonitrile gradient in water supplemented 

with 0.1% v/v formic acid before analysis in positive mode in the mass spectrometer. 

Deconvolution of the m/z spectra was done using the MaxENT1 algorithm in the Masslynx v4.1 

(SCN862) software. 

 
Figure 4.9 Q-ToF LC/MS analysis of 14-3-3 crystallography constructs, the graphs represent the total ion count 

and deconvoluted mass spectrum (inlay)s. A. γ-εΔC with linker, expected mass: 56760.1 Da. B. γ-εΔC without 

linker, expected masses: 27059.8 and 28199.8 Da. 

 
Figure 4.10 Q-ToF LC/MS analysis of 14-3-3 γ-#-ε constructs, the graphs represent the total ion count and 

deconvoluted mass spectrum (inlay). A. γ-44-ε, expected mass: 63592.6 Da. B. γ-35-ε, expected mass: 62957.0 

Da. C. γ-23-ε, expected masses: 61645.7 Da and 61823.8 Da (His6-tag gluconoylation41). D. γ-14-ε, expected 

masses: 60968.1 Da and 61146.2 Da (His6-tag gluconoylation41). 

SDS-PAGE analysis 

5 µL sample (1-5 µM) was mixed with 5 µL SDS-PAGE sample buffer (2x), heated for 5 minutes at 

95°C and was loaded onto a 4-15% Mini PROTEAN TGX gel (15 well, Bio-rad), which was run with 

SDS-PAGE running buffer for 40 minutes at 200V. After 3x5 minutes washing with dH2O, the gel 

was stained with Coomassie (30 minutes, Bio-Rad) and washed with dH2O. 
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Figure 4.11 SDS-PAGE analysis of indicated 14-3-3 proteins. Expected molecular weight 14-3-3γ/ε/σ: 31.0 – 

32.4 kDa. Expected molecular weight 14-3-3γ-γ/γ-ε/γ-σ/ε-ε/σ-ε/σ-σ: 61.7 – 64.7 kDa. Note: a band at the height 

of the noncovalent 14-3-3 proteins is observed for γ-σ/ε-ε/σ-ε/σ-σ, which has not been observed in previous 

purification attempts. Q-ToF LC/MS analysis would have to be performed to verify whether this is an artefact 

of the technique, a contamination or a cleavage product.  
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Appendices 
Appendix 4.1 – Overview of isoform-dependent binding affinities 
Table S4.1 Overview of isoform-dependent binding affinities. 
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Appendix 4.2 - Alignment of the seven human 14-3-3 isoforms 
UniProt alignment tool: P27348, P31946, P31947, P61981, P62258, P63104 and Q04917 

Underlined: residues indicated in Figure 4.2 
γ  -MVDREQLVQ KARLAEQAER YDDMAAAMKN VTELNEPLSN EERNLLSVAY KNVVGARRSS WRVISSIEQK  69 
ε  -MDDREDLVY QAKLAEQAER YDEMVESMKK VAGMDVELTV EERNLLSVAY KNVIGARRAS WRIISSIEQK  69 
σ  --MERASLIQ KAKLAEQAER YEDMAAFMKG AVEKGEELSC EERNLLSVAY KNVVGGQRAA WRVLSSIEQK  68 
τ  --MEKTELIQ KAKLAEQAER YDDMATCMKA VTEQGAELSN EERNLLSVAY KNVVGGRRSA WRVISSIEQK  68 
β  MTMDKSELVQ KAKLAEQAER YDDMAAAMKA VTEQGHELSN EERNLLSVAY KNVVGARRSS WRVISSIEQK  70 
ζ  --MDKNELVQ KAKLAEQAER YDDMAACMKS VTEQGAELSN EERNLLSVAY KNVVGARRSS WRVVSSIEQK  68 
η  -MGDREQLLQ RARLAEQAER YDDMASAMKA VTELNEPLSN EDRNLLSVAY KNVVGARRSS WRVISSIEQK  69 
 
γ  TSADGNEKKI EMVRAYREKI EKELEAVCQD VLSLLDNYLI KNCSETQYES KVFYLKMKGD YYRYLAEVAT  139 
ε  EENKGGEDKL KMIREYRQMV ETELKLICCD ILDVLDKHLI PAAN--TGES KVFYYKMKGD YHRYLAEFAT  137 
σ  SNEEGSEEKG PEVREYREKV ETELQGVCDT VLGLLDSHLI KEAG--DAES RVFYLKMKGD YYRYLAEVAT  136 
τ  T--DTSDKKL QLIKDYREKV ESELRSICTT VLELLDKYLI ANAT--NPES KVFYLKMKGD YFRYLAEVAC  134 
β  T--ERNEKKQ QMGKEYREKI EAELQDICND VLELLDKYLI PNAT--QPES KVFYLKMKGD YFRYLSEVAS  136 
ζ  T--EGAEKKQ QMAREYREKI ETELRDICND VLSLLEKFLI PNAS--QAES KVFYLKMKGD YYRYLAEVAA  134 
η  TMADGNEKKL EKVKAYREKI EKELETVCND VLSLLDKFLI KNCNDFQYES KVFYLKMKGD YYRYLAEVAS  139 
 
γ  GEKRATVVES SEKAYSEAHE ISKEHMQPTH PIRLGLALNY SVFYYEIQNA PEQACHLAKT AFDDAIAELD  209 
ε  GNDRKEAAEN SLVAYKAASD IAMTELPPTH PIRLGLALNF SVFYYEILNS PDRACRLAKA AFDDAIAELD  207 
σ  GDDKKRIIDS ARSAYQEAMD ISKKEMPPTN PIRLGLALNF SVFHYEIANS PEEAISLAKT TFDEAMADLH  206 
τ  GDDRKQTIDN SQGAYQEAFD ISKKEMQPTH PIRLGLALNF SVFYYEILNN PELACTLAKT AFDEAIAELD  204 
β  GDNKQTTVSN SQQAYQEAFE ISKKEMQPTH PIRLGLALNF SVFYYEILNS PEKACSLAKT AFDEAIAELD  206 
ζ  GDDKKGIVDQ SQQAYQEAFE ISKKEMQPTH PIRLGLALNF SVFYYEILNS PEKACSLAKT AFDEAIAELD  204 
η  GEKKNSVVEA SEAAYKEAFE ISKEQMQPTH PIRLGLALNF SVFYYEIQNA PEQACLLAKQ AFDDAIAELD  209 
 
γ  TLNEDSYKDS TLIMQLLRDN LTLWTS|DQQD DDGGEGNN-- --------  247 
ε  TLSEESYKDS TLIMQLLRDN LTLWTS|DMQG DGEEQNKEAL QDVEDENQ  255 
σ  TLSEDSYKDS TLIMQLLRDN LTLWTA|DNAG EEGGEAPQEP QS------  248 
τ  TLNEDSYKDS TLIMQLLRDN LTLWTS|DSAG EECDAAEGAE N-------  245 
β  TLNEESYKDS TLIMQLLRDN LTLWTS|ENQG DEGDAGEGEN --------  246 
ζ  TLSEESYKDS TLIMQLLRDN LTLWTS|DTQG DEAEAGEGGE N-------  245 
η  TLNEDSYKDS TLIMQLLRDN LTLWTS|DQQD EEAGEGN--- --------  246 
                               |Flexible C-terminal region: absent in ΔC variants      
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Appendix 4.3 – Sequences of constructs 
Sequences of 14-3-3 covalent constructs encoded in a pET28a vector 

Crystallography: γ-εΔC 
  1 MGGSHHHHHH DYDIPTTENL YFQGAMGSMV DREQLVQKAR LAEQAERYDD MAAAMKNVTE LNEPLSNEER 70 
 71 NLLSVAYKNV VGARRSSWRV ISSIEQKTSA DGNEKKIEMV RAYREKIEKE LEAVCQDVLS LLDNYLIKNC 140 
140 SETQYESKVF YLKMKGDYYR YLAEVATGEK RATVVESSEK AYSEAHEISK EHMQPTHPIR LGLALNYSVF 210 
211 YYEIQNAPEQ ACHLAKTAFD DAIAELDTLN EDSYKDSTLI MQLLRDNLTL WTSGILIEGR GGSGGSGGSG 280 
281 GSGGSGIEGR SAGMDDREDL VYQAKLAEQA ERYDEMVESM KKVAGMDVEL TVEERNLLSV AYKNVIGARR 350 
351 ASWRIISSIE QKEENKGGED KLKMIREYRQ MVETELKLIC CDILDVLDKH LIPAANTGES KVFYYKMKGD 420 
421 YHRYLAEFAT GNDRKEAAEN SLVAYKAASD IAMTELPPTH PIRLGLALNF SVFYYEILNS PDRACRLAKA 490 
491 AFDDAIAELD TLSEESYKST LIMQLLRDNL TLWTS         525 

γ-44-ε, γ-35-ε (-underlined), γ-24-ε (-bold), γ-14-ε (-underlined-bold) 
  1 MGGSHHHHHH GTSGGSGGSM VDREQLVQKA RLAEQAERYD DMAAAMKNVT ELNEPLSNEE RNLLSVAYKN 70  
 71 VVGARRSSWR VISSIEQKTS ADGNEKKIEM VRAYREKIEK ELEAVCQDVL SLLDNYLIKN CSETQYESKV 140 
141 FYLKMKGDYY RYLAEVATGE KRATVVESSE KAYSEAHEIS KEHMQPTHPI RLGLALNYSV FYYEIQNAPE 210 
211 QACHLAKTAF DDAIAELDTL NEDSYKDSTL IMQLLRDNLT LWTSDQQDDD GGEGNNGGSG GSGILGGSEN 280 
281 LYFQGGSAGS GGSGGSMDDR EDLVYQAKLA EQAERYDEMV ESMKKVAGMD VELTVEERNL LSVAYKNVIG 350  
351 ARRASWRIIS SIEQKEENKG GEDKLKMIRE YRQMVETELK LICCDILDVL DKHLIPAANT GESKVFYYKM 420  
421 KGDYHRYLAE FATGNDRKEA AENSLVAYKA ASDIAMTELP PTHPIRLGLA LNFSVFYYEI LNSPDRACRL 490  
491 AKAAFDDAIA ELDTLSEESY KDSTLIMQLL RDNLTLWTSD MQGDGEEQNK EALQDVEDEN QSGGSGGSGS 560  
561 SWSHPQFEKG GS                                                                572 
14-3-3 covalent dimers 
MGGSHHHHHHGTSGGSGGS 14-3-3 GGSGGSGILGGSENLYFQGGSAGSGGSGGS 14-3-3 GGSGGSGSSWSHPQFEKGGS 

