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Nanoscale organization of protein 
interactions in cell signaling 

 

Interactions between catalytically active proteins involved in signal transduction pathways are 
coordinated in space and time by dedicated regulatory compartments and components. We 
review subcellular structures that contribute to the co-localization of signaling proteins, with a 
main focus on nanoscale spatial organization mediated by scaffolds and higher-order 
organizing centers. In addition, we highlight experimental and theoretical synthetic biology 
approaches that attempt to unravel the general mechanistic principles behind nanoscale 
organization in cell signaling via a modular, bottom-up approach. 

 

 

 

Part of this work has been published:  
A. den Hamer*, B.J.H.M. Rosier*, L. Brunsveld, T.F.A. de Greef, Protein scaffolds and higher-
order complexes in synthetic biology. Synthetic biology 2, 65–96 (Royal Society of Chemistry, 
Cambridge, UK, 2018). 

* These authors contributed equally.  
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Introduction 
The cell is the basic unit of life, varying in size but generally with a diameter in the 

range of 1–50 µm. Each cell is bounded by a membrane and structured by the 

cytoskeleton, and contains essential molecules like DNA, RNA, lipids, carbohydrates, 

and proteins (Figure 1.1). Bacteria such as Escherichia coli consist of exactly one cell, 

while humans comprise of approximately 1013 cells that are organized in tissues and 

organs1. The diverse array of human cell structures and functions illustrates the 

complexity of the processes they orchestrate: muscle cells generate macroscale 

movement by contraction of protein myofibrils upon electrical stimulation; red blood 

cells transport oxygen molecules from the lungs to other tissues; white blood cells 

control the immune system by sensing and responding to foreign objects such as 

bacteria2. 

 

 
 
Figure 1.1 | Cell shape and movement, directed by the cytoskeleton. a, Immuno-
fluorescence image of the actin structure (red) in an epithelial cell infected by vaccinia virus 
(green). Actin monomers polymerize into dynamic, micrometer-sized filaments that determine 
cell shape and mobility (dashed rectangle). Here, virus particles attach to the cell membrane 
from the outside and recruit actin filaments to induce transport to-and infection-of other cells 
(arrow). Reprinted from Welch and Way3. Copyright (2013), with permission from Elsevier. 
Scale bar, 10 µm. b, Fluorescence images of the different stages of mitosis in fixed lung cells, 
illustrating the role of microtubules: (1) microtubule spindle fibers (green) envelop the nucleus, 
(2) centrosomes (arrows) move towards opposite poles, (3) microtubules separate the 
chromosomes (blue) into daughter cells (arrows). Adapted from Rieder and Khodjakov4. 
Reprinted with permission from AAAS. Scale bar, 10 µm. 
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A common modus operandi in these processes is the continuous exchange of 

molecular information: an extracellular stimulus triggers chemical reactions within 

the cell, evoking an intracellular response or generating an output signal that in turn 

is transmitted back to the environment. Cells have developed dedicated signaling 
pathways that implement sensing, transduction, and processing of distinct molecular 

cues. In these complex networks catalytically active proteins are the key players, with 

the chemical reactions and interactions between them facilitating the flow of 

information. Pathways generally rely on the specific interplay between tens of 

different proteins—often in strict sequence or hierarchy—which is a challenging task 

considering the crowded nature of the cell, with the total number of proteins in a 

single cell in excess of 109 1. 

Robust signal transduction can only be achieved when the right components are 

in the right place at the right time. In this chapter we review mechanisms of 

intracellular organization on both the micrometer and nanometer scale and discuss 

how regulation of this organization enables efficient signal transduction. Chiefly, we 

will highlight recent insights into nanoscale organization of signaling proteins 

mediated by scaffolds and higher-order organizing centers. Rather than describing 

these complex multicomponent systems in full detail, we focus on the underlying 

mechanistic principles. By emphasizing both experimental and theoretical strategies, 

we discuss how a combined synthetic biology approach, based on the bottom-up 

construction of re-engineered or synthetic organizing platforms, can not only 

reproduce cell signaling events, but can also facilitate in uncovering the general 

working principles behind localized protein interactions in intracellular signaling. 

Organizing cell signaling 
A signaling pathway generally consists of receptors in the cell membrane, catalytically 

active signaling components, regulatory components, and downstream effectors. The 

exchange of molecular information between these components is typically manifested 

through protease activity, guanosine triphosphatase (GTPase) activity, or covalent 

post-translation modifications such as phosphorylation, ubiquitination, and 

acetylation5. Components are often shared between different pathways, leading to 

complex systems of interconnected networks. In order to obtain a high degree of 

control over the flow of information, spatial coordination of interacting components 

is implemented in a variety of forms and on different length scales (Figure 1.2). 
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Figure 1.2 | Schematic overview of relevant subcellular structures for the co-localization 
of signaling proteins. Spatial organization of weakly interacting signaling components occurs 
via direct functional protein-protein interactions, by nanoscale assembly on well-defined 
scaffolds or open-ended structures, and through compartmentalization in micrometer-sized 
organelles with or without a clearly defined membrane. 

For example, individual proteins have evolved to self-associate, forming dimers or 

homotypic oligomers in order to improve stability, to facilitate regulation, or to 

establish an active or inactive catalytic state6,7. The physical isolation of proteins from 

the densely packed intracellular space is achieved by sequestering in organelles and 

vesicles (Figure 1.3a,b). These micrometer-sized structures are bounded by a lipid 

membrane and therefore require active transport for molecules to move in and out8,9. 

In contrast, membrane-less organelles assemble as liquid-liquid phase-separated 

droplets, allowing rapid exchange of components with the surrounding cytoplasm 

(Figure 1.3c,d). Multivalent macromolecular interactions regulate the molecular 

composition of these structures and control dynamic internal rearrangements10,11. 

Similarly, receptor clustering in fluid-like lipid membranes is induced by ligand 

binding, and can range from homodimerization to the formation of large-scale 

signaling clusters12–14. 

Although microscale compartments can direct subcellular localization and 

increase the local concentration of their constituents, some of the more complex 

aspects of signal transduction are coordinated on the nanoscale. In recent years, 

dedicated organizing platforms have emerged as the primary regulators of cell 

signaling, and can be classified into two categories: (1) proteins consisting of modular 

domains that act as scaffolds for the tethering of a discrete number of signaling 

components through specific recognition domains19, and (2) higher-order multi-

protein complexes functioning as supramolecular organizing centers (SMOCs) onto 

which a number of weakly interacting proteins can be co-localized and activated20,21. 

In the remainder of this chapter, we will focus on the nanoscale organization of 
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protein interactions in signaling pathways mediated by both types of platforms. We 

acknowledge the important role of spatial organization in the regulation of metabolic 

pathways, in which natural and synthetic enzymatic cascades are used to control the 

sequential conversion of small-molecule metabolites for energy production22–27. Here, 

we distinguish these metabolic processes from signal transduction pathways—which 

rely on direct protein-protein interactions for the transfer of information—and focus 

solely on the latter. 

 

 
Figure 1.3 | Subcellular compartmentalization in organelles with a membrane (a,b) and 
without (c,d). a, Electron micrograph of endocrine cells (adrenal chromaffin cells) containing 
synaptic vesicles, which are involved in the release of catecholamines such as adrenaline 
through exocytosis. Reprinted from Pinheiro et al.15, under Creative Commons license CC BY-
NC-SA 3.0. Scale bar, 1 µm. b, Electron micrograph of mitochondria in rat liver cells, depicting 
the structure of the folded inner membrane. In this study, the location of lactate dehydrogenase 
was visualized using gold nanoparticles (black dots). Reprinted from Brooks et al.16. Copyright 
(1999), National Academy of Sciences. Scale bar, 500 nm. c, Merged fluorescence image 
depicting various membrane-less organelles inside the nucleus (dashed line), including PML 
bodies (green), germ granules (yellow), and nucleoli (red). Reprinted from Nott et al.17, under 
Creative Commons license CC BY 4.0. Scale bar, 10 µm. d, Fluorescence images of the liquid-
like behavior and coalescence of membrane-less P granules. Nucleus (Nucl.), dashed line. 
Adapted with permission from Brangwynne et al.18. Reprinted with permission from AAAS. 
Scale bar, 5 µm. 

Scaffold proteins 
Scaffold proteins are essential regulatory components in most signaling pathways, and 

typically consist of multiple modular domains that act as tethering elements for 

catalytically active pathway components5,19,28. These highly conserved domains consist 

of less than 100 amino acids and can be categorized based on their recognition motifs: 

SH2 and PTB domains recognize phosphorylated tyrosine residues, SH3 and WW 

domains recruit proline-rich motifs, while PDZ domains bind to specific C-terminal 

motifs (refer to the end of this chapter for an overview of protein nomenclature)29. 

Scaffolds in the Crk family, discovered in 1988 as one of the first scaffold proteins in 
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signaling30, consist of one SH2 and two SH3 domains and are involved in tyrosine 

kinase signaling for cell proliferation, cell migration, and apoptosis31. Nck scaffolds 

consisting of one SH2 and three SH3 domains are also involved in tyrosine kinase 

signaling, but control reorganization of the actin cytoskeleton32. The PSD-95 scaffold 

contains three PDZ domains and one SH3 domain and directs communication at cell-

cell signaling junctions19. This suggests that interchanging the number and order of a 

small set of recognition modules that coordinate interactions between relevant 

signaling components represents an elegant mechanism for the production of a variety 

of intracellular responses33. 

To illustrate scaffold modularity, Ryu and Park investigated replacement of the 

native Ste5 scaffold in yeast cells with a synthetic variant34. The role of the Ste5 

scaffold in the yeast mating response is well understood, functioning as a docking 

platform for membrane localization and the sequential phosphorylation of three 

tethered kinases belonging to the MAPK pathway (Figure 1.4a)35. An engineered 

scaffold, consisting of a membrane-targeting domain coupled to multiple PDZ domain 

modules, was able to recruit MAP kinases tagged with a PDZ-targeting motif and 

achieve a similar mating efficiency as the wildtype Ste5 scaffold (Figure 1.4a). In other 

studies, re-engineering of scaffold connectivity enabled the rewiring of signaling 

pathways to respond to a non-native input36 or to switch the input-output relationship 

between different pathways37,38. These works demonstrate that one of the overarching 

functions of scaffold proteins is the tethering of relevant signaling components, while 

domain modularity permits rewiring of input-output responses. 

Although co-localization of signaling components seems to be their primary 

function, recent work has revealed that scaffold proteins play an active regulatory role 

in shaping signal response dynamics19. Direct modification of the scaffold via feedback 

phosphorylation or other modifications can result in subcellular localization to the 

cell membrane, or in conformational changes that inhibit or promote component 

binding. As such, scaffolds are able to precisely coordinate the spatiotemporal 

response characteristics of signaling events19,40. This can be important for major cell 

fate decisions like differentiation and mating, which require the conversion of a 

continuous input stimulus into a switch-like, all-or-nothing result, whereas other 

signaling events require a more graded response41. 
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Figure 1.4 | Synthetic scaffolds to investigate fundamental regulatory mechanisms. a, In 
the MAPK signaling pathway in yeast, the Ste5 scaffold is recruited to the cell membrane upon 
stimulation of GPCRs by α-factor, resulting in the co-localization and serial phosphorylation of 
the kinases Ste11, Ste7, and Fus3. Replacing the Ste5 scaffold by a synthetic version consisting 
of a membrane targeting domain (MTD) and a varying number of PDZ domains, resulted in 
recruitment of target peptide-tagged (TP) kinases and a faithful mating response upon 
induction by galactose (compare green bars with the wildtype, gray). Adapted with permission 
from Ryu and Park34. Reprinted with permission from AAAS. b, Synthetic signaling nodes 
consisting of a catalytically active N-WASP domain (output) with single or multiple N-terminal 
SH3 domains and C-terminal SH3 ligands. The responsive can be tuned from graded to 
ultrasensitive by varying the number of autoinhibitory SH3 domains and ligands. Labels: nH, 
Hill coefficient; Kact, input concentration for half-maximal activation. Adapted by permission 
from Springer Customer Service Centre GmbH: Springer Nature, Nat. Biotechnol. Dueber et 
al.39, copyright (2007). 

To demonstrate that the multidomain architecture of scaffolds enables complex 

response behavior, Dueber et al. engineered synthetic signaling nodes that produce 

either a graded or ultrasensitive output depending on the number of intramolecular 

interactions39. The nodes consisted of a catalytically active N-WASP domain and a 

varying number of autoinhibitory modules based on the SH3 domain (Figure 1.4b). 

The degree of ultrasensitivity in the input-output response could be tuned, resulting 

in a Hill coefficient of 1.0 for a single autoinhibitory domain to 3.9 for five domains 

(Figure 1.4b). A similar system based on the N-WASP domain was used to engineer a 

library of signaling nodes displaying higher-order behaviors, including allosteric logic-

gated switches and antagonistic switches that control actin polymerization42. 

Alternatively, synthetic variants of the Ste5 scaffold coupled to leucine zippers were 

used to reshape the output signal of the MAP kinase pathway, resulting in 

ultrasensitive behavior, tunable adaptation, and accelerated or delayed response 
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times43. These studies confirm that synthetic or re-engineered scaffolds allow for the 

interpretation of the different regulatory mechanisms behind scaffold-mediated 

spatial organization in cell signaling. In turn, the resulting theoretical framework of 

modular molecular algorithms facilitates classification of native signaling pathways33. 

Supramolecular organizing centers 
The signaling pathways of the innate immune system function to protect the host 

organism by recognizing and responding to the molecular patterns associated with 

invading pathogens, such as bacteria and viruses44. Investigation into the proteins 

involved in innate immunity revealed that most contain one or more death domain 

(DD) modules flexibly tethered to the catalytic unit45. Recent work in the laboratory 

of Hao Wu demonstrated that activation in most innate immune signaling pathways 

is induced by helical assembly of DD motifs into higher-order oligomeric structures 

with a defined stoichiometry, mediated by a conserved set of homotypic 

interactions46.  

For example, stimulation of Toll-like receptors results in proximity-induced 

activation of inflammatory kinases on the myddosome, a 6:4:4 complex between the 

recruiter protein MyD88 and the DD domains of the kinases IRAK4 and IRAK2, 

respectively (Figure 1.5a)47. Similarly, oligomeric signaling complexes initiate 

activation in both the extrinsic and intrinsic apoptotic signaling pathways. The 5:5 

Fas-FADD complex forms part of the death-inducing signaling complex responsible 

for caspase-8 activation48, while the sevenfold-symmetric apoptosome induces a DD 

domain-based helical assembly for proximity-induced dimerization of caspase-9 

(Figure 1.5b)49.  

The helical symmetry of DD domain assembly can also lead to the formation of 

open-ended filamentous structures containing thousands of signaling components20. 

For example, nucleation by the death-inducing signaling complex induces 

polymerization of the DD-related DED domains of caspase-8, causing proximity-

induced dimerization of the catalytic domains53. Similarly, assembly of well-defined 

oligomeric inflammasomes such as NLRP352,54 and NLRC451 triggers assembly of DD 

domain-containing ASC filaments and caspase-1 filaments (Figure 1.5c). Distinctly 

different from the organization by modular scaffold proteins, both types of higher-

order signaling complexes form the basis of supramolecular organizing centers 

(SMOCs) and provide an exciting new platform for controlling and regulating 

proximity-induced activation of signaling components20,21. 
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Figure 1.5 | Signalosomes and supramolecular organizing centers (SMOCs). a, Activation 
of Toll-like receptors induces the formation of TIR-domain filaments (shown in the cryo-EM 
micrograph), onto which the myddosome assembles with fixed stoichiometry between the 
adapter MyD88, and kinases IRAK4 and IRAK2. Proximity-induced (auto-)phosphorylation of 
the kinase domains induces the downstream response. Adapted by permission from Springer 
Customer Service Centre GmbH: Springer Nature, Nat. Struct. Mol. Biol. Ve et al.50, copyright 
(2017). Scale bar, 200 nm. b, In the intrinsic apoptotic pathway, the sevenfold-symmetric 
apoptosome assembles upon release of cytochrome c by the mitochondria. Recruitment of 
multiple caspase-9 through CARD-CARD interactions results in proximity-induced 
dimerization of the catalytic domains, inducing downstream activation leading to apoptosis. 
Cryo-EM micrograph depicts human apoptosomes, including two representative class averages. 
Adapted from Li et al.49. Scale bar, 50 nm. c, In the NLRC4 inflammasome, the 11-bladed NLRC4 
disc nucleates the assembly of open-ended ASC filaments, which in turn promote formation of 
caspase-1 filaments. Proximity-induced dimerization of caspase-1 catalytic domains induces the 
downstream response. Cryo-EM micrographs depict the NLRC4 disc (left, with two 
representative class averages), and a central ASC filament (arrow) with multiple caspase-1 
filaments (right). Adapted from Zhang et al.51 (reprinted with permission from AAAS) and Lu et 
al.52 (copyright (2014), with permission from Elsevier). Scale bars, 50 nm. Protein cartoons were 
prepared based on reported molecular structures, PDB IDs 3JBL and 3J63 (a), 3MOP and 2NRU 
(b), and 1JXQ and 5YUG (c). 

To demonstrate that the fundamental principle behind SMOC-based signaling 

involves oligomeric recruitment of catalytic effector proteins to a modular organizing 

center, Tan and Kagan investigated the signaling flexibility of several SMOCs using a 

synthetic biology approach55. The myddosome is a kinase-activating SMOC that 

regulates expression of inflammatory cytokines such as TNFα (Figure 1.6a). On the 

other hand, the STING-based signalosome is a SMOC that upregulates interferon 

expression by promoting downstream transcription factors. Genetic fusion of a 
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STING-targeting phosphorylation motif to the myddosome adapter MyD88 resulted 

in rewiring of the input of the myddosome to generate a STING-associated output 

(Figure 1.6a).  

In a different approach, Bugaj et al. constructed a synthetic signalosome that 

activates the canonical Wnt signaling pathway in mammalian cells in response to blue 

light56. In the native Wnt pathway, phosphorylation of LRP6 induces protein 

clustering and signalosome formation. A fusion construct between LRP6 and Cry2—

a light-sensitive protein that oligomerizes to form nuclear bodies in plant cells—

resulted in dynamic assembly and dissolution of LRP6 clusters and corresponding 

downstream pathway activation (Figure 1.6b). This study also highlights a possible 

connection between the defined nanoscale interactions in SMOCs and the formation 

of microscale phase-separated protein clusters57. 

 
Figure 1.6 | Synthetic biology approaches to probe the function of SMOCs in signaling 
pathways. a, The wildtype myddosome assembles upon stimulation of various extracellular 
stimuli (e.g. LPS, P3C, and R848) through the MyD88 adapter protein, leading to upregulation 
of TNFα (left graph, gray bars). Fusing of the short  pLxIS peptide motif (red) to MyD88 results 
in recognition by STING adapters, inducing parallel assembly of the STING inflammasome and 
downstream production of IFNβ (right graph, black and blue bars). Adapted with permission 
from Tan and Kagan55. Copyright (2019), with permission from Elsevier.  Label: CTRL, no input. 
b, In plant cells, Cry2 forms membrane-less protein clusters in response to blue light. 
Fluorescence images shows the development of micron-sized Cry2 domains in a cell. 
Measurement of the number of clusters over time illustrates fast dissolution after 
photostimulation, with a decay constant (τ) of 5.4 ± 0.4 min. Fusion of Cry2 with the C-terminal 
domain of LRP6 (LRP6c) results in oligomerization and the assembly of the LRP6 signalosome, 
initiating the β-catenin pathway. Reprinted by permission from Springer Customer Service 
Centre GmbH: Springer Nature, Nat. Methods Bugaj et al.56, copyright (2013). Scale bar, 20 µm. 

Taken together, these recent results suggest that SMOCs integrate both discrete 

and open-ended nanoscale organization to construct complex, multicomponent 

signaling machines capable of displaying higher-order behavior. In case of the 
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myddosome, open-ended filaments recruit stoichiometric signaling complexes. 

Inversely, well-defined oligomeric complexes—such as the NLRC4 disc or the Fas-

FADD complex—serve as nucleators for the assembly of open-ended filaments. The 

kinetic and thermodynamic characteristics of nucleated polymerization could result 

in temporal or dose-dependent thresholding or a delayed response time, acting as a 

buffer for stochastic signal variation20. In addition, recruitment of a large number of 

catalytically active signaling proteins from a small oligomeric seed might promote 

signal amplification, while cooperativity in filamentous assembly could result in 

ultrasensitive responses20,21. 

Mathematical models and simulations 
The common occurrence of scaffolds and SMOCs across all cellular processes suggests 

the existence of a unifying set of design principles governing their function33. 

Although on a fundamental level serving as oligomerizing platforms for the passive 

tethering of proteins, they accomplish additional regulatory functions, including 

signal amplification, prevention of crosstalk, and inhibitory or stimulatory feedback 

mechanisms that shape response dynamics40. Mathematical models and computer 

simulations can be employed as powerful tools to isolate and quantify the higher-

order functions arising from nanoscale tethering of signaling components58–60. 

In 1997, Bray and Lay were one of the first to address the effect of spatial 

organization of multi-enzyme assemblies using computational methods, describing 

an inhibitory effect on protein complex formation when one of the components is in 

excess61. For scaffolded protein cascades this effect is referred to as combinatorial 

inhibition, and implies that signal output is described by a bell-shaped curve with an 

optimal scaffold concentration at which the amplitude of the output is maximal62. 

Computational work based on an ordinary differential equation (ODE) model of the 

MAP kinase pathway described non-cooperative tethering of kinases to a scaffold 

using biologically relevant parameters, and predicted an optimal scaffold 

concentration in the same range as the kinase concentrations63. These results were 

later corroborated by minimalist analytical models64,65 and confirmed by in vivo 

experimental studies in yeast66.  

Because the MAPK kinase pathway is well-described experimentally, it has been 

employed as a model system in various other theoretical studies67. For example, a 

quantitative rule-based model was used to investigate the dynamic range of scaffold-

based MAPK signaling68, while three-dimensional Monte-Carlo simulations 

illustrated that negative feedback by inhibiting phosphatases can strongly affect and 
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even attenuate signal amplification69. An important feature of the MAPK kinase 

pathway, and of signaling pathways in general, is the ability to produce a switch-like, 

all-or-nothing response from a graded input signal. In yeast cells, the MAPK pathway 

produces such an ultrasensitive response upon secretion of the α-factor pheromone 

by neighboring cells to induce mating. Malleshaiah et al. employed an ODE model to 

comprehensively describe the interactions between the Ste5 scaffold with its cognate 

kinases and regulatory phosphatase Ptc1 (Figure 1.7a)41. The model suggested that a 

two-stage binding process of the competing Fus3 and Ptc1 to the Ste5 scaffold results 

in a switch-like release of Fus3 from the scaffold, inducing the downstream mating 

response as observed in experiments. Upon binding to the scaffold, the enzymes 

operate at locally saturated conditions to phosphorylate (Fus3) and dephosphorylate 

(Ptc1) the four phosphosites on Ste5, which gives rise to robust zero-order 

ultrasensitivity (Figure 1.7a)41. Taken together, these studies demonstrate that 

computational models can be employed to distinguish and separate the distinct 

functions of scaffolds in phosphorylation-based signaling pathways. 

 

Figure 1.7 | Mathematical models describing co-localization of catalytically active units. 
a, In the Ste5-scaffolded MAPK pathway, release of activated Fus3 from Ste5 proceeds in an 
ultrasensitive, switch-like fashion and is regulated by phosphorylation (by Fus3 kinase) and 
dephosphorylation (by α-factor-activated phosphatase Ptc1) of four phosphosites (PS) on Ste5. 
A two-stage binding model revealed that the competition between locally saturated tethered 
Fus3 and Ptc1 results in an ultrasensitive response to α-factor stimulation with a Hill coefficient 
of approximately 6. Adapted from Ryu and Park34 (reprinted with permission from AAAS) and 
by permission from Springer Customer Service Centre GmbH: Springer Nature, Nature 
Malleshaiah et al.41, copyright (2010). b, Schematic overview of the catalytic behavior of 
multivalent dendrimers En functionalized with n zinc-based units. Substrate (S) binding to a 
catalytic site composed of two identical units results in product formation (P). The number of 
available catalytic sites is larger for E4 dendrimers, although the effect vanishes upon substrate 
saturation. Adapted with permission from Zaupa et al.70. Copyright (2008), American Chemical 
Society. 
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While ODE models are useful to describe nanoscale tethering of signaling 

components, they require the explicit definition of mechanistic details, which are 

often unknown for pathways involving many components and interactions. As an 

alternative, general mathematical frameworks have been developed that allow 

formulation of helpful analytical expressions, providing a conceptual understanding 

of the role of nanoscale organization in signaling pathways. For example, the 

consequences of flexible tethering for protein receptor-ligand interactions were 

examined using a statistical mechanical approach71. Mathematical models of crosstalk 

between basic signaling networks were analyzed to derive analytical expressions for 

pathway specificity and pathway fidelity72,73. Finally, the fundamental mechanisms 

causing ultrasensitivity in signaling pathways, such as multisite phosphorylation, 

feedforward regulation, and stoichiometric inhibition, were analyzed in a quantitative 

theoretical setting74. 

To date most theoretical studies have concentrated on signaling systems that 

involve spatial organization of a discrete set of components, such as the Ste5 scaffold 

in the MAPK kinase pathway. In contrast, SMOC-based signaling deals with open-

ended structures that coordinate a large number of components into oligomeric 

clusters. Although no detailed theoretical studies on SMOCs have been performed, we 

envision that ideas and principles from other disciplines can be applied to further the 

understanding of the spatiotemporal characteristics of SMOC-based protein 

assembly. For instance, nucleated polymerization of helical assemblies such as ASC 

and TIR-domain filaments (part of the inflammasome and myddosome, respectively) 

might be assessed by theoretical models developed for natural and synthetic one-

dimensional supramolecular polymers75,76.  

Additionally, theoretical models describing multivalent receptor-ligand binding 

could be employed to understand the effects of co-localization of multiple copies of 

catalytically active proteins in SMOCs77,78. For example, a study by Zaupa et al. 

investigated the activity enhancement observed in enzyme-like zinc-based catalysts 

functionalized onto dendrimers70. Although a fully catalytically active site forms upon 

dimerization of two catalytic units (Figure 1.7b), experimental results revealed that 

higher-generation dendrimers displayed a markedly increased product formation. A 

detailed ODE model based on Michaelis-Menten kinetics demonstrated that the co-

localization of multiple catalytic units results in a statistical increase in the number of 

catalytic sites which leads to an increase in product turnover without changing the 

intrinsic properties of the individual catalysts (Figure 1.7b). Applied to SMOC-based 
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signaling, this principle could provide a possible regulatory mechanism for the higher-

order assembly of many copies of catalytically active signaling enzymes such as 

proteases and kinases, whose activity is often fully reconstituted upon dimerization. 

Aim and thesis outline 
Investigations into the molecular determinants behind spatial organization in cell 

signaling has been challenging due to the large number of components and 

interactions, which are often shared between multiple pathways. Scaffold proteins and 

SMOCs function as nanoscale organizing platforms to enable proximity-induced 

enzymatic activation of co-localized proteins, such as proteases and kinases. As 

highlighted in this chapter, the conserved protease family of caspases represent an 

important class of catalytically active signaling components involved in processes 

connected to inflammation and cell death79,80. Although the precise mechanisms of 

activation, inhibition, and regulation diverge, caspases commonly exist as inactive 

monomers until dimerization is induced by recruitment to scaffold proteins and open-

ended filamentous organizing centers (Figure 1.5). Both in vivo and in vitro synthetic 

biology approaches involving modular protein-based structures have been successful 

in addressing certain aspects of spatial organization in caspase activation and cell 

signaling in general, but control over the number, position, and relative orientation of 

tethered components remains limited.  

The field of DNA nanotechnology applies the programmability and predictability 

of DNA hybridization for the construction of well-defined nanostructures with 

absolute control over the number and orientation of tethered molecules. Therefore, 

the general aim of this thesis is to employ DNA origami nanostructures as modular 

organizing platforms for the nanoscale assembly of molecular components related to 

cell signaling. Specifically, we pursue the bottom-up construction of a DNA origami-

based synthetic apoptosome for the nanoscale organization of caspase-9 enzymes, and 

aim to shed light on the regulatory mechanisms behind proximity-induced enzymatic 

activation. 

Chapter 2 introduces the DNA origami technique for the assembly of well-defined, 

pre-programmed nanoscale structures. A compact overview of relevant literature 

describes advances in the field and highlights important applications. Subsequently, 

the design, construction, characterization, and functionalization of the 75×100-nm2 

rectangular DNA origami nanostructure used throughout this thesis, is described. 

Co-localization of interacting proteins onto DNA origami nanostructures requires 

synthesis of well-defined DNA-protein conjugates. Chapter 3 delineates a strategy for 
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the site-specific synthesis of a pure and active conjugate between caspase-9 and a 

single oligonucleotide by genetic incorporation of the non-natural amino acid p-

azidophenylalanine using amber stop codon suppression. The bio-orthogonal azide 

moiety allows site-specific and stoichiometric functionalization with oligonucleotides 

via copper-free click chemistry. The expression and conjugation of both enhanced 

green fluorescent protein (EGFP) and the protease caspase-9 is described. 

In the intrinsic apoptotic pathway, up to four caspase-9 monomers are recruited 

to the apoptosome resulting in enzyme activation through proximity-induced 

dimerization. Chapter 4 details the assembly and characterization of two-enzyme 

caspase-9 DNA nanostructures to investigate DNA-mediated activation of caspase-9. 

A combined experimental and theoretical approach establishes that enzyme activity 

is generated by proximity-induced, distance-dependent dimerization with 

asymmetric, half-of-sites reactivity. 

In Chapter 5, this approach is extended with the construction of synthetic variants 

of the apoptosome containing multivalent caspase-9 configurations. Experimental 

evidence illustrates that three- and four-enzyme clusters give rise to enhanced activity 

compared to two-enzyme configurations. A detailed thermodynamic model ascribes 

this effect partly to a statistical increase in the number of catalytically active caspase-

9 dimers in the system. 

For large, complex proteins involved in cell signaling such as antibodies, cell 

receptors, and multi-domain regulatory proteins, DNA-protein conjugation via 

genetic re-engineering is not a viable option. Chapter 6 outlines a site-selective 

method for the conjugation of native antibodies and Fc-fusion proteins via a 

photocrosslinkable adapter protein. Structural characterization and cellular binding 

studies indicate that the protein-DNA conjugates can be incorporated onto DNA 

origami nanostructures while retaining target binding affinity. 

Chapter 7 describes the templated self-assembly of synthetic one-dimensional 

supramolecular polymers on DNA origami nanostructures. Structural 

characterization and time-resolved fluorescence measurements demonstrate dynamic 

assembly and exchange of functional monomers. Combining the modularity of DNA 

nanostructures with the adaptive behavior of supramolecular polymers opens up new 

possibilities for studying natural and synthetic dynamic molecular systems. 

Abbreviations 
DNA, deoxyribonucleic acid; RNA, ribonucleic acid; GTPase, guanosine triphosphatase; PML 
bodies, promyelocytic leukemia protein-based bodies; SMOC, supramolecular organizing 
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center; SH2 and 3, Src homology 2 and 3 domains; PTB, phosphotyrosine binding domain; WW, 
tyrosine-tyrosine domain; PDZ, protein domain from PSD-95, Dlg1 and zo-1; Crk, CT10 
regulator of kinase; Nck, non-catalytic region of tyrosine kinase; PSD-95, postsynaptic density 
protein 95; Ste5, 7, and 11, Sterile 5, 7, and 11; MAPK, mitogen-activated protein kinase; GPCR, 
G-protein coupled receptor; Fus3, cell fusion defective 3; MTD, membrane-targeting domain; 
N-WASP, neuronal Wiskott–Aldrich Syndrome protein; DD, death domain superfamily; 
MyD88, myeloid differentiation primary response 88; IRAK2 and 4, interleukin-1 receptor-
associated kinases 2 and 4; Fas, FS-7-associated surface antigen; FADD, Fas-associated death 
domain protein; TIR, Toll/interleukin-1 receptor; CARD, caspase recruitment domain; NLRC4, 
NLR family CARD domain-containing 4; ASC, apoptosis-associated speck-like protein 
containing a CARD; DED, death-effector domain; NLRP3, NLR family pyrin domain-containing 
3; TNFα, tumor necrosis factor α; STING, stimulator of interferon genes protein; LRP6, LDL 
receptor-related protein 6; Cry2, cryptochrome circadian regulator 2; LPS, lipopolysaccharides; 
P3C, Pam3CSK4; R848, resiquimod; IFNβ, interferon β; Ptc1, phosphatase type Two C 1. 
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An introduction to the DNA origami 
method 
 

 

 

DNA origami-based nanostructures are constructed by co-assembly of a long scaffold strand 
with approximately 200 short staple strands that direct the three-dimensional folding path of 
the scaffold into a discrete nanoscale structure. In this chapter, we provide a brief overview of 
the scaffolded DNA origami technique, including key structural advances and major 
applications involving biologically relevant proteins. We then demonstrate the design and 
characterization of a 75×100-nm2 single-layer DNA origami rectangle that is used throughout 
the rest of this thesis, and show how the nanostructure can be site-specifically functionalized 
with fluorophores and proteins. 
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Introduction 
The in vitro investigation of specific interactions between spatially co-localized 

biomolecules such as proteins, requires a stable, well-defined, and uniquely 

addressable synthetic scaffold. In this chapter, we introduce DNA origami 

nanostructures as effective synthetic organizing platforms for the precise nanoscale 

organization of biomolecules. First, we briefly review the concept of the scaffolded 

DNA origami technique and the structural advances and key applications that were 

achieved over the last 13 years. Second, we describe the design, the self-assembly, and 

the functionalization of the 75×100-nm2 single-layer DNA origami rectangle that is 

used throughout this thesis. As such, this chapter serves as an introductory guide to 

DNA origami, including an overview of milestone studies, topical reviews for further 

reading, and a basic experimental workflow. 