       14-3-3γ 
    MVDREQLVQK ARLAEQAERY DDMAAAMKNV TELNEPLSNE ERNLLSVAYK NVVGARRSSW RVISSIEQKT   
    SADGNEKKIE MVRAYREKIE KELEAVCQDV LSLLDNYLIK NCSETQYESK VFYLKMKGDY YRYLAEVATG 
    EKRATVVESS EKAYSEAHEI SKEHMQPTHP IRLGLALNYS VFYYEIQNAP EQACHLAKTA FDDAIAELDT 
    LNEDSYKDST LIMQLLRDNL TLWTSDQQDD DGGEGNN 

       14-3-3ε 
    MDDREDLVYQ AKLAEQAERY DEMVESMKKV AGMDVELTVE ERNLLSVAYK NVIGARRASW RIISSIEQKE 
    ENKGGEDKLK MIREYRQMVE TELKLICCDI LDVLDKHLIP AANTGESKVF YYKMKGDYHR YLEFATGNDR 
    KEAAENSLVA YKAASDIAMT ELPPTHPIRL GLALNFSVFY YEILNSPDRA CRLAKAAFDD AIAELDTLSE 
    ESYKDSTLIM QLLRDNLTLW TSDMQGDGEE QNKEALQDVE DENQS* 

        *Incorporated for cloning purposes  
       14-3-3σ 
    MERASLIQKA KLAEQAERYE DMAAFMKGAV EKGEELSCEE RNLLSVAYKN VVGGQRAAWR VLSSIEQKSN 
    EEGSEEKGPE VREYREKVET ELQGVCDTVL GLLDSHLIKE AGDAESRVFY LKMKGDYYRY LAEVATGDDK 
    KRIIDSARSA YQEAMDISKK EMPPTNPIRL GLALNFSVFH YEIANSPEEA ISLAKTTFDE AMADLHTLSE 
    DSYKDSTLIM QLLRDNLTLW TADNAGEEGG EAPQEPQS 

Sequences of unlinked 14-3-3 constructs encoded in a pPROEX HTb vector 

14-3-3γ  
  1 MSYYHHHHHH DYDIPTTENL YFQGAMGSMV DREQLVKARL AEQAERYDDM AAAMKNVTEL NEPLSNEERN 70 
 71 LLSVAYKNVV GARRSSWRVI SSIEQKTSAD GNEKKIEMVR AYREKIEKEL EAVCQDVLSL LDNYLIKNCS 140 
141 ETQYESKVFY LKMKGDYYRY LAEVATGEKR ATVVESSEKA YSEAHEISKE HMQPTHPIRL GLALNYSVFY 210 
211 YEIQNAPEQA CHLAKTAFDD AIAELDTLNE DSYKDSTLIM QLLRDNLTLW TSDQQDDDGG EGNN       274 

14-3-3ε 
  1 MSYYHHHHHH DYDIPTTENL YFQGAMGSMD DREDLVYQAK LAEQAERYDE MVESMKKVAG MDVELTVEER 70 
 71 NLLSVAYKNV IGARRASWRI ISSIEQKEEN KGGEDKLKMI REYRQMVETE LKLICCDILD VLDKHLIPAA 140 
141 NTGESKVFYY KMKGDYHRYL AEFATGNDRK EAAENSLVAY KAASDIAMTE LPPTHPIRLG LALNFSVFYY 210 
211 EILNSPDRAC RLAKAAFDDA IAELDTLSEE SYKDSTLIMQ LLRDNLTLWT SDMQGDGEEQ NKEALQDVED ENQ 283 

14-3-3σ 
  1 MSYYHHHHHH DYDIPTTENL YFQGAMGSME RASLIQKAKL EQAERYEDMA AFMKGAVEKG EELSCEERNL 70 
 71 LSVAYKNVVG GQRAAWRVLS SIEQKSNEEG SEEKGPEVRE YREKVETELQ GVCDTVLGLL DSHLIKEAGD 140 
141 AESRVFYLKM KGDYYRYLAE VATGDDKKRI IDSARSAYQE AMDISKKEMP PTNPIRLGLA LNFSVFHYEI 210 
211 ANSPEEAISL AKTTFDEAMA DLHTLSEDSY KDSTLIMQLL RDNLTLWTAD NAGEEGGEAP QEPQS      275 
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Appendix 4.4 – Diffraction pattern 14-3-3 γ-ε heterodimer 

 
Figure S4.1 Diffraction pattern for the described 14-3-3 γ-ε heterodimer crystal, measured at a Rigaku Compact 

HomeLab beamline (home source). 

Appendix 4.5 – Additional data differential scanning fluorimetry 

 
Figure S4.2 Melting curves (left) and first negative derivative (right) of differential scanning fluorimetry. Error 

clouds represent SD (n=4). A. Covalent and noncovalent dimers 14-3-3γ, 14-3-3ε and 14-3-3σ. B. Noncovalent 

dimers 14-3-3γ, 14-3-3ε and covalent dimers γ-#-ε (#: 14, 23, 35 or 44 residues) 
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Appendix 4.6 – Binding of a bivalent peptide to a 14-3-3 heterodimer 

𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴−𝐵𝐵𝐴𝐴 = 𝐾𝐾𝑑𝑑,1 ∗ 𝐾𝐾𝑑𝑑,3 = 𝐾𝐾𝑑𝑑,2 ∗ 𝐾𝐾𝑑𝑑,4           (Equation S4.1) 

 

𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴−𝐵𝐵𝐴𝐴 =  
𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴∗𝐾𝐾𝑑𝑑,𝐵𝐵𝐴𝐴

2∗𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
                          (Equation S4.2) 

 
Assuming homodimer (B=A) gives: 

𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴−𝐴𝐴𝐴𝐴 =  
𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴

2

2∗𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
                                   (Equation S4.3) 

 
Assuming Kd,BP = 10*Kd,AP gives: 

𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴−𝐵𝐵𝐴𝐴 =  
10∗𝐾𝐾𝑑𝑑,𝐴𝐴𝐴𝐴

2

2∗𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒
                             (Equation S4.4) 

 

Kd,AP is the binding affinity of monovalent peptide P to 14-3-3 isoform A. Kd,BP is the binding 

affinity of monovalent peptide P to 14-3-3 isoform B. Kd,AP-BP is the binding affinity of bivalent 

peptide P-P to a 14-3-3 heterodimer A-B. Kd,AP-AP is the binding affinity of bivalent peptide P-P to 

a 14-3-3 heterodimer A-A. Ceff is the effective concentration. 

A 10-fold weaker monovalent binding affinity (10*Kd) to one 14-3-3 isoform (B) compared to the 

other isoform (A) in a 14-3-3 heterodimer (A-B) would theoretically result in an 10-fold weaker 

bivalent binding affinity compared to the respective 14-3-3 homodimer (A-A). 

Appendix 4.7 – Additional native PAGE analysis of γ-#-ε proteins 

 
Figure S4.4 A. Native PAGE analysis of γ-44-ε and γ-14-ε upon addition of various additives. B. Native PAGE 

analysis of γ-44-ε and γ-14-ε incubation at 50°C or 95°C for 5 minutes.  

 
Figure S4.3 Schematic overview of a 

theoretical model describing the binding of a 

bivalent peptide (P-P) consisting of two 

equal binding epitopes to a 14-3-3 

heterodimer (A-B). 



 

 

 

5 
Scaffold-mediated signaling in coacervate-based 

protocells 

 

 

 

 

 

Spatial organization of bottom-up recreated signaling cascades within protocells has been 

limited to synthetic organelles and membrane localization, while native scaffold proteins have 

been overlooked thus far. Here, we present the stepwise incorporation of a multi-step phospho-

regulated and scaffold-mediated signaling cascade within the compartmentalized and cytosol-

mimetic environment of coacervate-based protocells. Successful signal transduction of a three-

enzyme cascade facilitated by the scaffold protein 14-3-3 was validated in buffer. Incorporation 

of a two-enzyme derivative of the cascade inside the coacervates showed intact enzyme activity. 

Moreover, selective signal transduction in the interior of the coacervates was shown, as the 

cascade showed insensitivity towards enzymes excluded from the coacervates. The interplay of 

phospho-regulated and scaffold-mediated signal transduction within the cytosol-mimetic 

environment of coacervates provides a robust basis for complex, responsive and programmable 

protocells. 

 

 

 

 

 

 

 

All work in this chapter was performed in collaboration with Wiggert Altenburg: LL performed 

assays in buffer, WA prepared coacervate samples and performed confocal microscopy.  
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Introduction 
Cellular signaling is tightly regulated by spatial organization of coexisting signaling cascades, 

resulting in high efficiency and selectivity for specific pathways.1,2 Bottom-up recreation of these 

enzymatic cascades within synthetic compartments provides a platform to study their behavior 

in a controlled and cytomimetic environment.3–5 Spatial organization within such synthetic 

protocells has predominantly been focused on incorporation of synthetic organelles6–8 or 

membrane localization9–11. However, dynamic control over spatial organization using natural 

scaffold proteins as signaling hubs remains unexplored. Here, we present a unique strategy to 

introduce scaffold-mediated signal transduction within the compartmentalized and cytosol-

mimetic environment of protocells. The phospho-regulated interaction of these hubs with 

functional protein partners provides a robust and reversible central mode-of-action for dynamic 

signal transduction in synthetic protocells. 