Scaffolded DNA origami 
The elucidation of the molecular structure of deoxyribose nucleic acid (DNA) in 19531,2 

has led to a detailed understanding of how DNA serves as the biological hard drive of 

the cell, enabling storage and distribution of instructions for the functioning of all 

known organisms. The DNA double helix forms through the antiparallel assembly of 

two long DNA strands, instructed by specific pairing of the nucleobases adenine (A) 

and thymine (T), and guanine (G) and cytosine (C), respectively. All genetic 

information is encoded—equally in both DNA strands—with this four-base alphabet 

and used as the molecular blueprint for regulation of cellular processes and the 

fabrication of proteins, enzymes, and other components.  

In 1980, Ned Seeman launched the field of DNA nanotechnology by realizing that 

base pairing between two complementary strands of DNA can also be used as a 

construction motif for the assembly of DNA-based nanomaterials3,4. Synthetic 

oligonucleotides were designed to form branched structures that are connected 

through the base pairing of single-stranded recognition sites called sticky ends5. 

Relying solely on the sequence information of specifically designed short synthetic 

strands of DNA, this approach has since allowed the bottom-up self-assembly of well-

defined nanostructures, such as cubes6, crystals7, and complex three-dimensional 

shapes8.  

Rothemund introduced the scaffolded DNA origami technique in 2006 and 

extended the field of DNA nanotechnology to enable the straightforward self-

assembly of DNA-based nanomaterials with arbitrary shapes9. The technique involves 
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folding of a long, circular, virus-derived scaffold strand into a well-defined shape 

instructed by approximately 200 short, synthetic staple strands that each connect 

separate parts of the scaffold together (Figure 2.1). Following standard Watson-Crick 

base pairing between scaffold and staples, the resulting structure is a compact, fully 

double-stranded DNA origami object, held together by crossovers that form bridges 

between adjacent helices (Figure 2.1). Initially, two-dimensional (i.e. consisting of a 

single layer of double helices) DNA origami objects were produced9,10, while soon 

after, the technique was extended to three dimensions11 including advanced features 

such as twist and curvature12,13, and wireframe meshing14,15 (Figure 2.2). A 

comprehensive overview of all structural advances made in the field of scaffolded DNA 

origami can be found elsewhere16–18. 

 
Figure 2.1 | General concept and molecular dimensions of the scaffold DNA origami 
technique. A DNA origami nanostructure consists of a long single-stranded circular scaffold 
folded by approximately 200 short synthetic staple strands. The staple strands are designed to 
bind to specific, distant parts of the scaffold via Watson-Crick base pairing. Slow thermal 
annealing from 90°C to room temperature leads to cooperative self-assembly into an arbitrary 
but pre-programmed shape. Labels: nt, nucleotide; bp, base pair; nm, nanometer. 
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Figure 2.2 | Overview of the structural advances in scaffolded DNA origami. In all panels, 
a schematic depiction of the DNA origami shape is shown, including an atomic force 
microscopy (AFM) (a,d) or electron microscopy (EM) image (b-f) and a single-particle 
reconstruction (b,f). a, Single-layer DNA origami smiley face. Reprinted by permission from 
Springer Customer Service Centre GmbH: Springer Nature, Nature Rothemund9, copyright 
(2006). Scale bar, 100 nm. b, Nanoscale box with controllable lid constructed by six single-layer 
DNA origami faces. Reprinted by permission from Springer Customer Service Centre GmbH: 
Springer Nature, Nature Andersen et al.10, copyright (2009). Scale bar, 34 nm. c, Three-
dimensional square-nut DNA origami object on a three-dimensional honeycomb lattice. 
Reprinted by permission from Springer Customer Service Centre GmbH: Springer Nature, 
Nature Douglas et al.11, copyright (2009). Scale bar, 20 nm. d, Lattice-free DNA origami 
nanoflask. Adapted from Han et al.13. Reprinted with permission from AAAS. Scale bar, 50 nm. 
e, Meshed DNA origami helix with pentagonal cross-sections. Reprinted by permission from 
Springer Customer Service Centre GmbH: Springer Nature, Nature Benson et al.14, copyright 
(2015). Scale bar, 50 nm. f, Wireframe DNA origami icosahedron. Adapted from Veneziano et 
al.15. Reprinted with permission from AAAS. Scale bar, 30 nm. 

In a DNA origami object, each of the ~200 staples has a unique sequence and a 

defined position within the structure, and is therefore individually addressable. As a 

result, one of the key features of DNA origami is the nanometer-scale control over the 

positioning of molecules attached to those staple strands. Programmable templating 

of a wide range of molecules, such as nucleic acids, peptides, proteins, small 

molecules, polymers, nanoparticles, and inorganic materials, onto nanoscale scaffolds 

with tailored geometry and function has sparked the implementation of DNA origami 

nanostructures in a variety of research fields. Applications, developments, and future 
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challenges of DNA origami-based nanotechnology have been extensively discussed in 

the literature16,17,19–23, including reviews with specific focus on materials science24, 

spatial organization of proteins25, biomedical applications26,27, and therapeutics and 

diagnostics28–30. Here, we will limit the discussion to selected applications of DNA 

origami for cellular targeting and protein organization. 

The precise control over the three-dimensional shape of nanostructures has 

inspired the development of DNA origami-based carriers for targeted in vivo drug 

delivery31–35. For example, Douglas et al. reported on a hollow, hexagonal barrel-like 

DNA origami nanorobot that is able to encapsulate a molecular payload targeting cells 

(Figure 2.3a)36. Opening and closing of the structure was achieved by use of a 

combination of aptamer-gated locks that respond to specific cellular cues. The DNA 

nanorobots were shown to deliver molecular payloads and stimulate cell-signaling 

pathways with high specificity in various cancer cell lines and lymphocytes. 

 
Figure 2.3 | Applications of DNA origami nanostructures in drug delivery and cell 
receptor targeting. a, Aptamer-gated nanorobot designed for targeted drug delivery. 
Transmission electron microscopy (TEM) micrographs show gold nanoparticle-loaded 
nanorobots before (left) and after (right) opening.  Adapted from Douglas et al.36. Reprinted 
with permission from AAAS. Scale bars, 20 nm. b, Nanocaliper (NC) for spatial clustering and 
activation of cell surface receptors. TEM micrographs show DNA origami cylinders with 0, 1, 
and 2 ephrin ligands at well-defined positions. Fluorescent images of cells stained for 
phosphorylated ephrin receptors (purple), actin (cyan), and nucleus (blue) after treatment with 
the indicated nanocalipers. Reprinted by permission from Springer Customer Service Centre 
GmbH: Springer Nature, Nat. Methods Shaw et al.37, copyright (2014). Scale bars for TEM, 20 
nm. Scale bar for fluorescent imaging, 10 µm. 

DNA origami-based platforms have also enabled the organization of proteins with 

nanometer precision. Accurate assembly on the order of 10-100 nm was initially 

demonstrated with model proteins such as streptavidin and fluorescent proteins38,39, 

but recently has allowed investigations into the effects of the spatial distribution of 

biologically relevant proteins, such as cell receptors and enzymes40–42. Shaw et al. 
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investigated presentation of multiple ligands targeting the Eph membrane receptors 

on a rigid DNA origami cylinder (Figure 2.3b)37. Cell receptor stimulation in breast 

cancer cells was found to be sensitive to nanoscale spacing of ligands on the DNA 

nanostructures, with two ligands separated by 40 nm resulting in a higher level of 

activation compared to two ligands at 100-nm spacing, or monovalent ligands (Figure 

2.3b).  

In an effort to create synthetic gene circuits with high specificity and low crosstalk, 

Masubuchi et al. constructed logic-gated DNA origami-based integrated genetic 

circuits (Figure 2.4a)43. A single-layer DNA origami rectangle was used to co-localize 

RNA polymerase with target genes for in situ transcription by the scaffolded 

polymerase, which was shown to reduce unwanted crosstalk from components in the 

bulk solution. Varying the distance between the polymerase and two competing target 

genes on the DNA origami platform allowed tuning of the expression levels of the two 

corresponding fluorescent proteins in a cell-free expression system (Figure 2.4a). 

 

Figure 2.4 | Applications of DNA origami nanostructures in spatial co-localization and 
single-molecule tracking of enzymes. a, Spatially co-localized gene circuit on a DNA origami 
platform, consisting of a T7 RNA polymerase (RNAP), and genes encoding for superfolder GFP 
(sfGFP) and mCherry. The AFM image shows a representative structure of the co-localized 
circuit. The production of both sfGFP and mCherry was followed over time by gel 
electrophoresis and bright-field imaging for gene circuits, in which the distance between RNAP 
and the sfGFP was varied. Reprinted by permission from Springer Customer Service Centre 
GmbH: Springer Nature, Nat. Nanotechnol. Masubuchi et al.43, copyright (2018). Scale bar, 50 
nm. b, DNA origami rotor-based imaging and tracking of DNA unwinding by RecBCD helicase. 
AFM images show four-armed DNA origami structures. Tracking of fluorescent dyes attached 
to the rotor arms allow plotting of rotor trajectories and the rotation angle (θ) with a time 
resolution of milliseconds. Reprinted by permission from Springer Customer Service Centre 
GmbH: Springer Nature, Nature Kosuri et al.44, copyright (2019). Scale bars, 100 nm. 
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Like RNA polymerase, many enzymes directly manipulate DNA in cellular 

processes such as transcription, replication, and DNA repair mechanisms. To study 

DNA rotation induced by enzyme processing, Kosuri et al. constructed a DNA 

origami-based rotor that tracks the real-time rotation of individual strands of DNA 

upon processing by an enzyme (Figure 2.4b)44. Amplifying the molecular movement 

with fluorescently labeled DNA origami nanostructures resulted in the time-resolved 

detection of single-base pair unwinding of the DNA, and revealed novel mechanistic 

details of genome-processing enzymes (Figure 2.4b). 

These applications demonstrate that DNA origami-based platforms can be 

employed as ideal scaffolds to study the nanoscale interactions between multiple 

biologically relevant proteins, although care must be taken to exclude unexpected 

effects—both detrimental and beneficial—on the performance of the system due to 

the presence of a large DNA surface45–47. In addition, while powerful in an in vitro 

setting, the full potential of DNA origami-based in vivo delivery vehicles will be 

realized when challenges related to immunogenicity and stability in physiological 

environments have been overcome48–51. 

Folding of a single-layer DNA origami rectangle 
Creating a DNA origami object involves (1) conceiving the desired geometric shape, 

(2) designing the scaffold path and staple layout, (3) performing folding reactions and 

optimizing the experimental conditions, and (4) purification and structural 

characterization. Once these initial steps are performed successfully the basic DNA 

origami structure can be modified and functionality can be introduced. To streamline 

the design process, Douglas et al. developed the computer-aided design software 

package caDNAno, in which routing of the scaffold, editing of the structure, and 

obtaining staple sequence information is straightforward52. Detailed protocols 

describing all steps in the design and fabrication of DNA origami are available in 

literature53–55.  

In this thesis, we adopt a 75×100-nm2 rectangular DNA origami structure based on 

the tall rectangle design as first reported by Rothemund9 and subsequently employed 

in original or modified form in other studies38,56–59 (Figure 2.5a). The advantages of 

using a single-layer structure are the relative simplicity of the scaffold-staple layout, 

the short preparation time (~2 hr) compared to other, more complex shapes (>24 hr), 

and the ability to position molecules of interest across a relatively large two-

dimensional surface area. The scaffold path starts at the bottom of the rectangle and 

fills the structure by winding upwards on the left-hand side before descending back 



Chapter 2 

28 

on the right-hand side, creating a seam along the middle of the structure (Figure 

2.5b). A snapshot of the design of the DNA origami rectangle in caDNAno, including 

the exact scaffold-staple layout, can be found in Supplementary Figure 2.1.  

 
Figure 2.5 | Structural design elements of the single-layer DNA origami rectangle. a, 
Schematic depiction of the DNA origami rectangle, a 32-helix, 75×100-nm2 single-layer 
structure. Double-stranded scaffold-staple DNA duplexes are abstracted to cylinders, indicated 
in gray. b, Front, top, and side views of the designed DNA origami rectangle. The insets show 
the path of the scaffold in the nanostructure, leading to DNA blunt ends on the longer side, a 
177-nt unused single-stranded loop at the bottom, and a seam along the middle 
(Supplementary Figure 2.1). c,d, Heat maps of the local structural flexibility of the 
nanostructure without (c) and with twist correction of 3 bp per helix (d), generated using the 
web-based finite-element modeling framework CanDo53,60. The colors indicate predicted local 
root-mean-square fluctuations (RMSF), from small (blue) to large (red). 

For single-layer structures like the DNA origami rectangle, staples are positioned 

such that they form alternating interhelix crossovers every 16 bp or roughly 1.5 helical 

turns (right bottom diagram; Figure 2.1), leading to an average DNA pitch of 

16/1.5≈10.67 bp/turn, which is slightly more than the natural pitch of ~10.5 bp/turn. 

This discrepancy leads to an underwinding of the DNA and a compensatory global 

right-handed twist12,61, as evidenced by finite-element modeling (Figure 2.5c). To 

correct for this, three evenly spaced base-pair deletions in each of the 32 helices were 

introduced, decreasing the crossover spacing at those points from 16 to 15 bp 
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(Supplementary Figure 2.1). Overall, this leads to an average pitch of 10.5 bp/turn 

matching the natural pitch of DNA, which resolves global twist resulting in a relatively 

flat structure (Figure 2.5d). In addition, the modeling results indicated that although 

the DNA origami rectangle exhibits moderate structural flexibility, especially at the 

edges, fluctuations in the center of the structure are small, which corresponds with 

reported experimental and theoretical results62,63. 

After completing the design, the unique sequences of all 192 staple strands were 

obtained via caDNAno, and ordered in 96-well plates through a commercial supplier 

(Supplementary Table 2.5). One-pot self-assembly of DNA origami involves addition 

of an excess amount of every staple strand to the scaffold strand in a buffer containing 

a calibrated concentration of divalent cations, typically Mg2+, to stabilize the repulsive 

electrostatic interactions between closely packed DNA helices (Figure 2.6a)11,55. 

Newly designed DNA origami structures require careful optimization of the folding 

conditions, i.e. the concentrations of mono- and divalent ions in the folding buffer, 

but here we used optimal values previously reported in literature (50 mM NaCl, 10 

mM MgCl2; see Experimental section). The 7,249-nt single-stranded viral DNA from 

the M13mp18 bacteriophage was used as the scaffold strand9, although both shorter 

and longer scaffold variants exist11,64,65. Typically, this strand is the most expensive 

component in the DNA origami process and requires isolation from phage-infected 

bacteria, but due to the rapid development of the field several scaffolds are now 

commercially available. Additionally, methods to efficiently produce large quantities 

of single-stranded scaffold strands have been reported65,66. Nevertheless, we 

demonstrated successful small-scale in-house production of single-stranded scaffold 

by M13mp18 phage infection of E. coli (see Experimental section and Figure 2.6b). 

After preparation of the one-pot reaction mixture, slow thermal annealing from 

90°C to room temperature resulted in the folding of DNA nanostructures. The 

thermodynamic and kinetic details of this highly cooperative process have been 

described in detail using both experimental and theoretical approaches67–71. After 

annealing the reaction mixture contains correctly folded DNA nanostructures, excess 

staples, and misfolded or aggregated DNA. Although a variety of purification methods 

are available, including gel extraction, rate-zonal centrifugation, and liquid 

chromatography, the most widely used methods are spin filtration using 100 kDa 

molecular weight cut-off membranes and polyethylene glycol (PEG) precipitation72,73. 

Agarose gel electrophoresis demonstrated that both purification methods resulted in 
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complete removal of all excess staples, affording folded DNA origami nanostructures 

with typical recovery yields of 50-80% (Figure 2.6c). 

 

 
Figure 2.6 | Experimental procedure for the one-pot folding of DNA origami. a, Schematic 
overview of the typical workflow. A ten-fold excess of each staple is added to 25 nM scaffold 
strand in 10 mM Tris, 1 mM EDTA, 50 mM NaCl, pH 8.0, supplemented with 10 mM MgCl2 to 
stabilize DNA-DNA interactions. Thermal annealing from 90°C to 20°C in 70 min leads to self-
assembly of the nanostructures, and subsequent purification removes excess staples. b, Image 
of agarose gel electrophoresis (1.5%, stained for DNA with SYBR Safe) of the M13mp18 
bacteriophage-derived scaffold strand, obtained from a commercial source (1) and produced in-
house by phage infection in E. coli (2). Label: la, reference ladder. c, Images of agarose gel 
electrophoresis (1.5%, stained for DNA with SYBR Safe) of DNA origami folding reactions 
purified by spin filtration (left) or PEG precipitation (right). The gel shift between single-
stranded scaffold and folded DNA origami is indicated by orange arrows. Labels: la, reference 
ladder; s, single-stranded scaffold. 