The protocell chassis is based on previously reported coacervates, which showed efficient 

sequestering of protein-based cargo into discrete protocells.12 Simultaneously, the permeable 

membrane allows flux of signaling molecules, providing control over signal transduction through 

small-molecule input signals. This interplay between sequestration and flux provides a valuable 

foundation for the creation of dynamic and responsive cytomimetic protocells (Figure 5.1A). The 

basis for dynamic scaffold-mediated signal transduction is the dimeric 14-3-3 scaffold protein. 

This native eukaryotic protein serves as an ideal scaffold as this robust hub protein is well 

characterized13–17 and plays a pivotal role in many cellular processes18–20. Additionally, the 

different available binding modes – intrinsic21, small-molecule induced22 or phosphorylation-

dependent binding23 – provide orthogonal means of specific protein ligand recruitment and 

localization. 

 
Figure 5.1 A. The coacervate-based protocells provide a valuable foundation for the creation of dynamic and 

responsive cell-mimicking environments as protein-based cargo is sequestered, while maintaining flux of small 

signaling molecules. Transduction of input signals is facilitated by controlled loading of scaffold proteins as 

dynamic localization hubs. B. Schematic overview of loading of His6-tagged 14-3-3 platforms into protocells. 

Q-Am (green), Cm-Am (red), NiNTA-Am (blue) and His6–14-3-3 (grey) are mixed to form 14-3-3 functionalized 

coacervate droplets. Subsequent addition of the terpolymer results in stabilized coacervate protocells. C. 

Schematic overview of the full cascade in coacervates. In the first step, ADP is converted to ATP by PKM2. In 

the second step, LgNB–c-Raf is phosphorylated by PKA. In the third step, the phosphorylated LgNB–c-Raf binds 
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to the 14-3-3–SmNB platform, resulting in complementation of the split NanoLuc. In summary, the addition of 

the input ADP initiates a multi-step cascade ultimately resulting in the generation of bioluminescence. 

The cargo-loaded protocells are formed via self-assembly of the amylose polymers positively 

charged quaternized amylose (Q-Am) and negatively charged carboxymethylated amylose (Cm-

Am). Intermixing of Ni2+-coordinating nitrilotriacetic acid modified amylose (NiNTA-Am) during 

protocell formation provides a handle for controlled uptake of His6-tagged 14-3-3 and other 

signaling proteins required for signaling (Figure 5.1B). The multi-step signaling cascade exploits 

the phospho-regulated interaction between 14-3-3 and binding partners. A 14-3-3 client motif 

derived from the c-Raf protein was selected as the central basis for 14-3-3 interaction. This 

interaction has been well-characterized (Kd=346 nM) and it contains two PKA recognition sites, 

allowing bivalent 14-3-3 binding.24 Dynamic regulation of the c-Raf/14-3-3 interaction is provided 

through phosphorylation by PKA. Crucial in the phosphorylation is the presence of ATP, which is 

produced by PKM2 from ADP and phosphoenolpyruvate (PEP)25,26, resulting in a two-enzyme 

cascade prior to c-Raf/14-3-3 binding. As an efficient read-out, complementation of the NanoLuc 

luciferase27 is used, by fusion of small NanoBiT (SmNB) to 14-3-3 and large NanoBiT (LgNB) to c-

Raf, a strategy which has been evaluated in Chapter 2.28 In summary, the small-molecule ADP 

initiates a multi-step cascade ultimately resulting in the generation of bioluminescence (Figure 

5.1C). 

Results and discussion 
Scaffold-mediated signaling in buffer 

The multi-step cascade was first evaluated in buffer by individual characterization of the 

isolated steps before implementation of the full cascade. PKA activity response was evaluated by 

bioluminescent read-out of complementation of LgNB–c-Raf and 14-3-3–SmNB in the presence 

of varying concentrations of either PKA or His6-PKA. Addition of ATP led to a time-dependent 

increase of the bioluminescence (Figure S5.2A+B). Derivation of the linear slopes reveals a PKA 

concentration-dependent increase of the velocity, with similar profiles for PKA and His6-PKA. The 

similarity in velocity profile can be exploited later in context of the coacervates, where the PKA 

could be used as a non-sequestering equivalent of the His6-PKA. Next, the PKA activity profile for 

varying concentrations of ATP was determined in order to get an indication for minimal amount 

of PKM2-produced ATP that could be detected reliably. A detectable increase in velocity of ATP 

consumption was observed at concentrations of 20 nM and higher (Figure S5.3). Interestingly, 

end-point measurement after 2 h reveals a detectable increase in bioluminescence intensity, even 

for 2 nM of ATP (Figure 5.2). Theoretically, at least 20 nM ATP would be required for full 

phosphorylation of all LgNB–c-Raf proteins, indicating that even sub-equimolar amounts of 

phosphorylated protein can be detected. 



| Chapter 5 

108 

 
Figure 5.2 Characterization of His6-PKA and PKA. A. Schematic overview of the PKA activity assay. Addition of 

ATP to His6-PKA results in phosphorylation of c-Raf (green), ultimately leading to complementation of the split 

NanoLuc.  B. Bioluminescent increase over time upon phosphorylation using varying PKA concentrations for 

His6-PKA (blue circles, 179 pM – 4.5 nM) and PKA (yellow squares, 105 pM – 6.72 nM). Signal intensities were 

normalized to background, the velocity was derived from the linear part of the curves. Error bars represent the 

SD (n=3). The limit of detection (LOD, dotted line) is defined as three times the SD of the background. Time-

response curves and regression can be found in Figure S5.2. C. Bioluminescence intensity at 458 nm after 2 h 

for His6-PKA (0.9 nM) in the presence of varying concentrations of ATP (2 nM – 200 µM). Error bars represent 

the SD (n=3). The limit of detection (dotted line) is defined as the background (-ATP) plus three times the SD. 

Activity of the expressed and purified PKM2 enzyme was evaluated using the commercial 

ENLITEN ATP assay. The rL/L reagent contains a recombinant luciferase which requires ATP for 

the conversion of the substrate, resulting in an increase of the bioluminescence intensity at 560 

nm (Figure 5.3A). The presence of ATP produced from ADP by PKM2 was analyzed after 1 hour 

upon addition of the rL/L reagent (Figure 5.3). All PKM2 concentrations resulted in detectable 

amounts of ATP, as each PKM2 concentration resulted in bioluminescence intensity higher than 

the background (no PKM2). The individual replicates resulted in large variations in 

bioluminescence output, which is hypothesized to mainly result from aliquot-to-aliquot 

differences in concentration. Therefore, in following experiments, the aliquots were pooled and 

mixed extensively to ensure homogeneous aliquots. Each individual replicate shows a clear PKM2 

concentration-dependent increase in bioluminescence intensity time-traces (Figure S5.4), as well 

as end-point bioluminescence after 1 hour (Figure 5.3B). These results validate enzyme activity of 

the recombinant PKM2 proteins, as no increase in bioluminescence is observed when either PKM2 

or ADP is omitted. For future analysis, an ATP calibration curve could be incorporated to quantify 

the amount of produced ATP. 
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Figure 5.3 Analysis of PKM2 A. Schematic overview of the PKM2 activity assay. ADP and PEP are converted by 

PKM2 to ATP and pyruvate. In a second step, the produced ATP is detected using the ENLITEN ATP assay of 

which the rL/L reagent contains a recombinant luciferase that generates light (560 nm) upon conversion of ATP. 

B. Bioluminescence intensity at 560 nm after 1 hour incubation for His6-PKM2 (6.25 – 200 nM) in the presence 

of ADP (0.5 mM), PEP (1 mM) and FBP (10 µM). Each replicate is plotted individually. The control (No PKM2) is 

plotted as a dotted line (red). 

Successful validation of the isolated enzyme steps sets up for implementation of the full 

cascade. Within the full cascade, a three-step enzyme cascade ultimately connects the input – 

ADP – to the output – bioluminescence (Figure 5.4A). Enzyme concentrations were chosen based 

on their activity, in which an intermediate activity is chosen which results in detectable signal after 

one hour. Time-resolved analysis of the full cascade shows an increasing bioluminescence 

intensity over time. Constant background luminescence is observed for all negative controls, in 

which either one of the enzymes or input molecules is omitted. After 4 hours, a ~50-fold increase 

in bioluminescence intensity, compared to the background (-ADP), is observed. As the curve still 

shows a positive slope, it is hypothesized that this difference will increase even further over time 

upon longer kinetic measurement. Comparison with the positive control in which ATP is included 

instead of ADP, reveals a strongly decreased bioluminescence intensity over time for the full 

cascade. The first enzymatic step is bypassed in the ATP control, indicating that under the current 

conditions, the conversion of ADP to ATP by PKM2 is the rate-limiting step. By optimizing the 

individual enzyme concentrations and their stoichiometry, the cascade can be further optimized 

depending on the desired output response. 

 
Figure 5.4 Analysis of the full cascade in buffer. A. Schematic overview of the full cascade. In the first step, ADP 

is converted to ATP by PKM2. In the second step, LgNB–c-Raf is phosphorylated by PKA. In the third step, the 

phosphorylated LgNB–c-Raf binds to the dT14-3-3–SmNB platform, resulting in complementation of the split 
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NanoLuc. B. Bioluminescence intensity time-traces at 458 nm upon addition of ADP (0.5 mM) in the presence 

of PKM2 (25 nM), His6-PKA (0.9 nM), PEP (1 mM), FBP (10 µM), LgNB–c-Raf (10 nM) and 14-3-3–SmNB (10 nM). 

In the negative controls (red) either one of the enzymes or input molecules is omitted. In the positive control 

(green, located at left Y-axis), ATP (0.5 mM) is added instead of ADP. Error clouds represent the SD (n=3). 