Next, structural integrity was examined using both atomic force microscopy (AFM) 

and transmission electron microscopy (TEM). High-resolution detection by AFM is 

usually performed by adsorbing DNA origami onto a mica substrate and using tapping 

mode in buffer supplemented with Mg2+-ions38, although AFM in air can also be 

used74. TEM imaging is usually performed by adsorbing DNA origami on standard 

TEM grids with negative-staining using uranyl acetate or formate11, although cryogenic 

electron microscopy has been used to obtain very high resolution images75. To 
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characterize the resolution of both techniques we imaged both the single-layer DNA 

origami rectangle and a three-dimensional 18-helix cylinder (Figure 2.7a).  

 

 

Figure 2.7 | Structural characterization of DNA origami nanostructures. a, Schematic 
overview of the modularity of the DNA origami technique. Folding of the same scaffold strand 
with two different staple sets can lead to different nanoscale shapes, such as a single-layer 
rectangle and an 18-helix cylinder. The design and folding of the cylinder was performed by ir. 
Glenn Cremers, based on reported literature37. b,c, Topographic AFM images (tapping mode in 
solution) of the rectangle (b) and the cylinder (c). Structural features of the DNA origami 
rectangle as shown in Figure 2.5b are indicated by white arrows in the zoomed image. Color 
bars indicate height scale. Scale bars, 100 nm (b) and 200 nm (c). d,e, Negative-stain TEM 
micrographs of the rectangle (d) and the cylinder (e). Scale bars, 200 nm. 
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AFM imaging demonstrated uniform nanostructures for both DNA origami objects 

with dimensions matching the pre-programmed shapes (Figure 2.7b,c). Design 

features of the rectangle, such as the single-stranded scaffold loop and the middle-line 

seam were clearly observed (white arrows in zoom; Figure 2.7b). The higher aspect 

ratio of the three-dimensional cylinder exaggerates tip-sample convolution effects, 

and resulted in AFM images that were less sharp (Figure 2.7c). In contrast, TEM 

analysis revealed sharp, high-contrast images for the cylinder, while the signal-to-

noise for the single-layer rectangle was low (Figure 2.7d,e). Together, these results 

illustrate that AFM and TEM are excellent visualization techniques for the structural 

characterization of DNA origami objects, although image quality depends on the 

geometric features of the specific nanostructure under investigation. 

Incorporation of fluorophores and proteins 
The key feature of DNA origami nanostructures for nanoscale molecular templating 

is the unique addressability of every one of the ~200 staple strands in the structure. 

By extending specific staple strands with a single-stranded handle that protrudes 

from the structure’s surface, complementary DNA anti-handles attached to the 

molecule of interest are site-specifically recruited to the DNA origami. To 

demonstrate this approach, we employed organic fluorophores for visualization and 

assembled a series of DNA nanostructures, in which the number of handle-extended 

staple strands was varied from 2 to 12 (Figure 2.8a and Supplementary Table 2.3). 

A complementary Cy3-functionalized anti-handle was added to the folding mixture, 

after which DNA origami folding and purification was performed as described (see 

Experimental section and Supplementary Table 2.2). In order to exclusively detect 

fluorescence of the Cy3 fluorophores, agarose gel electrophoresis was performed 

without staining for DNA with SYBR Safe, and analysis indicated fluorescence 

emission of increasing intensity for DNA origami functionalized with a higher number 

of fluorophores (Figure 2.8a). Although the absolute number of Cy3 fluorophores 

incorporated on the nanostructures was not determined76,77, quantification of the 

intensity of the gel bands demonstrated a linear relationship between the number of 

fluorophores and the measured fluorescence intensity (Figure 2.8a). 

Next, we extended this approach to measure fluorescence resonance energy 

transfer (FRET) between fluorophores co-localized on a DNA origami scaffold. To this 

end, two handles were positioned on the nanostructure at a distance of 11 nm and 

hybridized to complementary Cy3- and Cy5-anti-handles (Figure 2.8b). The system 

was designed such that the fluorophores are initially in close proximity, but addition 
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of a displacer strand separates the dyes through toehold-mediated strand 

displacement (Figure 2.8b). Fluorescence emission measurements were performed 

over time and revealed that addition of the displacer strand resulted in a decrease in 

the FRET ratio, corresponding to an increase in distance between the fluorophores. 

This model system demonstrates that DNA origami platforms can be used to 

dynamically control the nanoscale interactions between tethered molecules. 

 
Figure 2.8 | Fluorophore incorporation on DNA nanostructures. a, Site-specific extension 
of staple strands with handles that are complementary to Cy3-functionalized anti-handles was 
used to create DNA origami structures with an increasing number of fluorophores (top; 2-12 
Cy3). The distance between each Cy3 is at least 10 nm. Image of agarose gel electrophoresis (left 
bottom; 1.5%, no staining) of 10 nM of fluorophore-functionalized DNA origami nanostructures. 
The optical density of the gel bands was determined using the ImageJ gel analysis plugin and 
fitted with a linear curve (right bottom graph). b, Schematic depiction (top) of the displacer 
system shows the assembly of a Cy3 (green) and Cy5 (red) fluorophore at a distance of 11 nm on 
DNA origami. The Cy3-anti-handle binds to the Cy5-handle through 7-bp hybridization, while 
the single-stranded linker acts as a toehold for the displacer strand (for DNA sequences, see 
Supplementary Table 2.2 and Supplementary Table 2.3). Fluorescence measurements 
(bottom) indicate that the addition of a displacer (blue; 5 eq. added to 10 nM DNA origami after 
30 min) increases the distance between the dyes via toehold-mediated strand displacement, 
resulting in a decrease in FRET ratio over time. 

Finally, we investigated the addressable organization of proteins on the DNA 

origami rectangle. Following the approach of Voigt et al.38, we employed biotin-

functionalized staple strands to recruit the 60-kDa model protein streptavidin 

(Figure 2.9a). Specifically, we included four biotinylated staple strands in a 

rectangular geometry, with a distance between incorporation sites of approximately 

29 and 30 nm parallel and perpendicular to the helical axis, respectively. AFM imaging 

confirmed the incorporation of individual proteins on the surface of the DNA origami 

nanostructure, indicated by four distinct spots of high intensity (Figure 2.9b). Image 
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analysis of the distance between the spots revealed averages of 29.6±2.3 and 32.1±2.2 

nm parallel and perpendicular to the axis, respectively (average of 40 individual DNA 

origami structures, reported with standard deviation). 

 
Figure 2.9 | Site-specific incorporation of streptavidin onto DNA nanostructures. a 
Schematic depiction of the DNA origami rectangle with the position of four biotinylated staple 
strands. The distance between the sites is 29 nm parallel and 30 nm perpendicular to the helical 
axis. b, Topographic AFM image (tapping mode in solution) of streptavidin-functionalized DNA 
origami rectangles. Directly before imaging, 10 nM DNA origami was incubated with 1 µM 
streptavidin for 1 h at 4°C. Color bar indicates height scale. Scale bar, 100 nm. 

Conclusion 
In this chapter, we have introduced scaffolded DNA origami for the fabrication of 

discrete and well-defined nanomaterials for the precise organization of biomolecules. 

Since its inception in 2006, the DNA origami technique has rapidly evolved into an 

attractive synthetic tool in various scientific disciplines, enabled by rapid prototyping 

using computer-aided design tools and a straightforward one-pot assembly method. 

Breakthrough biomedical applications for e.g. diagnosis, therapy, and nanomedicine 

will emerge when challenges related to the scaling-up of DNA origami production, 

immunogenicity, and in vivo stability are addressed. In addition, recent advances 

beyond DNA origami-based nanotechnology have shown great promise in expanding 

bottom-up assembly of biocompatible nanomaterials and include genetic encoding of 

DNA-based materials78, gigadalton-scale DNA assemblies79, DNA brick assembly80, 

RNA nanotechnology81, and DNA-protein hybrid structures82. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. M13mp18 phage recombinant form I double-stranded DNA was obtained from New 
England Biolabs. Single-stranded M13mp18 scaffold were purchased from Eurofins. 
Functionalized oligonucleotides (ODNs) were obtained HPLC-purified from Integrated DNA 
Technologies and dissolved in DNase/RNase-free water at 250 µM. Unmodified ODNs were 
obtained in desalted form from Integrated DNA Technologies and dissolved at a stock 
concentration of 500 µM in DNase/RNase-free water. PEG-8000 was obtained as a 50% (w/v) 
solution in water from Molecular Dimensions. Streptavidin was obtained from Thermo Fisher. 

Single-stranded scaffold production 
Scaffold production involves infection of E. coli with lysogenic bacteriophages83. To prevent 
unwanted phage contamination, avoid generating aerosols and thoroughly disinfect and 
autoclave all materials before and after use84. The 7,249 nt single-stranded scaffold strand was 
produced as described in literature85. In short, M13mp18 phage recombinant form I double-
stranded DNA was transformed in E. coli XL-1 Blue competent cells (Agilent) and grown 
overnight at 37°C on agar plates supplemented with tetracycline (10 µg/mL), β-D-1-
thiogalactopyranoside (IPTG, 240 µg/mL), and 5-bromo-4-chloro-3-indolyl-β-D-galacto-
pyranoside (X-gal, 200 µg/mL), according to the manufacturer’s protocol. A single well-isolated 
blue plaque was used to inoculate 300 mL 2×YT medium (16 g/L peptone, 5 g/L NaCl, 10 g/L 
yeast extract) and the culture was incubated for 5 h at 37°C. The cells were pelleted by 
centrifugation and the bacteriophages were extracted from the supernatant by polyethylene 
glycol (PEG) fractionation (4% (w/v) PEG-8,000, 0.5 M NaCl, final concentration). After 
incubation for 30 min on ice, the pellet was recovered by centrifugation (30 min at 4,000 g) 
and reconstituted in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.5). Lysis of phage particles was 
performed using buffers P2 (200 mM NaOH, 1% SDS (w/v); Qiagen) and P3 (3.0 M potassium 
acetate, pH 5.5, Qiagen). To this end, two volumes of buffer P2 were added to the resuspended 
phage solution, followed by 1.5 volumes of buffer P3. After 15 min incubation on ice, the mixture 
was centrifuged for 15 min at 4,000 g. The phage-containing supernatant was combined with 
one volume of ice-cold 100% ethanol and, after incubation for 60 min at -30°C, centrifuged for 
60 min at 4,000 g. After ethanol precipitation, the single-stranded phage DNA was 
reconstituted in TE buffer and stored at -30°C in DNA LoBind tubes (Eppendorf). The 
concentration was determined by measuring the absorption at 260 nm (ND-1000, Thermo 
Scientific), assuming A260=1 at 37.5 µg/mL. Total yield was ~6.5 mg/L culture medium. 

Computer-aided design of the DNA origami rectangle 
Detailed guides and protocols for the computer-aided design of DNA origami nanostructures 
are reported elsewhere9,53,54. The DNA origami rectangle used in this study was designed using 
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caDNAno (v0.2, square lattice) based on the tall rectangle design by Rothemund 
(Supplementary Figure 2.1)9. The 7249-nt single-stranded M13mp18 scaffold strand folds into 
a single-layer structure of 32 helices using 192 unique staple strands (30-32 nt, Supplementary 
Table 2.5). The full sequence of the scaffold can be found at the end of this chapter. Three base 
pair deletions per helix were introduced to correct for global twist of the DNA origami structure, 
which adjusts the pitch of the DNA duplexes in the structure from 10.67 bp/turn to ~10.52 
bp/turn (Supplementary Figure 2.1)54. To prevent DNA origami aggregation through blunt-
end stacking all 32 edge staples were omitted during folding and not listed here9. In total, 7,072 
nt of the scaffold strand are involved in the folding of the nanostructure, leaving a 177-nt unused 
single-stranded loop. In the original study, this region of the M13mp18 sequence was found to 
contain potential self-complementary secondary structures, and was therefore excluded in the 
design9. The web-based finite element modeling framework CanDo was used to predictive local 
structural flexibility based on the caDNAno design file53,60. Default geometric and mechanical 
properties, as provided by CanDo, were used.  

Folding and purification of DNA origami nanostructures 
Folding reactions were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM 
EDTA, 10 mM MgCl2, 50 mM NaCl, pH 8.0), with 25 nM scaffold strand and 250 nM of each 
staple strand. To allow modular changes to the design and prevent pipetting of all 192 staple 
strands individually, staples are typically pooled53. For example, a staple pool containing 100 
staple strands is prepared by combining 5 µL of each 500 µM staple stock into a single solution 
of 500 µL. As a result, the overall DNA concentration is still 500 µM, while the individual staples 
are present at 5 µM. The volume of the staple pool to add to the folding mixture is then adjusted 
to the final individual staple concentration. An example of a pipetting scheme for the 
preparation of a DNA origami folding mixture is given in Supplementary Table 2.1. For the 
incorporation of fluorophores and streptavidin, several structural staple strands were replaced 
by extended staple strands and added to the mixture (Supplementary Table 2.3 and 
Supplementary Table 2.4). The reaction mixture was heated to 95°C for 15 min and then slowly 
cooled to 20°C at a rate of 1°C/min in a thermal cycler (Eppendorf). Excess staple strands were 
removed by employing either spin filtration or polyethylene glycol (PEG) precipitation. Spin 
filtration was performed using 100 kDa MWCO 0.5 mL Amicon centrifugal filters (Merck 
Millipore). Briefly, a filter was pre-wetted with 500 µL purification buffer (10 mM Tris, 1 mM 
EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0). The folding mixture was diluted to 500 µL with 
purification buffer, added to the filter and centrifuged at 4°C for 5 min at 5,000 g. This step was 
repeated for a total of three washing steps. The concentrate was recovered by inverting the filter 
and spinning for 2 min at 1,000 g. PEG precipitation was performed as described in 
literature55,73. In short, 50 µL of the folding mixture was mixed with 50 µL of 2× precipitation 
buffer (10 mM Tris, 1 mM EDTA, 505 mM NaCl, 15% (w/v) PEG-8000, pH 8.0) and incubating 
at 4°C for 10 min. After centrifugation at 16°C for 25 min at 21,000 g, the supernatant was 
carefully removed using a pipette. The pellet was re-dissolved in the initial volume of reaction 
buffer and equilibrated at 4°C for 30 min. Subsequently, the precipitation cycle can be repeated 
to obtain DNA origami solutions with higher purity, if necessary. After purification using either 
method, samples were stored in DNA LoBind tubes (Eppendorf) at 4°C and used on the same 
day or stored at -20°C for later use. The DNA origami concentration was determined by 
measuring absorption at 260 nm, assuming an extinction coefficient of 1.24×108 M-1 cm-1 86,87. 
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Fluorophore incorporation and fluorescence measurements 
For Figure 2.8a, in addition to the appropriate subset of handle-extended staple strands c1-c12 
(Supplementary Table 2.3), one equivalent of Cy3-functionalized anti-handle a1 per handle 
was added to the folding mixture (Supplementary Table 2.2). Folding and purification by spin 
filtration was performed as described. Agarose gel electrophoresis was performed as described, 
but no SYBR Safe was included in the gel solution. For the displacer system in Figure 2.8b, 
unmodified staple strands were replaced by handle-extended staple strands f1 and f2 
(Supplementary Table 2.3). In addition, one equivalent of each of the anti-handles a2 and a3 
was added to the folding mixture (Supplementary Table 2.2). Folding and purification by spin 
filtration was performed as described. Purified DNA origami solutions were diluted to 10 nM in 
imaging buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 0.05 mg/mL BSA pH 8.0) prior to 
measuring. Fluorescence was monitored over time in 384-well plates (20 µL reaction volume) 
at 20°C in a Tecan Spark 10M platereader. After 30 min, five equivalents of displacer strand d 
(5 eq., final concentration 50 nM; Supplementary Table 2.2) or imaging buffer was added to 
the wells. The FRET ratio was calculated using 

FRET ratio = 𝐼𝐼DA
𝐼𝐼DA+𝐼𝐼DD

        (2.1) 

where 𝐼𝐼DD is the Cy3 signal (ex.: 510 nm, em.: 566 nm) and 𝐼𝐼DAis the FRET signal (ex.: 510 nm, 
em.: 666 nm). 

Streptavidin incorporation 
For streptavidin incorporation, four unmodified staple strands were replaced by biotin-
functionalized staple strands b1-b4 in the folding mixture (Supplementary Table 2.4). Folding 
and purification by spin filtration was performed as described. Streptavidin (final 
concentration, 1 µM) was added to 10 nM purified biotin-functionalized DNA origami and 
incubated for 1 hr at 4°C before AFM imaging. 

Gel electrophoresis 
Agarose gel electrophoresis was used for all folding analyses. In short, 1.5% agarose gels were 
cast in gel buffer (1× TAE, 10 mM MgCl2, pH 8.0) supplemented with 1× SYBR Safe. Gels were 
run in gel buffer for 90 min at 65 V in an ice bath. DNA origami samples were diluted just before 
loading to a final concentration of 4 nM and Ficoll-400 (final concentration 1.5% (w/v) was 
added. Gels were imaged using an ImageQuant 400 Digital Imager (GE Healthcare) and 
analyzed with ImageJ (Fiji: ImageJ, v1.52n). 

AFM imaging 
Topographic images were acquired in tapping mode under liquid conditions on a MultiMode 8 
atomic force microscope with a NanoScope IIIa controller (Veeco). For Figure 2.7b V-shaped 
Si3N4 cantilevers with a nominal spring constant of 0.7 N/m (ScanAsyst-Fluid+, Bruker AFM 
Probes) were used, while for Figure 2.7c and Figure 2.9 V-shaped Si3N4 cantilevers with 
sharpened pyramidal tip and a nominal spring constant of 0.08 N/m (OTR4, Bruker AFM 
Probes). Substrates were prepared by attaching mica discs (~1 cm2, Ted Pella) to Teflon (VWR) 
using epoxy glue. Directly before imaging, DNA origami solutions were diluted to 2 nM with 
imaging buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, pH 8.0). Samples (5 µL) were deposited 
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on a freshly-cleaved mica substrate and incubated for 30 s. Subsequently, 50 µL of imaging 
buffer was added. In various regions on the mica surface 512×512 px images were acquired, 
optimizing the scanning and feedback parameters for each image. All images were analyzed 
using Gwyddion (v2.39). 

TEM imaging 
Visualization by transmission electron microscopy (TEM) was performed on a Technai G2 
Sphera (FEI) operating at an acceleration voltage of 80 kV. Samples were prepared by drop-
casting a 3 nM DNA nanostructure solution on a carbon film on a copper grid (400 square 
mesh) and dried for 1 minute. The grids were negatively stained with 1% aqueous uranyl formate 
for 30 seconds prior to imaging. 

Supplementary figure and tables 
 

 
Supplementary Figure 2.1 | Schematic overview of the basic DNA origami structure used 
throughout this thesis. The scaffold strand is shown in light blue and staple strands in red. 
Unmodified staple strands listed in Supplementary Table 2.5 can be replaced by handle-
extended staple strands (for fluorophore incorporation, see Supplementary Table 2.3). Staples 
that are replaced by biotin-functionalized staple strands for streptavidin incorporation are 
listed in Supplementary Table 2.4. Base-pair deletions to correct for global twist of the 
structure are indicated by crosses and 3’ ends of DNA strands are indicated by arrows. Numbers 
on left and right indicate the reference helix number, while numbers on top and bottom indicate 
reference nucleotide position. 
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Supplementary Table 2.1 | Representative pipetting scheme for the folding of a DNA 
origami nanostructure. Folding buffer (1×: 10 mM Tris, 1 mM EDTA, pH 8.0) was autoclaved 
before use. All components are stored at -30°C and thawed on ice before use. All stock solutions 
were made with DNase/RNase-free water. The number, size, and composition of the staple 
pools vary depending on the application. After adding all components, the solution was mixed 
by slowly pipetting down three times. 

Component Stock concentration Final concentration Volume (µL) 

10× folding buffer 10× 1× 5 

MgCl2 100 mM 10 mM 5 

NaCl 500 mM 50 mM 5 

Scaffold 200 nM 25 nM 6.25 

Staple pool 1 (e.g. 100 staples) 5 µM per oligo 250 nM per oligo 2.5 

Staple pool 2 (e.g. 92 staples) 5.43 µM per oligo 250 nM per oligo 2.3 

H2O - - 23.95 

 

Supplementary Table 2.2 | ODNs for fluorophore incorporation. Anti-handle sequences 
were based on sequences reported in literature with minimal secondary structure and melting 
temperatures >40°C88. All sequences were tested with NUPACK to confirm correct 
hybridization and to prevent any possible undesired interactions89. Underlined nucleotides 
represent the single-stranded linker that serves as the toehold for displacer d. IDT modification 
/5Cy3/ and /5Cy5/ were used. 

ID Description Sequence (5’ to 3’) 

a1 Cy3 anti-handle Cy3-CCCTAGAGTGAGTCGTATGA 

a2 Cy3 anti-handle Cy3-TCAACTTCAACATCGGTGTACCTAAGTAGTAGCCCTAGAGTGAGTCGTATGA 

a3 Cy5 anti-handle Cy5-CAGTCAGTCAGTCAGTCAGT 

d Displacer CTACTACTTAGGTACACCGATGTTGAAGTTGA 

 

Supplementary Table 2.3 | Handle-extended staple strands for fluorophore 
incorporation. To assemble DNA origami nanostructures for Cy3 fluorophore incorporation, 
unmodified staple strands (Supplementary Table 2.5) were replaced with handle-extended 
staple strands. Handle-extended staple strands c1-c12 are complementary to Cy3-functionalized 
anti-handle a1, used in Figure 2.8a. The distance between each incorporation site is at least 10 
nm. Handle-extended staples f1 and f2 are complementary to anti-handles a2 and a3, 
respectively, and were used in Figure 2.8b. Underlined thymine nucleotides were added as a 
spacer. 

ID Unmodified 
staple ID Sequence (5’ to 3’) 

c1 38 AGATTTGTCTAAAACGAAAGAGGCGGGATCGTTCATACGACTCACTCTAGGG 

c2 22 AGAGCCGCAGAGCCGCCACCAGAAAGGCTTGTCATACGACTCACTCTAGGG 

c3 40 ACGTCACCTAGCGACAGAATCAAGCAGAGCCATCATACGACTCACTCTAGGG 

c4 70 AATCCAAAATAAACAGCCATATTAACTGGATTCATACGACTCACTCTAGGG 

c5 86 CTTTAATTAAAGACTTCAAATATCATAAATATTCATACGACTCACTCTAGGG 



Chapter 2 

40 

c6 88 TTATTTTCGCAAATCAGATATAGAATTTGCCATCATACGACTCACTCTAGGG 

c7 117 AAGGCTATAAGAGAATCGATGAACCCAATAGGTCATACGACTCACTCTAGGG 

c8 119 AGACTACCCCCTTAGAATCCTTGAGATGAAACTCATACGACTCACTCTAGGG 

c9 135 TTCCTGTACAAAAATAATTCGCGTATTCATTTCATACGACTCACTCTAGGG 

c10 182 ACTCCAACAATCCCTTATAAATCAGTGGTTTTTCATACGACTCACTCTAGGG 

c11 166 CCGAACGACCTAAAACATCGCCATGGGAGAGTCATACGACTCACTCTAGGG 

c12 184 TACCGCCAACCTACATTTTGACGCTGCGCGAATCATACGACTCACTCTAGGG 

f1 110 CCTCATATATCGGTTGTACCAAAATAGCTATATTTCATACGACTCACTCTAGGG 

f2 94 AACAACATAATTCTGTCCAGACGAGATACATTTACTGACTGACTGACTGACTGTGTTAATAAGTTGA 

 

Supplementary Table 2.4 | Biotin-functionalized ODNs for streptavidin incorporation. 
To assemble DNA origami structures for streptavidin incorporation, four unmodified staple 
strands (Supplementary Table 2.5) were replaced with biotin-functionalized staple strands. 
The calculated distance between incorporation sites is approximately 29 and 30 nm, parallel 
and perpendicular to the helical axis, respectively. Underlined thymine nucleotides were added 
as a spacer. IDT modification /5Biosg/ was used. 

ID Unmodified staple ID Sequence (5’ to 3’) 

b1 74 biotin-TTTTTTTCATTGAATTTTGCAAAAGAAGTTGATTCATC 

b2 59 biotin-TTTTTTAGATAGCCAAGAATTGAGTTAAGCGTTTAACG 

b3 134 biotin-TTTTTTTGAGCGAGTCAGCTCATTTTTTAAGGTAATCG 

b4 119 biotin-TTTTTTAGACTACCCCCTTAGAATCCTTGAGATGAAAC 

 

Supplementary Table 2.5 | Sequences of unmodified staple strands. Locations of the 5’ 
and 3’ end are indicated using the reference helix number used in Supplementary Figure 2.1, 
with the reference nucleotide position denoted in brackets. The last column indicates in which 
of the other chapters unmodified staple strands are replaced by modified staples e.g. by 
extension with handle strands. 

Staple ID Location 
of 5' end 

Location 
of 3' end Sequence (5’ to 3’) Modified in 

chapter 
1 0[79] 1[63] ACTGAGTTTCGTCACCAGTACAAATCATAGTT - 
2 0[111] 1[95] GCAAGCCCAATAGGAACCCATGTACGTCTTTC - 
3 0[143] 1[127] CCTCAGAGCCACCACCCTCATTTTGTATGGGA - 
4 0[175] 0[144] CCCTCAGAACCGCCACCCTCAGAACCGCCAC - 
5 0[207] 1[191] TATCACCGTACTCAGGAGGTTTAGATTATTCT - 
6 0[239] 1[223] GGGTTGATATAAGTATAGCCCGGATGAGACTC - 
7 1[64] 3[63] AGCGTAACAAAAGGCTCCAAAAGGTTCGAGGT 7 
8 1[96] 3[95] CAGACGTTAATAATTTTTTCACGTCGATAGTT 7 
9 1[128] 3[127] TTTTGCTAAATAGAAAGGAACAACGCCCACGC - 
10 1[160] 2[144] TGCCCCCTAACAGTGCCCGTATAATTTCAGC - 
11 1[192] 3[191] GAAACATGTAATAAGTTTTAACGGAGGTTGAG 7 
12 1[224] 3[223] CTCAAGAGCATGGCTTTTGATGATTATTCACA 7 
13 2[79] 0[80] CTCCAAAAGATCTAAAGTTTTGTCCGTAAC 7 
14 2[111] 0[112] TTGCGAATAGTAAATGAATTTTCTCAGGGATA - 
15 2[143] 1[159] GGAGTGAGAACAACTTTCAACAGACAGTTAA - 
16 2[175] 0[176] CCTTGAGTGCCTATTTCGGAACCTTACCGCCA 7 
17 2[207] 0[208] TGTACTGGAAAGTATTAAGAGGCATAGGTG - 
18 2[239] 0[240] GCGTCATAAAGGATTAGGATTAGCCGTCGAGA - 
19 3[64] 5[63] GAATTTCTCAACGGCTACAGAGGCTTCCATTA 7 
20 3[96] 5[95] GCGCCGACGCAGCGAAAGACAGCACTACGAAG 7 
21 3[128] 5[127] ATAACCGATAAAGGCCGCTTTTGCAAAAGAAT - 
22 3[160] 4[144] AGAGCCGCAGAGCCGCCACCAGAAAGGCTTG 2 
23 3[192] 5[191] GCAGGTCATCAGAACCGCCACCCTTTTGCCTT 7 
24 3[224] 5[223] AACAAATAACCGGAACCGCCTCCCTCATCGGC 7 
25 4[79] 2[80] GAGGGTAGTAAACAGCTTGATACTGAAAAT 7 
26 4[111] 2[112] CACCCTCAAATGACAACAACCATCTAAAGGAA 6 