Scaffold-mediated signaling in coacervates 
Sequestration of His6-tagged proteins inside the interior of coacervates greatly enhances their 

local concentration and changes their environment in contrast to buffer.12 Therefore, behavior of 

the isolated steps inside the coacervates was analyzed. The phospho-regulated localization of 

ligands towards the 14-3-3 platform inside coacervates was validated using a c-Raf peptide 

(Figure 5.5A). Unphosphorylated c-Raf shows virtually no binding to the 14-3-3 platform, while 

phosphorylation results in a substantial increase in binding affinity (Figure S5.1A). Addition of the 

c-Raf peptides to 14-3-3 loaded coacervates results in localization towards the coacervate interior 

for phosphorylated c-Raf (+pS), but not for unphosphorylated c-Raf (-pS) (Figure 5.5B). Analysis 

of the coacervate populations reveals a ~11-fold difference in fluorescence intensity between 

c-Raf +pS and c-Raf -pS (Figure 5.5C). The observed localization of phosphorylated c-Raf is 

dictated by 14-3-3 binding rather than electrostatic uptake into the overall positively charged 

coacervate interior, as omitting the 14-3-3 platform results in fluorescence intensity of the 

coacervate interior comparable to unphosphorylated c-Raf (Figure 5.5B+C, right). The observed 

results show that the 14-3-3 platform provides a valuable tool for phospho-regulated localization 

of signaling molecules within the complex environment of the coacervates. 

 
Figure 5.5 14-3-3 as a phospho-regulated localization platform. A. Schematic overview of phospho-regulated 

localization in which phosphorylated ligands are localized towards the 14-3-3 loaded coacervates, while the 

unphosphorylated ligands are not. B. Confocal micrographs of c-Raf (FITC, 100 nM, bottom row) localization 

with 14-3-3 (DyLight650, 100 nM, top row) loaded coacervates. As control, localization of c-Raf_pS233/pS259 

with unloaded coacervates is analyzed (right column). The membrane is stained with Nile Red, scale bar: 10 µm. 

C. Fluorescence intensity at 525 nm (FITC) of coacervate populations, n > 34,  in the presence of phosphorylated 

c-Raf and 14-3-3 (left), unphosphorylated c-Raf and 14-3-3 (middle), or solely phosphorylated c-Raf (right).  

Split NanoLuc complementation within the complex environment of coacervates was next 

validated. LgNB–c-Raf was phosphorylated prior to coacervate preparation in order to maximize 

the bioluminescence output (Figure 5.6A). Addition of the NanoLuc substrate to coacervates 

loaded with phosphorylated LgNB–c-Raf and 14-3-3–SmNB resulted in a ~220-fold increase in 
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bioluminescence intensity compared to unphosphorylated LgNB–c-Raf. As a similar increase in 

signal is observed for the conditions in the absence of coacervates, this indicates that diffusion 

of the furimazine substrate into the interior of the coacervates is allowed. Omitting the 14-3-3–

SmNB scaffold results in similar background bioluminescence as the unphosphorylated LgNB–

c-Raf. Furthermore, brightfield microscopy analysis of the samples revealed intact coacervates, 

indicating no coacervate disruption due to buffer, protein or substrate components on the 

coacervate morphology (Figure S5.5). 

 
Figure 5.6 Analysis of bioluminescence read-out in the presence of coacervates. A. Schematic overview of the 

sample preparation. In the first step, LgNB–c-Raf is phosphorylated with an excess of PKA and ATP (200 µM). 

In the second step, the phosphorylated LgNB–c-Raf (10 nM) and 14-3-3–SmNB (10 nM) are included during 

the coacervate preparation process. B. Bioluminescence intensity at 458 nm of (un)phosphorylated LgNB–c-Raf 

in coacervates (left) or buffer (right), either in the presence or absence of 14-3-3–SmNB. Error bars represent 

the SD (n=3). 

Having established the maximum output in a static experiment, next, PKA activity inside the 

coacervates was evaluated. Coacervates were prepared in the presence of His6-PKA, LgNB–c-Raf 

and 14-3-3–SmNB. Subsequent addition of ATP to the exterior of the coacervates was followed 

by an 2.5 h incubation step at room temperature prior to read-out of the bioluminescence 

intensity. A ~10-fold increase in bioluminescence intensity is observed for the coacervates loaded 

with His6-PKA in the presence compared to the absence of ATP, indicating successful 

phosphorylation and subsequent complementation of the split NanoLuc. Background 

luminescence is observed for the conditions in which either the His6-tag or PKA are omitted. 

These results indicate that protein components inside the interior of the coacervates are 

sequestered from enzymatic activity on the outside. Compared to the results obtained in the 

previous experiment with prephosphorylated LgNB–c-Raf (~2x106), here, the bioluminescence 

intensity is lower (~6x104). Based on the phosphorylation profile of His6-PKA (Figure S5.2B, 0.9 

nM), it is hypothesized that phosphorylation would have reached near completion after 2.5 h in 

buffers, thus resulting similar bioluminescence intensities. Kinetic measurements would provide 

insight into the time-resolved PKA phosphorylation profile in context of coacervates. In the 

absence of coacervates, increased bioluminescence intensity in respect to background is 

observed for both PKA variants – His6-PKA and PKA –, while omitting either ATP or PKA results in 
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background bioluminescence. Large variations are observed in contrast to previously obtained 

results with PKA (Figure 5.2), which is hypothesized to result from alteration of the experimental 

setup, e.g. absence of BSA or different type of well-plate. 

Altogether, PKA activity is retained upon incorporation into the coacervate interior and shows 

equal bioluminescence intensity to buffer after 2.5 h. Additionally, successful exclusion of non 

His6-tagged enzymes is shown, as PKA shows activity in buffer in contrast to in coacervates. The 

presence of background bioluminescence for the non His6-tagged PKA indicates that proteins 

inside the coacervates are shielded from enzymes outside the protocells. Hereby, a basis for 

signaling in coacervate-based protocells is provided, which could be further extended in future 

work. 

 
Figure 5.7 Analysis of PKA activity in coacervates. A. Schematic overview of the assay: ATP is added to 

coacervates containing LgNB–c-Raf, 14-3-3–SmNB and His6-PKA. B. Bioluminescence intensity at 458 nm after 

2.5 hour incubation of His6-PKA in coacervates (left) or buffer (right), either in the presence (green) or absence 

(red) of ATP. As additional controls, the non-His6 containing PKA is added (yellow) or PKA is omitted (blue). 

Error bars represent the SD (n=3). 

Conclusion 
Coacervates provide a powerful chassis for the design of synthetic protocells, as protein-

based cargo is sequestered inside the coacervate interior, while flux of small signaling molecules 

is permitted. Here, we introduced scaffold-mediated signal transduction within the 

compartmentalized and cytosol-mimetic environment of these coacervate-based protocells. 

Spatial organization was facilitated by 14-3-3 scaffold proteins as phospho-regulated localization 

signaling hubs. Validation of isolated enzymatic steps set up to successful implementation of the 

full cascade. Incorporation of a two-step cascade inside the protocells revealed intact enzymatic 

activity and diffusion of the required signaling molecules into the coacervates. Selective 

sequestration of His6-tagged proteins inside the coacervate interior was shown, as the cascade 

showed insensitivity towards enzymes excluded from the coacervates. 

The proposed signaling cascade is linear; the input – ADP – results in the output – 

bioluminescence – until one of the precursors is depleted. However, the cell is a non-linear system 

with a dynamic interplay between protein phosphorylation and dephosphorylation. Incorporation 

of phosphatases would introduce dynamicity into the cascade, thereby allowing alteration and 

tuning of the output response. Additionally, the bioluminescence output response could be 
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reshaped to yield a functional output, either initiating downstream or feedback processes within 

the coacervate or providing a means of communication between different protocell populations.  
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Experimental section 
Buffers 
Labelling buffer: 100 mM Na2CO3, pH 8.3 

Buffer A: 20 mM HEPES, 300 mM NaCl, 30 mM imidazole, 5% glycerol, pH 7.5 

Elution buffer: 20 mM HEPES, 300 mM NaCl, 300 mM imidazole, 5% glycerol, pH 7.5 

Storage buffer: 20 mM HEPES, 100 mM KCl, 5% glycerol, pH 7.5 

Assay buffer: 20 mM HEPES, 100 mM KCl, 5 mM MgCl2, pH 7.5 

Coacervate buffer: 25 mM HEPES, 50 mM NaCl, 5 mM MgCl2, pH 7.5 

Expression and purification of proteins 
For expression and purification of LgNB–c-Raf_S233/S259, dT14-3-3cΔC–SmNB and His-SUMO-

PKA, see Experimental section of Chapter 2. For expression and purification of dT14-3-3, see 

Experimental section of Chapter 3. 

PKM2, encoded in a pET28a plasmid, was expressed under sterile conditions supplemented with 

kanamycin (30 µg/mL) in E.coli BL21(DE3) (Novagen). Cultures of Terrific Broth (TB) medium 

supplemented with the appropriate antibiotic were used after inoculation with overnight small 

cultures and were incubated at 37 °C and 160 rpm until the optical density OD600 reached 1.2. 

Subsequently, 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce 

expression and the culture was incubated at 150 rpm overnight at 22 °C. Cells were harvested by 

centrifugation (10 min, 8,000 rpm, 4 °C) in a Sorvall Evolution Centrifuge with a SLC-3000 rotor 

(Thermo Scientific). The pellets were resuspended in buffer A (10 mL/gcell pellet, 1 µL/gcell pellet 

Benzonase® Nuclease (Novagen)) and cells were lysed using an EmulsiFlexC3 High Pressure 

homogenizer (Avestin) at 15,000 psi for three rounds. Cell debris was removed by centrifugation 

(40,000 xg, 20 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 buffer A. 

Protein was eluted from the column using elution buffer. The elution fraction was concentrated 

using Amicon Ultra Centrifugal Filters (MWCO 10 kDa, Millipore). Concentrated protein was 

exchanged into storage buffer using a PD-10 desalting column (GE Healthcare). Concentration of 

the protein was determined using a Thermo Scientific ND-1000 spectrophotometer at 280 nm. 

Aliquots of pure protein were snapfreezed and stored at -80°C prior to use. 

SDS-PAGE analysis of purified proteins 
See Experimental section of Chapter 2. 

 
Figure 5.8 SDS-PAGE analysis of His6-PKM2. Expected molecular weight: 60.1 kDa. 
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Dephosphorylation of c-Raf_pS233/pS259 
FITC – Ahx – c-Raf_pS233/pS259 was a kind gift from dr.ir. Eline Sijbesma. Shrimp Alkaline 

Phosphatase (20 units) was added to c-Raf_pS233/pS259 (0.05 mg) in a final volume of 100 µL 

(CutSmart buffer). The mixture was incubated at 37°C for 60 minutes, followed by heat-

inactivation of the phosphatase at 65°C for 5 minutes. Removal of phosphatase was performed 

using a desalting column (Sephadex G-10, GE Healthcare), from which the yellow-colored fraction 

was collected. Concentration of the peptide was determined using a Thermo Scientific ND-1000 

spectrophotometer based on FITC absorption at 495 nm. Dephosphorylation was verified using 

a fluorescence polarization assay (Figure S5.1), which showed no detectable binding of the 

peptide. 

Native PAGE analysis of c-Raf_pS233/pS259 
See Experimental section of Chapter 4. 

Labelling of dT14-3-3 with DyLight650-NHS 
Rebuffering into labelling buffer was performed using a spin desalting column (Sephadex G-25, 

GE Healthcare) of dT14-3-3. DyLight650-NHS (1 µL, 9.4 mM in DMF, 10x molar excess/lysine) was 

added to dT14-3-3 and incubated at room temperature for 1 hour. A spin desalting column 

(Sephadex G-25, GE Healthcare) and subsequent wash and concentration using an Amicon Ultra 

Centrifugal Filters (MWCO 10 kDa, Millipore) was performed to remove unreacted dye and to 

rebuffer into assay buffer. Concentration of the protein and degree of labelling were determined 

using a Thermo Scientific ND-1000 spectrophotometer at 280 and 655 nm. Analysis revealed a 

degree of labelling of 0.04, which was sufficient for imaging. 

PKA activity assays 
Unphosphorylated LgNB-c-Raf (10 nM) and 14-3-3–SmNB (10 nM) were combined with PKA 

(His6-PKA, ThermoFisher or PKA, NEB) in assay buffer. ATP (200 µM) and furimazine (final dilution 

1:2000, substrate for Nano-Glo® Luciferase assay, Promega) were added at the start of measuring 

the bioluminescent intensity at 458 nm at 22 °C for 1 h (total volume 100 µL, LumiNunc 96 wells-

plate, EASYfilm cover) on a Tecan Spark 10M platereader (22°C, 458 nM, 1000 ms integration, 1 

min interval). 

PKM2 activity assays 
The commercial ENLITEN ATP assay (Promega) was performed according to the manufactures 

instruction. .  His6-PKM2 (6.25 – 200 nM) was combined with d-Fructose 1,6-bisphosphate 

trisodium salt hydrate (FBP, Sigma, 10 µM) and phospho(enol)pyruvic acid monopotassium salt 

(PEP, Sigma, 1 mM) in assay buffer. In the kinetic format, addition of adenosine 5′-diphosphate 

(ADP, Sigma, 0.5 mM) was directly followed by addition of the rL/L reagent (1:1, resulting a final 

volume of 100 µL) and subsequent kinetic measurement of the bioluminescent intensity (Tecan 

Spark 10M, 22°C, 560 nm, 1000 ms integration, 1 min interval, EASYfilm cover). In the endpoint 

format, after addition of adenosine 5′-diphosphate (ADP, Sigma, 0.5 mM), the plate was incubated 

for 1h at room temperature. Addition of the rL/L reagent (1:1, resulting a final volume of 100 µL) 

was subsequently followed by measurement of the bioluminescent intensity (Tecan Spark 10M, 

22°C, 560 nm, 1000 ms integration).  
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Full cascade assay 
All components – His6-PKM2 (25 nM), PEP (1 mM), FBP (10 µM), His6-PKA (0.9 nM), LgNB-c-Raf 

(10 nM) and 14-3-3–SmNB (10 nM) – were combined in assay buffer. ADP (0.5 mM) and 

furimazine (final dilution 1:2000) were added at the start of measuring the bioluminescent 

intensity at 458 nm at 22 °C for 4 h (total volume 100 µL, LumiNunc 96 wells-plate, EASYfilm 

cover) on a Tecan Spark 10M platereader (22°C, 458 nM, 1000 ms integration, 1 min interval). 

Coacervate components synthesis 
The components were generously donated by dr. Alexander F. Mason and ir. Wiggert J. Altenburg. 

Details on the synthesis and extensive characterization of the coacervate components – 

quaternized amylose (Q-Am), carboxymethylated amylose (Cm-Am), nitrilotriacetic acid modified 

amylose (NTA-Am) and terpolymer – has been described in literature.12,29 

Coacervate preparation and protein loading 
Q-Am, CM-Am NTA-Am were dissolved separately in PBS (pH 7.4) or coacervate buffer at a 

concentration of 1 mg mL-1. First 5 µL NTA-Am was added to 7.5 µM of NiSO4 (final concentration) 

in a 1.5 mL tube shaking at 1500 rpm in a MixMate (Eppendorf). Consecutively, CM-Am, Q-Am 

and NTA-Am were added to induce coacervation in a 1.5:0.8:0.2 mass ratio of Q-Am:CM-Am:NTA-

Am. After 30 seconds, protein (see figure captions for concentrations) was added to the shaking 

solution. To achieve stabilized particles with ~20-25 µm in diameter 5 µL terpolymer (50 mg mL-

1 in PEG350) was added after 6 min. For confocal experiments. 15 µM Nile Red was added to the 

terpolymer before addition to the coacervate mix.  

Coacervate imaging 
For analysis, 150 µL of each sample was loaded on a µ-side 18 well glass bottom (Ibidi). The 

samples were analyzed with a Leica SP5X LSM equipped with HCX PL Apo CS 40x/1.1 objective, 

White Light Laser (WLL, 50%) and ADP/PMT detector (HyD, Leica) controlled with Las-F 

software.  For imaging of the FITC labelled peptide, Nile Red and 14-3-3-Dylight650, the WLL was 

at 488 (16%), 543 (16%), and 623 (16%) nm with a spectral emission windows set at 510-540, 560-

600, 680-710 nm respectively.  For each wavelength, the pin hole was set to 1 airy unit. The 

detector gain was optimized for each different fluorophore to utilize the maximum amount of 

gray values of the detector. Images of 1024x1024 pixels were acquired with a line averaging of 2 

and a scan speed of 400 Hz.  

Coacervate image analysis 
All images were analyzed with Fiji (ImageJ). In order to determine the fluorescence intensity, a 

two-channel image of the interior and the membrane of the coacervate was required. Unless 

stated otherwise, only standard ImageJ functions were used. In the membrane image the polymer 

layer was selected by ‘thresholding’ the image and converting into a binary image. To determine 

the Region of Interest (ROI’s), the coacervate droplets, Hough Circle Transform (UCB Vision 

Sciences) was used. In the case of clustered particles, the ‘watershed’ function was used for 

separation. The ROI’s were added to the ImageJ manager by the function ‘analyze particles’. Since 

the algorithm was not fully selective, the ROI’s corresponding with coacervates had to be checked 

manually. Next, the ROI’s were applied to the coacervate interior image to determine the intensity 

for each selected particle. 
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Coacervate bioluminescent assays 
50 µL of each sample was loaded in a 384-wells plate (white, Nunc). In case of the 

prephosphorylated LgNB–c-Raf assay, LgNB–c-Raf (100 nM) was incubated for 1 hour at R.T. in 

the presence of ATP (200 µM) and PKA (20U) prior to coacervate preparation. In case of the PKA 

activity assay, ATP (2 µL, final: 200 µM) was added to the preformed coacervates and the mixture 

was incubated for 2.5 h at room temperature. Furimazine (2 µL, final: 1:2000) was added at the 

start of measuring the bioluminescent intensity (Tecan Spark 10M, 22°C, 458 nm, 1000 ms 

integration).   
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Appendices 
Appendix 5.1 – Sequences of constructs 
dT14-3-3cΔC_WT_WT (14-3-3) 
  1 MGGSHHHHHH GTGASSSGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE LTVEERNLLS 70 
 71 VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI CDGILKLLDA KLIPSAASGD 140 
141 SKVFYLKMKG DYHRYLAEFK TGAERKEAAE STLTAYKAAQ DIATTELAPT HPIRLGLALN FSVFYYEILN 210 
211 SPDRACNLAK QAFDEAIAEL DTLGEESYKD STLIMQLLRD NLTLWTSDMQ GGSGGSGGSG GSGGGSGGSG 280 
281 GSGSGGSGGS MAVAPTAREE NVYMAKLAEQ AERYEEMVEF MEKVSNSLGS EELTVEERNL LSVAYKNVIG 350 
351 ARRASWRIIS SIEQKEESRG NEEHVNSIRE YRSKIENELS KICDGILKLL DAKLIPSAAS GDSKVFYLKM 420 
421 KGDYHRYLAE FKTGAERKEA AESTLTAYKA AQDIATTELA PTHPIRLGLA LNFSVFYYEI LNSPDRACNL 490 
491 AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD MQGTGGNGSS WSHPQFEKGG S          551 

dT14-3-3cΔC–SmNB (14-3-3–SmNB) 
  1 MGGSHHHHHH GTGASSSGMA VAPTAREENV YMAKLAEQAE RYEEMVEFME KVSNSLGSEE LTVEERNLLS 70 
 71 VAYKNVIGAR RASWRIISSI EQKEESRGNE EHVNSIREYR SKIENELSKI CDGILKLLDA KLIPSAASGD 140 
141 SKVFYLKMKG DYHRYLAEFK TGAERKEAAE STLTAYKAAQ DIATTELAPT HPIRLGLALN FSVFYYEILN 210 
211 SPDRACNLAK QAFDEAIAEL DTLGEESYKD STLIMQLLRD NLTLWTSDMQ GGSGGSGGSG GSGGGSGGSG 280 
281 GSGSGGSGGS MAVAPTAREE NVYMAKLAEQ AERYEEMVEF MEKVSNSLGS EELTVEERNL LSVAYKNVIG 350 
351 ARRASWRIIS SIEQKEESRG NEEHVNSIRE YRSKIENELS KICDGILKLL DAKLIPSAAS GDSKVFYLKM 420 
421 KGDYHRYLAE FKTGAERKEA AESTLTAYKA AQDIATTELA PTHPIRLGLA LNFSVFYYEI LNSPDRACNL 490 
491 AKQAFDEAIA ELDTLGEESY KDSTLIMQLL RDNLTLWTSD MQGTGGNGSS GGVTGYRLFE EILGGSGGSW 560 
561 SHPQFEKGGS            570 