Self-assembly of DNA nanostructures 

41 

27 4[143] 3[159] CAGGGAGTTATATTCGGTCGCTGCCACCACC - 
28 4[175] 2[176] CCACCCTCCGCCAGCATTGACAGGGGTCAGTG 6, 7 
29 4[207] 2[208] CGCCACCCGACGATTGGCCTTGAACAGGAG - 
30 4[239] 2[240] GAGCCACCAATCCTCATTAAAGCCTCCAGTAA - 
31 5[64] 7[63] AACGGGTACGACCTGCTCCATGTTATAAGGGA - 
32 5[96] 7[95] GCACCAACATCATCGCCTGATAAAAGGACAGA 7 
33 5[128] 7[127] ACACTAAACAAGCGCGAAACAAAGTAGGCTGG - 
34 5[160] 6[144] GTAATCAGAATGAAACCATCGATACCCCAGC - 
35 5[192] 7[191] TAGCGTCACCATTACCATTAGCAAAGCGCCAA 7 
36 5[224] 7[223] ATTTTCGGGGAATTAGAGCCAGCAGATTGAGG 7 
37 6[79] 4[80] GAAATCCGAAATACGTAATGCCATCGGAAC 7 
38 6[111] 4[112] AGATTTGTCTAAAACGAAAGAGGCGGGATCGT 2 
39 6[143] 5[159] GATTATACACACTCATCTTTGACGCAGCACC - 
40 6[175] 4[176] ACGTCACCTAGCGACAGAATCAAGCAGAGCCA 2, 7 
41 6[207] 4[208] CAGTAGCAGACTGTAGCGCGTTTTCAGAGC - 
42 6[239] 4[240] GCCATTTGTCATAGCCCCCTTATTCGGAACCA - 
43 7[64] 9[63] ACCGAACTAAACACCAGAACGAGTCTTTAATC - 
44 7[96] 9[95] TGAACGGTTCATTCAGTGAATAAGTTAAGAAC 7 
45 7[128] 9[127] CTGACCTTATTCATTACCCAAATCTTGGGAAG - 
46 7[160] 8[144] AATAGAAAGAATAAGTTTATTTTGTGACAAG - 
47 7[192] 9[191] AGACAAAAGCAACATATAAAAGAAAAGTAAGC 4, 7 
48 7[224] 9[223] GAGGGAAGAGCAAACGTAGAAAATAAGGAAAC 7 
49 8[79] 6[80] CTGACGAGGACCAACTTTGAAAGTTGTGTC 7 
50 8[111] 6[112] AAAGCTGCGTACAGACCAGGCGCATACAACGG - 
51 8[143] 7[159] AACCGGATCATCAAGAGTAATCTTCACAATC - 
52 8[175] 6[176] ACACCACGATTCATATGGTTTACCGGCCGGAA 7 
53 8[207] 6[208] TAAAGGTGGGGCGACATTCAACCAAATCAC - 
54 8[239] 6[240] AGTATGTTGTAAATATTGACGGAACGACTTGA - 
55 9[64] 11[63] ATTGTGAAACATAACGCCAAAAGGTAACCCTC - 
56 9[96] 11[95] TGGCTCATTTTAGGAATACCACATCAAAATAG - 
57 9[128] 11[127] AAAAATCTTTATTACAGGTAGAAATTGCCAGA 4, 5 
58 9[160] 10[144] TCTTACCGGAAACAATGAAATAGCACTAACG 4, 5 
59 9[192] 11[191] AGATAGCCAAGAATTGAGTTAAGCGTTTAACG 2, 4, 6, 7 
60 9[224] 11[223] CGAGGAAAATTGAGCGCTAATATCTACAGAGA - 
61 10[79] 8[80] ATGCAGATTTACCTTATGCGATTGCTTGCC 7 
62 10[111] 8[112] AGTTGAGATATACCAGTCAGGACGAACGTAAC - 
63 10[143] 9[159] GAACAACAACGTTAATAAAACGAAATAGCTA - 
64 10[175] 8[176] AAGAGCAAAAGCCCTTTTTAAGAAACGCAAAG 7 
65 10[207] 8[208] TAACCCACGAACAAAGTTACCAGACATACA - 
66 10[239] 8[240] AGAGGGTACGCAATAATAACGGAATATTACGC - 
67 11[64] 13[63] GTTTACCAACGAGAATGACCATAAAGTCAGAA - 
68 11[96] 13[95] CGAGAGGCTCCCCCTCAAATGCTTATTAAGAG - 
69 11[128] 13[127] GGGGGTAAATACTGCGGAATCGTCGCGTTTTA 5, 7 
70 11[160] 12[144] AATCCAAAATAAACAGCCATATTAACTGGAT 2 
71 11[192] 13[191] TCAAAAATGTCTTTCCAGAGCCTAAGGCTTAT 4, 7 
72 11[224] 13[223] GAATAACATTTATCCTGAATCTTAGTTTTAGC - 
73 12[79] 10[80] TTCAGAAAGACGACGATAAAAACTCAACTA 7 
74 12[111] 10[112] TCATTGAATTTTGCAAAAGAAGTTGATTCATC 2, 4, 5 
75 12[143] 11[159] AGCGTCCATAGTAAAATGTTTAGTTTATCCC 4 
76 12[175] 10[176] GTTACAAATAAGAAACGATTTTTTCCAATAAT 4, 7 
77 12[207] 10[208] TAACGAGCGAAAATAGCAGCCTTAGAGAGA 4, 5 
78 12[239] 10[240] GCTACAATTAAAAACAGGGAAGCGACAAAGTC - 
79 13[64] 15[63] GCAAAGCGTGGCTTAGAGCTTAATTAAATATG - 
80 13[96] 15[95] GAAGCCCGGCTCCTTTTGATAAGAGTTTCATT - 
81 13[128] 15[127] ATTCGAGCCAACAGGTCAGGATTACTGCGAAC 7 
82 13[160] 14[144] AATAGCAAATCGTAGGAATCATTAACCGGAA - 
83 13[192] 15[191] CCGGTATTTCATCGAGAACAAGCAACGCGCCT 4, 7 
84 13[224] 15[223] GAACCTCCCCAAGAACGGGTATTATGAACAAG - 
85 14[79] 12[80] TTTGCGGAGATTGCATCAAAAAGTAAACAG 7 
86 14[111] 12[112] CTTTAATTAAAGACTTCAAATATCATAAATAT 2, 5 
87 14[143] 13[159] GCAAACTCTTCAAAGCGAACCAGCCGCGCCC - 
88 14[175] 12[176] TTATTTTCGCAAATCAGATATAGAATTTGCCA 2, 7 
89 14[207] 12[208] TACCGCACCTAAGAACGCGAGGCCCAACGC - 
90 14[239] 12[240] TTATCATTCGACTTGCGGGAGGTTTGCACCCA - 
91 15[64] 17[63] CAACTAAACTACTAATAGTAGTAGAAAGAATT - 
92 15[96] 17[95] CCATATAATGGGGCGCGAGCTGAACAGAGCAT - 
93 15[128] 17[127] GAGTAGATTGGTCAATAACCTGTTACATTATG 7 
94 15[160] 16[144] AACAACATAATTCTGTCCAGACGAGATACAT 2 
95 15[192] 17[191] GTTTATCAAGAGAATATAAAGTACAAAAGCCT 4, 7 
96 15[224] 17[223] AAAAATAATTTAGGCAGAGGCATTAAATTCTT - 
97 16[79] 14[80] CATCAATTGTACGGTGTCTGGAAGGTCATT 7 
98 16[111] 14[112] TTTTCATTCAGTTGATTCCCAATTGAGAGTAC - 
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99 16[143] 15[159] TTCGCAAATTAGTTTGACCATTACGACAATA - 
100 16[175] 14[176] GGTAAAGTGTTCAGCTAATGCAGAAGCCGTTT 7 
101 16[207] 14[208] CAGTAATAACAATAGATAAGTCCAACCAAG - 
102 16[239] 14[240] ACATGTAATATCCCATCCTAATTTGTCTTTCC - 
103 17[64] 19[63] AGCAAAATGTAAAGATTCAAAAGGCAATATGA - 
104 17[96] 19[95] AAAGCTAAATTTTAAATGCAATGCATTAATGC - 
105 17[128] 19[127] ACCCTGTACGCAAGGATAAAAATTGATCTACA 5, 7 
106 17[160] 18[144] AACACCGGTAAATAAGGCGTTAAAAAGCCTT - 
107 17[192] 19[191] GTTTAGTAAAATTTAATGGTTTGAGGTCTGAG 4, 7 
108 17[224] 19[223] ACCAGTATATATATTTTAGTTAATTTAGGTTG - 
109 18[79] 16[80] ATGTGTAGTAAGCAATAAAGCCTAAGGTGG 7 
110 18[111] 16[112] CCTCATATATCGGTTGTACCAAAATAGCTATA 2 
111 18[143] 17[159] TATTTCAAATACTTTTGCGGGAGTAAGAATA - 
112 18[175] 16[176] CCGTGTGAAATCATAATTACTAGACGACAAAA 7 
113 18[207] 16[208] TCTGACCTTCATATGCGTTATACTTCGAGC - 
114 18[239] 16[240] TTTTTCAAAAAGCCAACGCTCAACCAACGCCA - 
115 19[64] 21[63] TATTCAACTCAGAAAAGCCCCAAATGTAAACG - 
116 19[96] 21[95] CGGAGAGGGCATGTCAATCATATGTTAAATTT - 
117 19[128] 21[127] AAGGCTATAAGAGAATCGATGAACCCAATAGG 2 
118 19[160] 20[144] AATAGTGATAGATTAAGACGCTGAGAGTCTG - 
119 19[192] 21[191] AGACTACCCCCTTAGAATCCTTGAGATGAAAC 2, 4, 7 
120 19[224] 21[223] GGTTATATCTTCTGTAAATCGTCGTTACATTT - 
121 20[79] 18[80] GTTGATAACGTTCTAGCTGATAACTGAGTA 7 
122 20[111] 18[112] TAAAACTAGTAGCTATTTTTGAGATTTAGAAC 5 
123 20[143] 19[159] GAGCAAACCAGGTCATTGCCTGAGAAGAGTC - 
124 20[175] 18[176] CGATAGCTATTTATCAAAATCATAAATACCGA 7 
125 20[207] 18[208] TTAATTTTTTTTTAACCTCCGGCTTCATCT - 
126 20[239] 18[240] TAACCTTGAACTATATGTAAATGCGAGAAAAC - 
127 21[64] 23[63] TTAATATTACGGCGGATTGACCGTCATCGTAA - 
128 21[96] 23[95] TTGTTAAATAACAACCCGTCGGATGACGACGA 7 
129 21[128] 23[127] AACGCCATGCCAGCTTTCATCAACACTCCAGC - 
130 21[160] 22[144] TCAATTACTCGCGCAGAGGCGAATTCTGGCC - 
131 21[192] 23[191] AAACATCACGCCTGATTGCTTTGAATAATGGA 7 
132 21[224] 23[223] AACAATTTCCTTTTACATCGGGAGAATTATTT 7 
133 22[79] 20[80] GGGAACAATTGTTAAAATTCGCATACCCCG 7 
134 22[111] 20[112] TGAGCGAGTCAGCTCATTTTTTAAGGTAATCG 2, 6 
135 22[143] 21[159] TTCCTGTACAAAAATAATTCGCGTATTCATT 2 
136 22[175] 20[176] TTACAAAACTGAGCAAAAGAAGATAAACATAG 7 
137 22[207] 20[208] AACGGATTAGAAAACAAAATTAACTATTAA - 
138 22[239] 20[240] TAACAGTACATTTGAATTACCTTTTGAGTGAA - 
139 23[64] 25[63] CCGTGCATGCTATTACGCCAGCTGTTGGGTAA - 
140 23[96] 25[95] CAGTATCGGTTGGGAAGGGCGATCCGTTGTAA 7 
141 23[128] 25[127] CAGCTTTCAAAGCGCCATTCGCCAATGCCTGC - 
142 23[160] 24[144] TGATTGTTGATGGCAATTCATCAATGCCGGA - 
143 23[192] 25[191] AGGGTTAGCGGAATTATCATCATAGATAATAC 7 
144 23[224] 25[223] GCACGTAATTTTGCGGAACAAAGAACTTTACA 7 
145 24[79] 22[80] GCCTCTTCCTGCCAGTTTGAGGGTCTCCGT 7 
146 24[111] 22[112] GCGCAACTGCCTCAGGAAGATCGCATTAAATG - 
147 24[143] 23[159] AACCAGGCCGGCACCGCTTCTGGTATAATCC - 
148 24[175] 22[176] TATCAGATTGGATTATACTTCTGAATACCAAG 7 
149 24[207] 22[208] AGAAGGAGAACCTACCATATCAAAAACAAT - 
150 24[239] 22[240] CATTATCAAACAGAAATAAAGAAAATATACAG - 
151 25[64] 27[63] CGCCAGGGCATACGAGCCGGAAGCGAGCTAAC 7 
152 25[96] 27[95] AACGACGGGAAATTGTTATCCGCTCTGCCCGC 7 
153 25[128] 27[127] AGGTCGACTTCGTAATCATGGTCACCAGCTGC - 
154 25[160] 26[144] ACTAATAGAAAATATCTTTAGGAGGGTACCG - 
155 25[192] 27[191] ATTTGAGGCAACAGTTGAAAGGAAAAAACAGA 7 
156 25[224] 27[223] AACAATTCCCCTCAATCAATATCTCGCCTGCA 7 
157 26[79] 24[80] CCACACAATTTTCCCAGTCACGAGGTGCGG 7 
158 26[111] 24[112] TCCTGTGTCCAGTGCCAAGCTTGCTTCAGGCT - 
159 26[143] 25[159] AGCTCGAATCTAGAGGATCCCCGCACTAACA - 
160 26[175] 24[176] GGTTATCTATTAGAGCCGTCAATATTCCTGAT 7 
161 26[207] 24[208] TGGCAAATATTTAGAAGTATTAGAACCACC - 
162 26[239] 24[240] ATATCAAAGACAACTCGTATTAAATTGAGTAA - 
163 27[64] 29[63] TCACATTACACCGCCTGGCCCTGACCCCAGCA 7 
164 27[96] 29[95] TTTCCAGTCCAGTGAGACGGGCAAGTTCCGAA 7 
165 27[128] 29[127] ATTAATGACGTATTGGGCGCCAGGAAAGAATA - 
166 27[160] 28[144] CCGAACGACCTAAAACATCGCCATGGGAGAG 2 
167 27[192] 29[191] GGTGAGGCGGCTATTAGTCTTTAATCAATCGT 7 
168 27[224] 29[223] ACAGTGCCAGAATACGTGGCACAGCAGATTCA 7 
169 28[79] 26[80] TTGCCCTTATTGCGTTGCGCTCACACAATT 7 
170 28[111] 26[112] TCTTTTCACGGGAAACCTGTCGTGTAGCTGTT 6 
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171 28[143] 27[159] GCGGTTTGATCGGCCAACGCGCGTAAAAATA - 
172 28[175] 26[176] CTGATAGCACCACCAGCAGAAGATTTGAGGAA 6, 7 
173 28[207] 26[208] TTTTGAATGGTCAGTATTAACACGGTCAGT - 
174 28[239] 26[240] AAAGCGTAACGCTGAGAGCCAGCAAACCTCAA - 
175 29[64] 31[63] GGCGAAAAATGGCCCACTACGTGAGGTGCCGT - 
176 29[96] 31[95] ATCGGCAAGTCAAAGGGCGAAAAAAGGGAGCC - 
177 29[128] 31[127] GCCCGAGAAGAGTCCACTATTAAAAGCCGGCG - 
178 29[160] 30[144] ATGGAAATGCCATTGCAACAGGAATTCCAGT - 
179 29[192] 31[191] CTGAAATGTGCTGGTAATATCCAGGAATCCTG 7 
180 29[224] 31[223] CCAGTCACGCCTGAGTAGAAGAACGGCCACCG - 
181 30[79] 28[80] TCAGGGCGTCCTGTTTGATGGTGCAGCTGA 7 
182 30[111] 28[112] ACTCCAACAATCCCTTATAAATCAGTGGTTTT 2 
183 30[143] 29[159] TTGGAACATAGGGTTGAGTGTTGAAACGCTC - 
184 30[175] 28[176] TACCGCCAACCTACATTTTGACGCTGCGCGAA 2, 7 
185 30[207] 28[208] ATCGGCCTGATTATTTACATTGGACAATAT - 
186 30[239] 28[240] CATCACTTACGACCAGTAATAAAACTGACCTG - 
187 31[64] 30[80] AAAGCACTAAATCGGAACCCTAACCGTCTA - 
188 31[96] 30[112] CCCGATTTAGAGCTTGACGGGGAAGAACGTGG - 
189 31[128] 31[159] AACGTGGCGAGAAAGGAAGGGAATTAAAGGG - 
190 31[160] 30[176] ATTTTAGACAGGAACGGTACGCCAAACAATAT - 
191 31[192] 30[208] AGAAGTGTTTTTATAATCAGTGATCAAACT - 
192 31[224] 30[240] AGTAAAAGAGTCTGTCCATCACGCAGTAATAA - 

 

Sequence of M13mp18 scaffold 
Reference sequence for the circular single-stranded M13mp18 scaffold strand (total length, 
7,249 nt), as published on the New England Biolabs website (version, 9 May 2008). The 
sequence is given starting at the 5’ end of the DNA origami rectangle, i.e. at position 5,587. The 
177-nt single-stranded loop that is not used in the design is underlined. 
TTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACC
TCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGT
TCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGA
ACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCA
GCTGTTGCCCGTCTCACTGGTGAAAAGAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA
GCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTA
CACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGAATTCGAG
CTCGGTACCCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTG
GCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGT
TGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGCTGGAGTGCGATCTTCCTGAGGCC
GATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCG
TTTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTT
GATGGCGTTCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGC
TTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGTACATATGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCT
CTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATTAATTTATCAGCTAGA
ACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTA
AAATATATGAGGGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAA
CCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAATTTTGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTACTACTATT
AGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATTGACCATTTGCGAAATGTATCTAATGGTCAA
ACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGTT
GAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCT
GACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTG
ATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGATTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATT
TGAGGGGGATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCCCTCTGGCAAAACTTC
TTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTT
TGGCGTTATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTT
TTATTAACGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGA
AATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGAT
TTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTCATCTGTCCTCT
TTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAAT
TTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTT
GCCTCTTTCGTTTTAGGTTGGTGCCTTCGTAGTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAA
AGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCTTTAACTCCCTGCAAGC
CTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAAATTCACCTC
GAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTC
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CTTTAGTTGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAA
AGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGT
GTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGTTCTGAG
GGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCGCCTGGTACT
GAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAG
GGGGCATTAACTGTTTATACGGGCACTGTTACTCAAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATG
TATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAATGAGGATTTATTTGTTTGTGAATATCAAGGCCAATCG
TCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTCTGAGGGTGGCGG
TTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGG
GGGCTATGACCGAAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATC
GATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGGTAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGT
GACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGCCCTTTTGTCTTTGGCGCTG
GTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGTATGT
ATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCC
TTCTGGTAACTTTGTTCGGCTATCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATT
GGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTA
ATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGA
TAAATAATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTG
GGTGCAAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGG
ATAAGCCTTCTATATCTGATTTGCTTGCTATTGGGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCG
GTACTTGGTTTAATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGATTGGTTTCTACATGCTCGTAAATTAGGATGGGATATTA
TTTTTCTTGTTCAGGACTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCTGGACAGAATTAC
TTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCT
CAATTAAGCCCTACTGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATT
CCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATA
TTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAA
AAGGTAGTCTCTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTTCAAGGATTCTA
AGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCATTAAAAAAGGTAATT
CAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTC
TGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTTTCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGA
CGTTAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCTTCCATTATTCAGAAG
TATAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTG
TTCCGCAAAATGATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAAGTCTA
ATACTTCTAAATCCTCAAATGTATTATCTATTGACGGCTCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATT
CCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTTCATTTGCT
GCTGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTTTA
ATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTACGCTTTCAGGTC
AGAAGGGTTCTATCTCTGTTGGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCAGACGA
TTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGCAATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATA
GTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGCGTGATGGACAGACTCTTTTAC
TCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCG
CTCTGATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTG
GTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTC 
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Site-specific protein-DNA conjugation 
of fluorescent proteins and enzymes 
via amber codon suppression 
 

 

 

Spatial co-localization of proteins on DNA nanostructures requires the synthesis of well-defined 
protein-DNA conjugates. Genetic incorporation of non-natural amino acids is an attractive 
strategy for the site-specific, stoichiometric introduction of small reactive chemical handles in 
proteins. Here, we demonstrate the incorporation of p-azidophenylalanine in enhanced green 
fluorescent protein and the apoptosis-related protease caspase-9 via amber codon suppression 
with an engineered orthogonal aminoacyl-tRNA synthetase–tRNA pair. Click chemistry with 
single-stranded oligonucleotides using strain-promoted alkyne-azide cycloaddition afforded 
pure and functional protein-DNA conjugates. 
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Introduction 
Bottom-up fabrication of DNA origami-based nanostructures facilitates the assembly 

of proteins with nanometer-scale precision1–3. Exploiting the unique addressability of 

DNA nanostructures to control and investigate interactions between spatially co-

localized proteins requires a well-defined interface between the nanostructure and the 

proteins of interest2,4. The most commonly used approach relies on hybridization 

between a short single-stranded DNA handle protruding from the surface of the DNA 

nanostructure and a complementary anti-handle attached to the protein. Practically, 

this entails modifying the protein with a reactive chemical group, a recognition tag, 

or a protein helper domain, to establish a covalent coupling or a strong supra-

molecular interaction between the protein and an oligonucleotide (ODN)5–7.  

As a result, the synthesis of well-defined protein-DNA conjugates is essential and 

a variety of strategies exists8. Conjugation to or modification of endogenous amino 

acids, such as cysteines and lysines, is widely used but in most cases impedes control 

over stoichiometry and site-specificity9. Alternatively, bacterial expression of the 

protein of interest as a fusion with a protein-based tagging domain allows orthogonal 

labeling of proteins with DNA. Examples include the self-ligating SNAP10–12, CLIP13, 

and Halo-tags14,15, the ACP- and MCP-tags16,17, DNA-binding zinc fingers and 

relaxases18–20, biotin ligase21, and biotin-binding proteins such as streptavidin22,23. 

While offering specific and orthogonal labeling, protein helper domains are large (in 

the range of 8-60 kDa), and can therefore significantly alter protein structure and 

function, and influence intermolecular protein-protein interactions. Although 

strategies with smaller recognition elements exist and are based on the genetic 

incorporation of short peptide tags, enabling e.g. polyhistidine-Ni2+-NTA coupling24 

or sortase-mediated ligation25, full control over the conjugation site is not possible.  

Ideally, investigation of the nanoscale interaction between proteins tethered on 

DNA origami-based platforms requires a conjugation strategy that is (1) 

stoichiometric, (2) site-specific, and (3) does not require the use of large, interfering 

recognition tags. Genetic incorposration of bio-orthogonal non-natural amino acids 

satisfies these conditions and therefore represents a promising approach for site-

selective protein-DNA conjugation. Typically, introduction of a non-natural amino 

acid into a protein via bacterial expression relies on the expansion of the standard 

genetic code of E. coli by use of an orthogonal (i.e. from another organism) aminoacyl-

tRNA synthetase–tRNA pair, engineered to respond to one of the three stop codons in 

E. coli, usually the amber codon triplet TAG26–28. Co-transformation of the plasmid 
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encoding for this orthogonal synthetase–tRNA pair, together with the plasmid 

carrying the protein of interest with an amber mutation at the desired position results 

in amber codon suppression, i.e. the site-specific incorporation of the amino acid 

instead of termination of translation (Figure 3.1a)29,30. This versatile approach has 

allowed precise editing of proteins in both bacterial and mammalian systems31–34, 

leading to applications such as intracellular superresolution microscopy35, in vivo 

crosslinking of proteins to map functional interactions36, tuning of the photophysical 

properties of fluorescent proteins37, and the synthesis of well-defined antibody-drug 

conjugates38. 