LgNB–c-Raf_S233/S259 (LgNB–c-Raf) 
  1 MGSSHHHHHH SSGVFTLEDF VGDWEQTAAY NLDQVLEQGG VSSLLQNLAV SVTPIQRIVR SGENALKIDI 70 
 71 HVIIPYEGLS ADQMAQIEEV FKVVYPVDDH HFKVILPYGT LVIDGVTPNM LNYFGRPYEG IAVFDGKKIT 140 
141 VTGTLWNGNK IIDERLITPD GSMLFRVTIN SGGSGGSGGS GGSGGSGGSG GSGGSGGSGG TQHRYSTPHA 210 
211 FTFNTSSPSS EGSLSQRQRS TSTPNVHGGS GGSGGSWSHP QFEK                             254 

PKM2 
1   MGSSHHHHHH SSGLVPRGSH MSKPHSEAGT AFIQTQQLHA AMADTFLEHM CRLDIDSPPI TARNTGIICT 70 
71  IGPASRSVET LKEMIKSGMN VARLNFSHGT HEYHAETIKN VRTATESFAS DPILYRPVAV ALDTKGPEIR 140 
141 TGLIKGSGTA EVELKKGATL KITLDNAYME KCDENILWLD YKNICKVVEV GSKIYVDDGL ISLQVKQKGA 210 
211 DFLVTEVENG GSLGSKKGVN LPGAAVDLPA VSEKDIQDLK FGVEQDVDMV FASFIRKASD VHEVRKVLGE 280 
281 KGKNIKIISK IENHEGVRRF DEILEASDGI MVARGDLGIE IPAEKVFLAQ KMMIGRCNRA GKPVICATQM 350 
351 LESMIKKPRP TRAEGSDVAN AVLDGADCIM LSGETAKGDY PLEAVRMQHL IAREAEAAIY HLQLFEELRR 420 
421 LAPITSDPTE ATAVGAVEAS FKCCSGAIIV LTKSGRSAHQ VARYRPRAPI IAVTRNPQTA RQAHLYRGIF 490 
491 PVLCKDPVQE AWAEDVDLRV NFAMNVGKAR GFFKKGDVVI VLTGWRPGSG FTNTMRVVPV P          551 

Appendix 5.2 – Supplementary figures 

 
Figure S5.1 Analysis of the c-Raf peptides. A. Fluorescence polarization assay of 14-3-3 (48 pM – 100 µM) 

together with c-Raf_pS233/pS259 or c-Raf_S233/S259 (100 nM). Error bars (smaller than symbols) represent 

the SD (n=3). B. Native PAGE analysis of c-Raf_pS233/S259 reveals multiple species. As separation is based on 

charge, the different species are hypothesized to represent different phosphorylation states of the peptide, 

indicating that the peptide might not be fully phosphorylated. 
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Figure S5.2 PKA activity comparison. A+B. Bioluminescence intensity at 458 nm of LgNB–c-Raf (10 nM) and 

14-3-3–SmNB (10 nM) incubated with PKA (A. 105 pM – 6.72 nM) or His6-PKA (B. 179 pM – 4.5 nM) and ATP 

(200 µM) in assay buffer at 22°C. Furimazine was used at a final dilution of 1:2000. Error clouds represent the 

SD (n=3). Note: the concentration of PKA was calculated using reported values by NEB (~5*106 U/mg, 38 kDa). 

C-F. Linear regression of background (No PKA) subtracted traces for PKA (C+E) or His6-PKA (D+F). 
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Figure S5.3 ATP dependent response. A. Bioluminescence intensity at 458 nm of LgNB–c-Raf (10 nM) and 

14-3-3–SmNB (10 nM) incubated with His6-PKA (0.9 nM) and ATP (2 nM – 200 µM) in assay buffer at 22°C. 

Furimazine was used at a final dilution of 1:2000. Error clouds represent the SD (n=3). B. Velocity derived from 

time-response curves. Signal intensities were background subtracted, the velocity was derived from the linear 

part of the curves. Error bars represent the SD (n=3). The limit of detection (LOD, dotted line) is defined as three 

times the SD of the background. C+D. Linear regression of background (-ATP) subtracted traces. 

 
Figure S5.4 Bioluminescence intensity time-traces at 560 nm using the ENLITEN ATP assay with PKM2 (6.25 – 

200 nM), ADP (0.5 mM), PEP (1 mM) and FBP (10 µM). Each replicate is represented in a separate graph. 

 
Figure S5.5 Brightfield micrographs of coacervate samples loaded with LgNB–c-Raf and 14-3-3–SmNB 24 h 

after addition of the furimazine substrate and subsequent bioluminescence intensity measurement. Scalebar: 

25 µm. 
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Epilogue 

 

 

 

 

 

The design and exploration of synthetic signaling complexes has provided fundamental 

understanding of cellular signaling and has found application in fields outside synthetic signaling 

networks, such as biomolecular condensates and hydrogels. In this thesis, 14-3-3 proteins have 

been exploited as a central basis in the design of synthetic signaling complexes. Here, strategies 

to further employ the versatility of the 14-3-3 platform in the engineering of these complexes are 

discussed. Using synthetic variants with engineered functionalities, fundamental insight into the 

molecular mechanisms behind 14-3-3 functioning can be achieved. Additionally, application of 

synthetic 14-3-3 variants is envisioned in the design of complex synthetic signaling networks to 

gain fundamental insight into cellular signaling. 
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Introduction 
The engineering of synthetic protein complexes has revealed insight into various molecular 

mechanisms key in cellular signaling. In this thesis, synthetic protein complexes have been 

exploited in context of modular kinase sensors, asymmetric ternary complex assembly, 

modulation of 14-3-3 dimerization and synthetic signaling networks in a complex environment. 

Central within these synthetic protein complexes has been the 14-3-3 protein. Research within 

the 14-3-3 field predominantly focuses on either structural elucidation of signaling complexes1–5, 

expansion of the interactome6–8 or drug discovery, which focuses on modulation of 14-3-3’s 

interaction with peptide-derivatives of binding partners9–13. However, 14-3-3 and engineered 

versions thereof are envisioned to provide a valuable tool to obtain complementary fundamental 

insight into 14-3-3 functioning, as well as a robust versatile platform for the generation of more 

complex synthetic protein signaling networks. 

Here, strategies to further employ the versatility of the 14-3-3 platform in the generation of 

synthetic protein complexes are discussed (Figure 6.1). It is illustrated how new fundamental 

insight into the molecular mechanisms behind 14-3-3 functioning, such as dimerization and 

involvement in biomolecular condensates, can be achieved. Additionally, application of synthetic 

14-3-3 variants is envisioned in the design of complex synthetic signaling networks to gain 

fundamental insight into cellular signaling. 

 
Figure 6.1 Strategies to further employ the versatility of the 14-3-3 platform to generate synthetic protein 

complexes. Engineered 14-3-3 platforms are envisioned to provide fundamental insight into 14-3-3 

functioning, as well as to provide a central platform for synthetic modules. 

Strategies to obtain fundamental insight into 14-3-3 functioning 
Since its discovery in 1967, numerous studies have revealed a general basis for 14-3-3 

functioning, however, several 14-3-3 aspects remain unresolved. Resemblance in sequence and 

structure of the human 14-3-3 isoforms seems contradictory to observed variations in expression 

levels, subcellular distribution, post-translational modification, binding affinities of interaction 

partners and involvement of specific dimers in certain signaling pathways. Despite the increasing 

number of discovered 14-3-3 binding partners, for many interactions, the kinase involved remains 



Epilogue | 

125 

unknown. Additionally, the function of the flexible, negatively charged C-terminus remains not 

fully understood. Fundamental understanding of the molecular mechanisms behind 14-3-3 

provides insight into cellular functioning of 14-3-3, but is also envisioned to aid the design of 

drugs targeting specific 14-3-3 protein-protein interactions. Insight could be achieved through 

structural elucidation of bigger 14-3-3 protein complexes, as well as translation of 14-3-3 

modulation from peptide-based in vitro assays to protein-based in vivo assays. Additionally, the 

use of synthetic 14-3-3 variants is envisioned to provide complementary insight, as they allow 

predictable tuning of required properties. 

14-3-3 dimerization behavior 
The biochemical and physiological effects arising from differences in dimerization behavior 

of the seven human 14-3-3 isoforms remain only partially understood. The isoforms show 3- to 

50-fold difference in binding affinity for interaction partners. The cellular implications arising from 

these differences in isoform binding affinity and dimerization behavior remain unelucidated. 

Alterations in expression levels of a certain 14-3-3 isoform could for example provide a cellular 

mechanism to regulate signaling networks. An in- or decrease in expression levels of 14-3-3ε 

might affect the 14-3-3 homo-/heterodimer profile of the cell. In this way, affinity for certain 

binding partners could be altered, potentially providing a cellular regulatory mechanism to either 

stimulate or repress signaling pathways. However, the exact cellular motive behind the existence 

of seven different 14-3-3 isoforms remains unclear. Synthetic 14-3-3 variants are envisioned 

valuable tools for creating a parallel between the seven human isoforms and their cellular 

implications. 

The covalent linking strategy resulted in a range of species, thereby reducing applicability of 

this strategy to study defined dimer species.  A dynamic strategy that allows for parallel screening 

is labelling of 14-3-3 monomers with a dye for application in FRET (Förster Resonance Energy 

Transfer)-based assays. As nonspecific labelling of 14-3-3, for example through labelling with an 

NHS-ester functionalized dye, potentially could result in a low FRET efficiency or labelling of 

residues within the 14-3-3 binding groove, a feasible strategy would be to introduce a chemical 

handle through mutation. Preferably a residue is chosen which is located in a conserved region – 

to create a parallel between isoforms –, close to the point symmetry axis – to maximize FRET 

efficiency – and which is not involved in either the dimerization of 14-3-3 or the binding to 

partners. Exchange of monomers between species can be monitored upon addition of 14-3-3 

monomers labelled with either a FRET-donor or -acceptor dye (Figure 6.2A). Additionally, 14-3-3 

binding partners can be added to elucidate their effect on dimerization equilibria (Figure 6.2B). 

 
Figure 6.2 FRET-based 14-3-3 dimerization assays. A. Addition of acceptor-dye labeled 14-3-3 to donor-dye 

labeled 14-3-3 allows monitoring of dimer exchange. The FRET ratio can be used as a measure for heterodimer 

formation. B. Following the same strategy, the effect of binding partners on dimer exchange can be monitored. 
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The implications of 14-3-3 binding on phase separation of key signaling proteins 
Among the 14-3-3 binding partners is tau, a disordered protein, highly expressed in the 

central nervous system, of which aggregation is related to a series of neurodegenerative disease, 

including Alzheimer’s disease.14 The 14-3-3/tau interaction has been described extensively in a 

review by Chen et al.15, here, a summary is provided. The direct interaction between 14-3-3 and 

tau was discovered by Hashiguchi et al.16, later studies revealed two 14-3-3 binding sites in tau, 

pS214 and pS32417–19, which both can be phosphorylated by PKA20. Altogether, studies into the 

14-3-3/tau have led to separate hypotheses for the regulatory role of 14-3-3, based on the tau 

phosphorylation state. In the unphosphorylated state, tau is aggregation resistant, however, 

binding of 14-3-3 induces aggregation. On the contrary, binding of 14-3-3 to doubly 

phosphorylated tau (pS214+324) is found to prevent tau aggregation.15 

Liquid-liquid phase separation (LLPS) of soluble tau was demonstrated by Wegmann et al., 

which ultimately led to the hypothesis that tau LLPS could be a precursor, which in case of 

disease-related forms of tau would lead to tau aggregation.21 Phase separating behavior is also 

reported for various other 14-3-3–interacting key cellular signaling proteins, such as YAP22, TAZ23, 

SOS124, FUS25,26, TDP-4327 and NPM128. However, the specific role of 14-3-3 within these phase 

separating systems remains unelucidated. Potentially, 14-3-3 could physically occlude 

phosphorylated residues involved in either the initiation or disruption of phase separation. 

Additionally, the acidic nature of the protein (theoretical pI ~4.7) might also play a role in initiation 

of phase separation of more positively charged proteins. 

To provide preliminary results, three tau constructs carrying different phosphorylation states 

regarding the S214/S324 positions (Figure 6.3A) were analyzed in the absence and presence of 

14-3-3ζ (Figure 6.3B). 14-3-3 alone does not result in the observation of droplets under the 

experimental conditions (Figure 6.3C). In the absence of 14-3-3, the three tau constructs resulted 

in the observation of droplets carrying the tau proteins (Figure 6.3D, left column for each tau 

protein). In the presence of 14-3-3, LLPS is observed for unphosphorylated tau (Figure 6.3, right 

column for each tau protein). In contrast, the addition of 14-3-3 results in a striking difference for 

tau_pS214+324, where no droplets can be observed. Addition of 14-3-3 to tau_pS214 seems to 

result in an intermediate state. These preliminary results suggest influence of 14-3-3 on tau phase 

separating behavior, which could potentially be related to the S214/S324 phosphorylation state. 

Repetition of the experiment and additional studies are required to elucidate the specific role 

of 14-3-3 and the implications for cellular signaling. Important parameters to characterize would 

be stoichiometry, diffusivity and the tau/14-3-3 interaction strength. To obtain a consistent set 

of phosphorylated tau constructs, S214A and/or S324A mutants, phosphorylation using PKA 

would provide tau constructs with similar phosphorylation patterns (except for the mutations). 

The (stoichiometry of) interaction of these tau constructs with 14-3-3 could be characterized 

using either surface plasmon resonance (SPR) or isothermal titration calorimetry (ITC) analysis. 

Additionally, verification whether the observed effect arises from specific or unspecific interaction 

of 14-3-3 could be obtained with the binding site mutant 14-3-3ζ_R136A. Fluorescence recovery 
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after photobleaching (FRAP) experiments could provide insight into diffusivity of the individual 

components within the droplets. Following the partitioning of fluorescently labelled 14-3-3 

clients allows determination of 14-3-3 scaffold availability within the LLPS droplets. All 14-3-3 

isoforms have a theoretical pI of ~4.7, although the charged residues are relatively evenly 

distributed along the sequence, the flexible C-terminus is highly negatively charged (Figure 6.3B). 

Therefore, investigating the effect of omitting this C-terminus (ΔC-variant) could provide insight 

into the role of this unstructured region in phase separation. 

 
Figure 6.3 Preliminary results: the effect of 14-3-3 on tau phase separation. A. Schematic representation of the 

tau constructs: unphosphorylated tau (bacterial expression), tau_pS214 (derived from Sf9-insect cells) and 

tau_pS214+324 (in vitro PKA phosphorylated). Phosphorylation of the S214/S324 sites was verified using 

antibodies specifically binding to either phospho-site in Western blot (data not shown). B. Schematic 

representation of 14-3-3ζ (Dylight488/650) and charge distribution of residues over the sequence (pH 7.4), with 

positively and negatively charged residues indicated in green and red, respectively. C. 14-3-3 does not show 

phase separation upon addition of 5% w/v PEG-8000. Confocal microscopy, the scalebar denotes 5 µm.  D. The 

three tau constructs (6 µM) were incubated with 14-3-3 (5 µM scaffold) for 15 minutes at R.T. prior to addition 

of 5% w/v PEG-8000. Confocal microscopy pictures were captured >30 minutes afterwards, the exposure time 

for each channel is consistent across samples, the scalebar denotes 5 µm. 

Above examples illustrate the strength of synthetic protein variants to elucidate the 

functioning and underlying mechanism of 14-3-3 in context of phase separation. Techniques 

applied in the investigation of this specific interaction, between tau and 14-3-3, are envisioned 

to also be applicable to aforementioned phase separating 14-3-3 binding partners. Additionally, 

extensive research into the interaction of 14-3-3 with many of these interaction partners have 
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provided several small molecules interactors29,30, which provide a means to modulate these 

protein-protein interactions. Through rational integration of the proposed tools, valuable insight 

into the general functioning of 14-3-3 within these cellular phase separating systems can be 

obtained.  

14-3-3 as a synthetic module in signaling systems 
In this thesis, as well as in other studies31–33, the 14-3-3 platform has been exploited as 

synthetic module in the engineering of synthetic signaling networks. Versatility of the 14-3-3 

protein allows further expansion of these networks, in terms of the amount of integrated 

modules, as well as complexity of the systems. The phosphorylation-dependent binding behavior 

of 14-3-3 allows reversible recruitment of binding partners, which provides a means to generate 

dynamic responsive synthetic signaling systems. The rigid 14-3-3 structure allows modification of 

the N- or C-terminus, providing a robust building block for the generation of higher-order 

covalently linked structures. 

Dynamicity in scaffold availability 
14-3-3–based protease-activatable scaffolds provide versatile hubs in the spatiotemporal 

control of synthetic signaling networks, as shown by Aper et al.33 Although modularity of these 

platforms allows rational engineering to fit different applications, the use of proteases limits 

reversibility and dynamicity of the system. Exploiting the phospho-binding property of 14-3-3 is 

envisioned to provide a basis for reversible and dynamic regulation of 14-3-3 scaffold availability. 

The covalent introduction of 14-3-3 binding motifs recognized by a specific kinase allows 

phosphoregulated autoinhibition through intramolecular 14-3-3 binding (Figure 6.4A). Two 

different architectures can be designed based on valency of the blocker, depending on the 

envisioned application and binding affinity of incorporated binding epitopes. Upon incorporation 

of orthogonal kinase recognition motifs, these platforms would allow dual-input regulation 

(Figure 6.4B). By harnessing the interplay between kinase and phosphatase, availability of the 

envisioned 14-3-3 platforms can be regulated in a highly controllable, reversible manner. In doing 

so, dynamicity in recruitment of binding partners is introduced, which can be exploited in context 

of creating synthetic signaling networks as well as re-engineering of existing signaling pathways. 

 
Figure 6.4 Phosphoregulated autoinhibition of 14-3-3 scaffolds. A. Covalent linking of mono- and/or bivalent 

kinase recognition/14-3-3 binding motifs allows dynamic regulation of scaffold availability. Phosphorylation by 

a kinase results in autoinhibited scaffolds through intramolecular recognition. Subsequent dephosphorylation 

by a phosphatase allows liberation of the scaffold. B. Incorporation of orthogonal kinase recognition motifs 

allows dual-input phosphoregulation. 
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Multivalent protein platforms 
Complexity within synthetic signaling systems can be increased by introducing controllable 

dynamicity in 14-3-3 platforms valency. Higher-order platforms allow multivalent assembly of 

functional proteins, in which recruitment could be orthogonally regulated through 

functionalization of proteins with individual kinase recognition/14-3-3 binding motifs. Various 

14-3-3 binding partners, including the cystic fibrosis transmembrane conductance regulator 

(CFTR)34 and leucine-rich repeat kinase 2 (LRRK2)35, contain multiple phosphorylated binding 

epitopes. Multivalent 14-3-3 platforms are envisioned to provide insight into the interaction 

between 14-3-3 and these multi-phosphorylated binding partners. Additionally, multivalent 

14-3-3 scaffolds can be exploited in context of synthetic multivalency driven phase separation, as 

they provide dynamic control over phase separation through phosphoregulation of the 

interaction with multidomain polypeptides.  