 
Figure 3.1 | General concept for the genetic incorporation of non-natural amino acids 
via amber codon suppression. a, Schematic overview of the experimental workflow. 
Typically, the plasmid carrying the protein of interest with an amber codon mutation (green), 
and the plasmid carrying the orthogonal aminoacyl-synthetase tRNAse–tRNA pair (red), are co-
transformed into E. coli. After the addition of the non-natural amino acid to the culture medium 
expression of the protein of interest is induced. Affinity chromatography using both N-terminal 
and C-terminal affinity tags such as the hexahistidine tag and the Strep-tag removes truncated 
protein fragments to obtain pure protein of interest with site-specific incorporation of the non-
natural amino acid. b, Overview of possible bio-orthogonal reactions after incorporation of the 
p-azidophenylalanine, including the Staudinger ligation, and both copper-catalyzed and strain-
promoted click chemistry. 
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In this chapter, we delineate a general strategy for site-specific protein-DNA 

conjugation via genetic incorporation of the non-natural amino acid p-

azidophenylalanine39 (Figure 3.1b). We show successful expression and purification 

of enhanced green fluorescent protein (EGFP) and the apoptotic human protease 

caspase-9, and confirm the incorporation of p-azidophenylalanine. Protein-DNA 

conjugation of EGFP is straightforward and proceeds in high yields, while the 

conjugation of caspase-9 is less efficient with a yield of approximately 50%. Finally, 

we show that the caspase-9 enzyme-DNA conjugates remain enzymatically active 

after purification and that the enzyme can be activated by a DNA-based strategy based 

on a bivalent DNA template. 

Conjugation of enhanced green fluorescent protein 
As a proof of concept, we used enhanced green fluorescent protein (EGFP), a stable 

and bright GFP variant40,41, as a model protein and introduced the amber stop codon 

at position 15129 (Figure 3.2a). Additionally, an N-terminal hexahistidine tag and a C-

terminal Strep-tag were included to facilitate protein purification (Figure 3.1a). The 

plasmid encoding for the EGFP construct was co-transformed into E. coli, together 

with the pEVOL plasmid, an optimized expression vector containing the engineered 

orthogonal aminoacyl-tRNA synthetase–tRNA pair from M. jannaschii, optimized for 

p-azidophenylalanine29,30. Positive bacterial selection is straightforward because both 

plasmids carry distinct antibiotic resistance genes (for kanamycin and 

chloramphenicol, respectively). Protein expression was performed overnight in 200 

mL cultures at 30°C in the presence of 1 mM of p-azidophenylalanine, after which the 

cells were harvested and chemically lysed (see Experimental section). Protein 

purification was first performed by employing Ni2+-affinity chromatography 

(exploiting the N-terminal His-tag) to remove bacterial proteins, nucleic acids, and 

cell debris. Due to incomplete amber codon suppression and competition from release 

factor 1 (RF1), protein expression is often terminated at the amber codon, resulting in 

non-functional, partially folded protein fragments42,43. Consequently, Strep-Tactin 

affinity chromatography, exclusively targeting full-length proteins through the C-

terminal Strep-tag, was performed to remove truncated protein fragments. Analysis 

by polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions 

confirmed successful expression and purification of EGFP with the predicted mass of 

~31 kDa (Figure 3.2b). 
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Figure 3.2 | Expression and purification of enhanced green fluorescent protein (EGFP) 
with p-azidophenylalanine at position 151. a, Crystal structure (PDB: 2Y0G) and schematic 
depiction of the protein. EGFP (30.6 kDa) is expressed containing the non-natural amino acid 
p-azidophenylalanine at position 151 (indicated with single-letter code X), and an N-terminal 
His-tag and C-terminal Strep-tag for purification. b, Image of SDS-PAGE analysis (4-20% 
polyacrylamide gel, stained for proteins with Coomassie Brilliant Blue), confirming successful 
purification of EGFP. Ni2+-affinity chromatography and Strep-Tactin affinity chromatography 
was performed as described in the Experimental section. The pure protein fraction (orange 
arrow) was aliquoted and stored. Labels: la, reference protein ladder (10-250 kDa); lys, soluble 
fraction of cell lysate; FT, flow through fractions; W, wash fractions; E, elution fractions. 

The azide moiety functions as a versatile chemical handle for protein 

conjugation44,45 and generally, bio-orthogonal reactions can be performed based on 

the Staudinger ligation to phosphines46, or via click chemistry using copper-catalyzed 

alkyne-azide cycloaddition (CuAAC)47, or strain-promoted alkyne-azide cycloaddition 

(SpAAC, Figure 3.1b)48,49. Here, we employ SpAAC for the conjugation of EGFP to an 

ODN, since the reaction between azides and strained cyclooctynes is fast and it does 

not require a catalyst or a specialized buffer system. Typically, bicyclononyne (BCN) 

or the more lipophilic dibenzocyclooctyne (DBCO; also known as dibenzo-

azacyclooctyne, DIBAC) are used, due to their high reactivity, high stability in 

physiological environments, and commercial availability, functionalized with e.g. a 

maleimide or N-hydroxysuccinimide (NHS) ester48,49. Therefore, we reacted a 20-nt 

amino-functionalized ODN with BCN- and DBCO-NHS esters (Supplementary 
Figure 3.1) and performed conjugation reactions with azide-functionalized EGFP and 

a threefold molar excess of either BCN-DNA or DBCO-DNA in Tris-EDTA buffer (pH 

8.0) for 2 hr at 37°C (Figure 3.3a). Gel shift analysis using SDS-PAGE indicated 

conjugation of EGFP to a single ODN, with yields of approximately 65% and 80%, for 

DBCO and BCN, respectively, based on gel band intensity (Figure 3.3b). For BCN-
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DNA conjugation, two additional, higher-mass species were observed, potentially 

representing EGFP conjugated to two and three ODNs (Figure 3.3b; asterisks). Since 

it is known that strained cyclooctynes can react with thiols50,51, we attribute this 

observation to side-reactivity of the BCN-DNA with the two cysteines present in EGFP. 

Taken together, these results indicate that efficient site-specific protein-DNA 

conjugation can be accomplished by making use of genetic encoding of the non-

natural amino acid p-azidophenylalanine and strained cyclooctyne-functionalized 

ODNs. 

 
Figure 3.3 | Conjugation of EGFP to DNA using strain-promoted alkyne-azide 
cycloaddition. a, Reaction scheme for EGFP protein-DNA conjugation using bicyclononyne-
DNA (BCN-DNA) or dibenzocyclooctyne-DNA (DBCO-DNA). Reactions were performed for 2 
hr at 37°C in 100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0. b, Image of SDS-PAGE 
analysis of the conjugation reaction. Conjugation of DBCO-DNA or BCN-DNA (6.6 and 6.5 kDa, 
respectively) resulted in the appearance of a second band at higher mass (orange arrow), 
indicating stoichiometric reaction between protein and DNA. For the reaction with BCN-DNA, 
two additional bands (asterisks) suggest thiol-yne side reactions to the two cysteine residues in 
EGFP. 

Conjugation of the apoptotic human protease caspase-9 
In the previous section, we genetically incorporated a non-natural amino acid into 
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enzyme is a supramolecular complex of a large and a small subunit, contains more 

than ten cysteine residues, has a short half-life at physiological temperatures, and has 

a tendency to aggregate through hydrophobic interactions54,57. To prove the versatility 

of amber codon suppression for site-specific protein-DNA conjugation, we 

investigated genetic incorporation of a non-natural amino acid in caspases, in 

particular caspase-9. 

 In the cell, caspases are expressed as inactive zymogens and, upon activation, 

initiate a cascade of proteolytic activity by proximity-induced dimerization on 

dedicated supramolecular organizing platforms58,59. Caspase-9 is an initiator caspase 

in the intrinsic apoptotic pathway and consists of an N-terminal caspase recruitment 

domain (CARD) and a C-terminal catalytic domain60. CARD-mediated recruitment to 

the apoptosome—a large 27-nm diameter multi-protein complex—results in 

enzymatic activation through proximity-induced dimerization of up to four caspase-

9 monomers61. Concurrently, autoproteolytic processing of the catalytic domain at 

three processing sites (E306, D315, and D330) leads to the formation of a non-

covalently bound large and a small subunit (Figure 3.4a).  

To mimic the recruiting function of the N-terminal CARD, we inserted an amber 

codon at the N-terminus of the catalytic domain of caspase-9 for conjugation to single-

stranded ODNs. Initially, very low protein yields were observed when using expression 

conditions identical to EGFP. After extensive optimization, the yield was improved by 

adding an N-terminal SUMO-tag to the protein construct to improve solubility and 

stability62, changing the culture medium to the highly-enriched terrific broth63, 

reducing the expression temperature from 30°C to 18°C to prevent aggregation and 

the formation of inclusion bodies, and employing mechanical homogenization to lyse 

bacteria after expression instead of the common, but harsher chemical lysis (see 

Experimental section). Subsequent Ni2+-affinity and Strep-Tactin affinity 

chromatography resulted in the removal of all bacterial proteins and truncated 

caspase-9 fragments, and afforded the pure enzyme in an overall yield of 

approximately 4 mg L-1 culture medium (Figure 3.4b). SDS-PAGE analysis revealed 

that non-natural amino acid incorporation is low, and significantly lower than for 

EGFP, resulting in a high fraction of truncated protein fragments (compare Figure 
3.4b and Figure 3.2b). The efficiency of amber codon suppression is sensitive to the 

site of incorporation and the local sequence context of the amber codon, and could be 

improved by using optimized bacterial strains28,42,64.  
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Figure 3.4 | Expression and purification of caspase-9 with an N-terminal p-azido-
phenylalanine. a, Crystal structure (PDB: 1JXQ) and schematic depiction of the protein. 
Caspase-9 (~32 kDa) is expressed containing the non-natural amino acid p-azidophenylalanine 
at the N-terminus, and an N-terminal His-tag and C-terminal Strep-tag for purification. Due to 
autocatalytic processing at three sites during bacterial overexpression, mature caspase-9 
consists of a non-covalently bound N-terminal large and C-terminal small subunit in solution, 
which are separated during gel analysis (b) and mass spectrometry (c-e). b, Image of SDS-PAGE 
analysis (4-20% polyacrylamide gel, stained for proteins with Coomassie Brilliant Blue), 
confirming successful purification of wildtype caspase-9 (expected mass, 18.3 and 19.2 kDa for 
large subunits, 12.8 kDa for small subunit). Ni2+-affinity chromatography and Strep-Tactin 
affinity chromatography was performed as described in the Experimental section. Enzymatic 
cleavage of the SUMO-domain from the large subunit of caspase-9 was performed concurrent 
with dialysis after Ni2+-affinity chromatography. Pure protein samples (orange arrows) were 
aliquoted and stored. Labels: la, reference protein ladder (10-250 kDa); lys, cleared lysate after 
bacterial expression; FT, flow-through fraction; W, wash fraction; E, elution fraction. c-e, 
Normalized chromatogram (c) and deconvoluted mass spectra (d, e) of caspase-9. Observed 
major peaks correspond to the large and small subunits, which are separated during LCMS 
analysis. 
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caspase-9, which are detected separately during analysis (Figure 3.4b-e). Based on 

these results, we conclude that autoproteolytic processing predominantly occurred at 

D315, generating large and small subunit fragments of 19.2 kDa and 12.8 kDa, 

respectively. Minor processing at E306 generated large subunit fragments of 18.3 kDa. 

Finally, LCMS analysis revealed secondary peaks at -26 Da of the peaks corresponding 

to the large subunit (Figure 3.4d; peak 1), which can be contributed to the reduction 

of the azide moiety to an amine, possibly caused by photolysis65, or by the reducing 

environment during expression66. Taken together, these results confirm the successful 

genetic incorporation of the non-natural amino acid p-azidophenylalanine at the N-

terminus of caspase-9 after optimization of the expression conditions, and protein 

purification using a dual affinity chromatography approach. 

Next, conjugation to DNA was performed by strain-promoted alkyne-azide 

cycloaddition between 10 µM azide-functionalized caspase-9 and a threefold molar 

excess of a 25-nt ODN functionalized with a bicyclononyne moiety at the 5’ end (BCN-

DNA a1, Figure 3.5a and Supplementary Figure 3.1). To prevent thiol-yne side 

reactions of BCN-DNA with the 11 cysteines of caspase-9, the enzyme was pre-

incubated with 20 mM β-mercaptoethanol51. In contrast to the high conversion 

observed for EGFP, the conjugation yield for caspase-9 was approximately 50%, even 

after a prolonged incubation of 15 hr (Figure 3.5b). Consequently, small-scale Strep-

Tactin affinity chromatography and anion-exchange chromatography was performed, 

to remove excess BCN-DNA and unreacted protein, respectively (Figure 3.5b). While 

high concentrations on the ion-exchange column during purification resulted in 

further autoproteolytic processing of enzyme-DNA conjugates, literature findings 

suggest that the specific site of processing does not significantly alter the activation 

behavior of caspase-967. To test the modularity of the strategy, we performed 

additional conjugation reactions with an ODN with the BCN moiety at the 3’ end, and 

a longer 30-nt ODN (a2 and a3, Supplementary Table 3.2) and confirmed successful 

conjugation and purification (Supplementary Figure 3.2). Finally, we assessed the 

purity of the enzyme-DNA conjugates, and used urea-PAGE to demonstrate that the 

contamination of BCN-DNA in all samples is <2% (Figure 3.5c). 
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Figure 3.5 | Purification and characterization of the caspase-9 enzyme-DNA conjugate. 
a, Reaction scheme for caspase-9 enzyme-DNA conjugation using strain-promoted alkyne-
azide cycloaddition. Reactions were performed with a threefold molar excess of BCN-DNA (a1, 
7.9 kDa) in 100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.1% CHAPS (w/v), pH 8.0 for ~16 hr 
at 4°C., b, Image of SDS-PAGE analysis of the purification process. DNA conjugation to the 
azide functionality located in the large subunit of caspase-9 results in a selective gel shift of 
bands corresponding to the large subunits (curved arrows). Fractions indicated by straight 
orange arrows were aliquoted and stored. Labels: la, reference protein ladder (10-250 kDa); rxn, 
crude reaction mixture after overnight conjugation; FT, flow-through fraction; W, wash 
fraction; E, elution fraction; st, elution after stripping of the column with strip buffer (62.5 mM 
Tris, 10% glycerol, 50 mM DTT, 2.5% SDS (w/v), 0.01% bromophenol blue, pH 6.8). c, Image 
and enhanced contrast image of urea-PAGE analysis (15% acrylamide, stained for DNA with 
SYBR Gold) of the enzyme-DNA conjugates. Labels 1-3 correspond to ODN sequences a1, a2, 
and a3, respectively. A four-fold dilution series of a 25-nt ssDNA reference allows detection of 
DNA down to a concentration of approximately 31 nM. Since the concentration of the enzyme-
DNA conjugates on gel is ~2 µM, it follows that <2% free DNA remains. Label: la, reference 
dsDNA ladder. 

Typically, the concentration of protein and DNA samples are determined by 

measuring the absorption at 280 and 260 nm, respectively, which is difficult for 

enzyme-DNA conjugate samples that contain both species. Gel densitometry provides 

a straightforward alternative to accurately measure concentrations, and is based on 

constructing a calibration curve by determining the optical density of gel bands of 
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samples with known concentrations (Figure 3.6a). To this end, a calibration curve 

was constructed using unconjugated caspase-9 and the optical density of the small 

subunits was determined on SDS-PAGE under reducing conditions. The resulting 

calibration curve was then used to determine the concentration of the enzyme-DNA 

conjugates (Figure 3.6b). 

 
Figure 3.6 | Determination of enzyme-DNA conjugate concentration using gel 
densitometry. a Image of SDS-PAGE gels (4-20% polyacrylamide, stained for proteins with 
Coomassie Brilliant Blue) used for gel densitometry of caspase-9 enzyme-DNA conjugates with 
ODN sequences a1-a3 (orange squares). A dilution series (0.5-3 µM) of unconjugated wildtype 
caspase-9 was used for calibration. Label: la, reference protein ladder (10-250 kDa). b, The 
optical density of the bands indicated by blue squares was determined using the ImageJ gel 
analysis plugin (the optical density is defined as the area under the curve of linear profile plots 
perpendicular to the running direction) and fitted to a linear curve. The full analysis procedure 
was repeated three times. 