The multivalent 14-3-3 platforms arising from covalent linking of 14-3-3 monomers through 

a short 14 residue linker, as described in Chapter 4, are envisioned to provide valuable multivalent 

proteins platforms. These constructs were found to form tetrameric and higher-order structures, 

which could easily be switched into dimers upon addition of a protease. Multivalent platforms 

could also be generated through noncovalent strategies. As the N-termini within a 14-3-3 dimer 

are in close proximity, functionalization is hypothesized to only result in intra-dimer interaction. 

C-terminal attachment of small symmetric dimerizing units is hypothesized to allow formation of 

higher-order structures through inter-dimer interactions. Potential elements could be coiled-

coils; designable, self-assembling units which have been characterized extensively.36,37 This 

strategy allows straight-forward expression and purification of symmetric 14-3-3 dimers (Figure 

6.5). Controllable dynamicity of platform valency is achieved through addition of a 

complementary dimeric peptide staple. Subsequent addition of stronger binding variants38 or a 

protease targeting the dimeric peptide staple, allows reversal of the platform valency and results 

in dimeric species. 

 
Figure 6.5 Controllable dynamicity in 14-3-3 platform valency. C-terminal functionalization of 14-3-3 with 

coiled-coils (blue) would allow multimerization upon addition of a complementary dimeric peptide staple 

(green). Switching of the multivalent platform can be achieved upon addition of a stronger binding variant 

(yellow) or a protease (red) targeting the linker of the dimeric peptide staple. 

Synthetic signaling hubs in complex environments 
Complex coacervates are considered valuable tools in the creation of dynamic and responsive 

cytomimetic protocells, as protein cargo is sequestered, while flux of signaling molecules is still 
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allowed. Spatial organization inside these protocells can be facilitated by scaffold proteins as 

localization signaling hubs. The phospho-regulated interaction of 14-3-3 with functional protein 

partners provides a robust and reversible central mode-of-action for scaffold-mediated signal 

transduction in protocells. The proposed signaling cascade of Chapter 5 is a linear system in which 

the input – ADP – results in the output – bioluminescence – until one of the precursors is depleted. 

However, in contrast to the engineered protocell, the cell is a non-linear system with a dynamic 

interplay between protein phosphorylation and dephosphorylation. In order to introduce 

dynamicity into the system, phosphatases could be included, which would revert the 

phosphorylation induced binding to the 14-3-3 platform (Figure 6.6A). Phosphatases are typically 

less specific in context of substrate recognition compared to kinases.39 Therefore, a variety of 

serine phosphatases possessing different enzymatic properties could be introduced into the 

current system. Thereby, a library of various signal transduction systems with differentiating 

outputs can be generated. Additionally, the proposed scaffold-mediated signaling cascade could 

be expanded by including communication with a different protocell population. Introduction of 

a phospho-independent 14-3-3 ligand in one population, which releases upon activation of the 

cascade by ATP, would allow diffusion and sequestration upon 14-3-3 binding of this ligand in 

another population (Figure 6.6B). In this second population, the ligand could act as an effector 

molecule inducing a signaling response. 

 
Figure 6.6 Scaffold-mediated signaling in coacervate-based protocells. A. Dynamicity and reversibility can be 

introduced into the system upon incorporation of a phosphatase. B. Communication between different 

protocell population through phosphorylation-controlled release of a weaker binding 14-3-3 ligand (yellow) 

from population A, which could act as an effector molecule in protocell population B. 

Conclusion 
14-3-3 proteins are considered valuable synthetic tools, due to its versatility in terms of 

modulation of its interaction with binding partners, variation in binding modes and rigid structure 

that allows modification. These platforms can be employed in various application fields, either to 

provide fundamental insight into the molecular mechanisms behind 14-3-3 functioning, as well 

as to increase complexity in synthetic signaling networks. Strategies serving similar goals are the 

structural elucidation of bigger 14-3-3 protein complexes and small-molecule modulation of 

specific interactions between 14-3-3 and binding partners. Synthetic 14-3-3 platforms are 

envisioned to provide valuable complementary tools, as they allow predictable tuning of required 

properties. Therefore, rational integration of all three strategies would provide valuable insight 
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into the general functioning of 14-3-3 as well as fundamental insight into the complexity of 

cellular signaling.  
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Summary 
Scaffold-mediated assembly 

of engineered protein complexes 

 

Cellular signaling is precisely regulated by assembly of proteins into higher-order complexes. 

Spatial organization of signaling enzymes by scaffold proteins provides, amongst other 

mechanisms, efficiency and selectivity for specific pathways. The engineering of synthetic 

signaling networks comprising scaffold proteins has led to a general understanding of cellular 

signaling. Bottom-up de novo design of protein-protein interactions and synthetic protein 

assemblies remains highly challenging. Therefore, the focus in designing synthetic higher-order 

signaling complexes has been on native and well-characterized scaffold proteins. Efforts in the 

engineering of such protein complexes have led to insight into various molecular mechanisms 

key in cellular signaling. These mechanisms have revealed how scaffold proteins can be used as 

regulators of synthetic signaling pathways and provide a basis for higher-order assembly into 

networks. Engineered protein complexes are valuable tools in synthetic biology both to gain 

fundamental understanding and in terms of application. Therefore, the aim of the research 

described in this thesis is to engineer protein complexes of which assembly is mediated by 

scaffold proteins as a molecular chassis. These precisely designed higher-order complexes are 

envisioned to provide complementary insight into the various aspects of protein assembly into 

signalling complexes. Central within these synthetic protein complexes is the versatile platform 

14-3-3, a robust, dimeric scaffold protein of which the interaction with binding partners is 

dynamic and well-characterized. 14-3-3 platforms and engineered versions thereof provide a 

valuable basis for synthetic protein complexes, both in context of elucidation of crucial 

parameters in signaling complex assembly, as well as in engineering modules for synthetic 

signaling pathways. 
The interaction of 14-3-3 and binding partners is well-characterized and regulated by kinases 

through phosphorylation of the interaction partner. Modular serine/threonine kinase sensors 

were engineered based on 14-3-3–mediated complementation of split NanoBiT luciferase. Two 

designs were conceptualized, both relying on binding of defined kinase recognition motifs to the 

14-3-3 platform upon phosphorylation, resulting in reconstitution of active split-luciferase. 

Especially the design based on double phosphorylation and bivalent 14-3-3 binding exhibits 

excellent efficiency for signal amplification and sensitivity to specific kinases. The platform is 

highly modular and easy adaptable as exemplary shown using novel sensors for the kinases PKA, 

PKB, and CHK1. 
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Engineered 14-3-3 platforms facilitate rational modulation of protein assembly into higher-

order complexes to elucidate key parameters. Design and implementation of asymmetric 

assembly of a ternary complex was facilitated by Rosetta modeling and thermodynamic analysis. 

The wild type symmetric CT32-CT32 interface of the 14-3-3/CT32 complex was targeted, 

ultimately favoring asymmetric assembly on the 14-3-3 scaffold. Biochemical studies, supported 

by mass-balance models, allowed for characterization of the parameters driving asymmetric 

assembly. Importantly, our findings revealed that both the individual binding affinities and 

cooperativity between the assembling components are crucial when designing higher-order 

protein complexes. Enzyme complementation on the 14-3-3 scaffold highlighted that interface 

engineering of a symmetric ternary complex generated asymmetric protein complexes with new 

functions. 

The biochemical and physiological effects arising from differences in dimerization behavior 

of the seven human 14-3-3 isoforms remain only partially understood. A covalent linking strategy 

was pursued in order to generate defined 14-3-3 dimers. Analysis of the covalent dimers revealed 

an unexpected distribution in structures, besides dimers also higher-order structures were 

observed. By shortening the linker, multivalent scaffolds consisting of tetramers and higher-order 

structures were generated. These multivalent 14-3-3 scaffolds serve great potential in 

fundamental studies on 14-3-3 interaction with highly phosphorylated binding partners. 

Additionally, the engineered scaffolds find application as controllable multivalent scaffolds in 

synthetic signaling systems. 
Lastly, a unique strategy was described to introduce scaffold-mediated signal transduction 

within the compartmentalized and cytosol-mimetic environment of protocells. Spatial 

organization was facilitated by 14-3-3 scaffold proteins as localization signaling hubs. The 

phospho-regulated interaction of 14-3-3 with functional protein partners provided a robust and 

reversible central mode-of-action for signal transduction in protocells. Successful signal 

transduction of a three-enzyme cascade was validated in buffer. Incorporation of a two-enzyme 

derivative of the cascade inside the coacervates showed intact enzyme activity. Moreover, 

selective signal transduction in the interior of the coacervates was shown, as the cascade showed 

insensitivity towards enzymes excluded from the coacervates. Collectively, the interplay of 

phospho-regulated and scaffold-mediated signal transduction within the cytosol-mimetic 

environment of coacervates provided a robust basis for complex, responsive and programmable 

protocells. 

In this thesis, 14-3-3 scaffold proteins have been exploited as a central basis in the 

engineering of synthetic modules and elucidation of key parameters in protein complex assembly. 

Versatility in terms of modulation of its interaction with binding partners, variation in binding 

modes and rigid structure that allows modification makes 14-3-3 scaffold proteins valuable 

synthetic tools. Therefore, further application of these engineered platforms is envisioned to 

provide fundamental insight into the general functioning of 14-3-3 as well as the complexity of 

cellular signaling.  
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