Since conjugation of oligonucleotides to enzymes can significantly influence 

catalytic behavior68,69, we measured the activity of the caspase-9 enzyme-DNA 

conjugates. To this end, we employed a 30-nt single-stranded template T to bring two 

caspase-9 monomers into close proximity through DNA hybridization (Figure 3.7a 

and Experimental section for design)70. Following proteolytic cleavage of synthetic 

caspase substrate LEHD-AFC71 over time, we observed a sharp increase in activity only 

when both enzyme-DNA conjugates and the template are present (Figure 3.7b). This 

suggests that template T functions as a bivalent scaffold inducing dimerization of 

caspase-9 monomers by increasing the effective concentration, in a similar manner as 

protein-based dimerizing scaffolds reported in literature72–74. We performed a 

quantitative kinetic analysis and determined the Michaelis constant 𝐾𝐾M of the ternary 

complex consisting of the caspase-9 conjugates and template T. The value of 1.1 ± 0.1 

mM is in the same range as found for caspase-9 activation by the native apoptosome 

and by other, synthetic scaffold platforms (Figure 3.7c)71. Collectively, these results 

confirm the successful synthesis of functionally active caspase-9 enzyme-DNA 
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conjugates, and demonstrate that DNA can be used to facilitate proximity-induced 

enzyme activation. 

 
Figure 3.7 | Caspase-9 enzyme-DNA conjugates can be activated by a bivalent DNA-based 
template. a, To verify the activity of caspase-9 enzyme-DNA conjugates, bivalent template T 
was used to induce dimerization of two caspase-9 monomers that differ only in terms of DNA 
sequence (a1 and a2, indicated in red and blue, respectively). b, Enzyme activity was measured 
using stoichiometric amounts of all three components and 167 µM of the synthetic caspase 
substrate LEHD-AFC. c, Enzyme kinetics were determined by measuring activity at 4 nM of 
each enzyme-DNA conjugate and varying concentrations of substrate LEHD-AFC (0–1.5 mM). 
The data was fitted with the standard Michaelis-Menten expression. Bars represent mean 
enzyme activity. All experiments were performed in independent triplicates. 

Conclusion 
DNA nanostructures represent a powerful tool for the spatial organization of identical 

or functionally related proteins to investigate enzyme clustering, supramolecular 

protein assembly, and multivalent effects. The delicate protein-protein interactions 

involved in these processes warrant a stoichiometric, site-specific protein-DNA 

conjugation strategy without the use of large conjugation tags that can influence 

protein structure and function. In this chapter, we have shown that genetic 

incorporation of the non-natural amino acid p-azidophenylalanine via amber codon 

suppression allows for site-specific conjugation of proteins to ODNs via the small bio-

orthogonal azide moiety. Specifically, we successfully synthesized protein-DNA 

conjugates of the fluorescent protein EGFP and the apoptotic enzyme caspase-9. 

Although previous studies have described protein-DNA conjugation with other model 

proteins and antibody fragments75,76, we have directly compared the performance of 
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EGFP with the unstable protease caspase-9 and demonstrated that expression and 

conjugation of challenging proteins can require extensive optimization. Nevertheless, 

an efficient small-scale purification strategy allowed us to generate pure caspase-9 

enzyme-DNA conjugates that retain their activity compared to the wildtype enzyme. 

Conjugation to native proteins that cannot be genetically re-engineered remains 

challenging, although for some specific classes of proteins elegant strategies have been 

developed (see also Chapter 6)69,77–79. When bacterial or mammalian expression of 

the protein of interest is feasible, we envision that amber codon suppression is an 

elegant and modular strategy for site-specific, stoichiometric protein-DNA 

conjugation. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. Mutagenesis primers were purchased from Eurofins. The non-natural amino acid 
p-azidophenylalanine was obtained from Bachem. Free fluorophore 7-amino-4-(trifluoro-
methyl)coumarin (AFC) was obtained from Fluorochem, while synthetic tetrapeptide caspase-
9 substrate Ac-LEHD-AFC was purchased from Enzo Life Sciences. Amino-functionalized 
oligonucleotides (ODNs) were obtained HPLC-purified from Integrated DNA Technologies and 
dissolved in DNase/RNase-free water at 250 µM. 

Expression plasmids 
The gene for enhanced green fluorescent protein (EGFP) was based on a collagen-binding 
fluorescent probe, reported by Aper et al.41, available in a pET28a expression vector with an N-
terminal hexahistidine tag, and kindly provided by Stijn Aper and Maarten Merkx. A C-terminal 
Strep-tag was introduced via Liu PCR80 using Phusion polymerase (New England Biolabs) and 
partially overlapping primers (Supplementary Table 3.1). The native tyrosine at position 151 
was mutated to encode for an amber stop codon for incorporation of p-azidophenylalanine29, 
using the QuikChange Lightning Multi Site-Directed Mutagenesis kit (Agilent), according to 
the manufacturer’s instructions and using the primer in Supplementary Table 3.1. The 
catalytic domain of human caspase-9 (140-416) with an N-terminal amber stop codon was 
encoded on a pET28a plasmid and synthesized by GenScript. The construct contains an N-
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terminal His-SUMO tag (the SUMO tag was included to improve stability and solubility during 
expression62) and a C-terminal Strep-tag. The pEVOL-pAzF vector, encoding for the orthogonal 
aminoacyl-tRNA synthetase–tRNA pair, was a kind gift from Peter Schultz (Addgene plasmid 
#31186). 

DNA and protein sequence of EGFP 
The single-letter amino acid code is shown in uppercase, with above in lowercase the 
corresponding DNA sequence. The N-terminal hexahistidine tag is shown in green, EGFP in 
red, and the C-terminal Strep-tag in blue. The position of the non-natural amino acid p-
azidophenylalanine is indicated with an X, at position 151. Relevant amino acids are indicated, 
following the numbering system of PDB entry 2Y0G: C48 and C70 are the only two cysteine 
residues in EGFP, probably causing side-reactions with BCN-DNA, and T65, Y66, and G67 form 
the chromophore upon maturation. 
 
atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccatatggctagcatggtgagcaagggcgaggag 
 M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  M  A  S  M  V  S  K  G  E  E  
 
ctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgat 
 L  F  T  G  V  V  P  I  L  V  E  L  D  G  D  V  N  G  H  K  F  S  V  S  G  E  G  E  G  D  
                                 48                                                 65 66  
gccacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctac 
 A  T  Y  G  K  L  T  L  K  F  I  C  T  T  G  K  L  P  V  P  W  P  T  L  V  T  T  L  T  Y  
67       70                                                                                
ggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgc 
 G  V  Q  C  F  S  R  Y  P  D  H  M  K  Q  H  D  F  F  K  S  A  M  P  E  G  Y  V  Q  E  R  
 
accatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaag 
 T  I  F  F  K  D  D  G  N  Y  K  T  R  A  E  V  K  F  E  G  D  T  L  V  N  R  I  E  L  K  
                                                                       151                 
ggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctagatcatggccgacaag 
 G  I  D  F  K  E  D  G  N  I  L  G  H  K  L  E  Y  N  Y  N  S  H  N  V  X  I  M  A  D  K  
 
cagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacc 
 Q  K  N  G  I  K  V  N  F  K  I  R  H  N  I  E  D  G  S  V  Q  L  A  D  H  Y  Q  Q  N  T  
 
cccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcgat 
 P  I  G  D  G  P  V  L  L  P  D  N  H  Y  L  S  T  Q  S  A  L  S  K  D  P  N  E  K  R  D  
 
cacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtccggatggtctcatcctcaattt 
 H  M  V  L  L  E  F  V  T  A  A  G  I  T  L  G  M  D  E  L  Y  K  S  G  W  S  H  P  Q  F  
 
gaaaaataa 
 E  K  *  

DNA and protein sequence of caspase-9 
The single-letter amino acid code is shown in uppercase, with above in lowercase the 
corresponding DNA sequence. The N-terminal hexahistidine tag is shown in green, the SUMO 
domain in orange, the catalytic domain of caspase-9 (140-416) in red, and the C-terminal Strep-
tag in blue. The position of the non-natural amino acid p-azidophenylalanine is indicated with 
an X, located at the N-terminus of the enzyme after removal of the SUMO domain. Relevant 
amino acids in caspase-9 are indicated, following the numbering system of PDB entry 1NW9: 
C287 is the cysteine in the active site, F404 is the phenylalanine present in the dimer interface, 
and E306, D315, and D330 are the proteolytic cleavage sites in the linker region between the N-
terminal large subunit and the C-terminal small subunit. Autocleavage by caspase-9 occurs pre-
dominantly at E306 and D315 and to a lesser extent at D330, while caspase-3 cleaves exclusively 
at D33081. 
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 atgggcagcagccatcatcatcatcatcacagcagcggcctggtgccgcgcggcagccatatgggtggtagcgacagcgaagtgaatcaa 
  M  G  S  S  H  H  H  H  H  H  S  S  G  L  V  P  R  G  S  H  M  G  G  S  D  S  E  V  N  Q  
 
 gaagccaaaccggaagtgaaaccggaagtcaaaccggaaacgcacatcaacctgaaagtgagtgatggtagctctgaaattttctttaaa 
  E  A  K  P  E  V  K  P  E  V  K  P  E  T  H  I  N  L  K  V  S  D  G  S  S  E  I  F  F  K  
 
 attaagaaaaccacgccgctgcgtcgcctgatggaagcgtttgccaaacgccagggtaaagaaatggatagcctgcgcttcctgtatgac 
  I  K  K  T  T  P  L  R  R  L  M  E  A  F  A  K  R  Q  G  K  E  M  D  S  L  R  F  L  Y  D  
 
 ggcattcgtatccaggcggatcaagccccggaagatctggacatggaagataacgacattatcgaagcgcatcgcgaacagattggcggt 
  G  I  R  I  Q  A  D  Q  A  P  E  D  L  D  M  E  D  N  D  I  I  E  A  H  R  E  Q  I  G  G  
         140                                                                                
 tagggcggtggcgccctggaatcactgcgtggtaatgcagatctggcttacatcctgtcgatggaaccgtgcggccactgtctgatcatc 
  X  G  G  G  A  L  E  S  L  R  G  N  A  D  L  A  Y  I  L  S  M  E  P  C  G  H  C  L  I  I  
 
 aacaacgttaacttctgccgtgaaagtggtctgcgcacccgtacgggctccaatattgactgtgaaaaactgcgtcgccgttttagttcc 
  N  N  V  N  F  C  R  E  S  G  L  R  T  R  T  G  S  N  I  D  C  E  K  L  R  R  R  F  S  S  
 
 ctgcatttcatggtggaagttaaaggtgatctgaccgcgaagaaaatggtgctggcgctgctggaactggcccagcaagatcacggcgcc 
  L  H  F  M  V  E  V  K  G  D  L  T  A  K  K  M  V  L  A  L  L  E  L  A  Q  Q  D  H  G  A  
 
 ctggactgctgtgtggttgtcatcctgagccatggttgccaggcatctcacctgcaatttccgggcgctgtctatggtaccgatggctgt 
  L  D  C  C  V  V  V  I  L  S  H  G  C  Q  A  S  H  L  Q  F  P  G  A  V  Y  G  T  D  G  C  
 
 ccggtctccgtggaaaaaattgtgaacatcttcaatggtacgagctgcccgtctctgggtggcaaaccgaaactgtttttcattcaggca 
  P  V  S  V  E  K  I  V  N  I  F  N  G  T  S  C  P  S  L  G  G  K  P  K  L  F  F  I  Q  A  
287                                                      306                        315     
 tgtggtggcgaacaaaaagatcatggctttgaagttgctagcacctctccggaagacgaaagtccgggttccaacccggaaccggatgcc 
  C  G  G  E  Q  K  D  H  G  F  E  V  A  S  T  S  P  E  D  E  S  P  G  S  N  P  E  P  D  A  
                                       330                                                  
 accccgtttcaggaaggcctgcgcacgttcgatcaactggacgcaatttcatcgctgccgaccccgagcgacatctttgtgagttattcc 
  T  P  F  Q  E  G  L  R  T  F  D  Q  L  D  A  I  S  S  L  P  T  P  S  D  I  F  V  S  Y  S  
 
 acgtttccgggtttcgtttcttggcgtgatccgaaatcaggctcgtggtatgtggaaaccctggatgacattttcgaacagtgggcgcac 
  T  F  P  G  F  V  S  W  R  D  P  K  S  G  S  W  Y  V  E  T  L  D  D  I  F  E  Q  W  A  H  
                                                                                 404        
 tcagaagatctgcaatcgctgctgctgcgcgtcgcaaacgctgtttctgtcaaaggtatctacaaacagatgccgggctgttttaatttc 
  S  E  D  L  Q  S  L  L  L  R  V  A  N  A  V  S  V  K  G  I  Y  K  Q  M  P  G  C  F  N  F  
                           416                                                              
 ctgcgtaaaaaactgttctttaaaacgtcaggtggttcgtggagccatccgcaatttgaaaaataa                         
  L  R  K  K  L  F  F  K  T  S  G  G  S  W  S  H  P  Q  F  E  K  *   

Expression and purification of EGFP 
The plasmid encoding for EGFP was co-transformed with the pEVOL plasmid into E. coli 
BL21(DE3) competent bacteria (Novagen) and cultured at 37°C in 200 mL LB medium (Luria-
Bertani, 10 g/L peptone, 10 g/L NaCl, 5 g/L yeast extract), 25 µg/mL kanamycin and 25 µg/mL 
chloramphenicol. Protein expression was induced at OD600=0.6 by addition of 1 mM β-D-1-
thiogalactopyranoside and 0.02% (w/v) arabinose. Simultaneously, p-azidophenylalanine was 
added directly to the culture medium at a final concentration of 1 mM. Expression was carried 
out in the dark for ~16 h at 30°C. Cells were harvested by centrifugation at 10,000 g for 10 min 
at 4°C and lysed by resuspending the pellet in BugBuster (5 mL/g pellet, Merck) supplemented 
with Benzonase nuclease (25 U per 10 mL buffer, Novagen) for 45 min on a shaking table at 
room temperature. The soluble fraction (cleared lysate) containing EGFP was collected by 
centrifugation at 40,000 g for 30 min at 4°C. Typically, non-natural amino acids are not fully 
incorporated leading to the presence of truncated protein fragments. Therefore, purification 
was performed by both Ni2+-affinity chromatography and Strep-Tactin affinity chromatography, 
using the N- and C-terminal affinity tags on EGFP, respectively. The cleared lysate was loaded 
on a Ni-charged column (His-Bind® Resin, Novagen), washed with wash buffer (1×PBS, 370 mM 
NaCl, 10% (v/v) glycerol, 20 mM imidazole, pH 7.4), and eluted with elution buffer (1×PBS, 370 
mM NaCl, 10% (v/v) glycerol, 250 mM imidazole, pH 7.4). The elution fractions were applied 
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to a Strep-Tactin column (Superflow® resin, IBA Life Sciences). The column was washed with 
wash buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) and the protein eluted with 
wash buffer supplemented with 2.5 mM desthiobiotin. Elution fractions were combined and 
concentrated using Amicon 10 kDa MWCO centrifugal filters (Merck Millipore) to a final 
concentration of ~0.65 mg/mL (~21 µM), and then snap frozen in liquid nitrogen and stored in 
100 µL aliquots at -80°C. The concentration of EGFP was determined by measuring the 
absorption at 280 nm (NanoDrop 1000, Thermo Scientific) assuming an extinction coefficient 
of 2.7×104 M-1 cm-1 82. Purity was assessed using SDS-PAGE under reducing conditions (Figure 
3.2). 

Expression and purification of caspase-9 
The plasmid encoding for caspase-9 was co-transformed with the pEVOL plasmid into E. coli 
BL21(DE3) competent bacteria (Novagen) and cultured at 37°C in 500 mL 1×TB (terrific broth, 
VWR) supplemented with 0.4% (v/v) glycerol, 25 µg/mL kanamycin and 25 µg/mL 
chloramphenicol. Protein expression was induced at OD600=0.6 by addition of 1 mM β-D-1-
thiogalactopyranoside and 0.02% (w/v) arabinose. Simultaneously, p-azidophenylalanine was 
added directly to the culture medium at a final concentration of 1 mM. Expression was carried 
out in the dark for ~16 h at 18°C. Cells were harvested by centrifugation at 10,000 g for 10 min 
at 4°C, the pellet resuspended in lysis buffer (10 mL per gram pellet, 1×PBS, 370 mM NaCl, 10% 
(v/v) glycerol, 20 mM imidazole, Benzonase nuclease (25 U per 10 mL buffer, Novagen), pH 
7.4) and the cells were lysed using an EmulsiFlexC3 High Pressure homogenizer (Avestin) at 
15,000 psi for two rounds. The soluble fraction (cleared lysate) containing caspase-9 was 
collected by centrifugation at 40,000 g for 30 min at 4°C. Purification was performed by both 
Ni2+-affinity chromatography and Strep-Tactin affinity chromatography, using the N- and C-
terminal affinity tags on caspase-9, respectively. Ni2+-affinity chromatography was performed 
as described for EGFP. Cleavage of the N-terminal His-SUMO tag was performed by adding 
SUMO protease dtUD1 (1:500, purified according to standard procedure62) and 2 mM EDTA to 
the elution fractions, while dialyzing (MWCO 3.5 kDa, Thermo Fisher) against 4 L of dialysis 
buffer (50 mM Tris, 150 mM NaCl, pH 8.0) for ~ 16 hr at 4°C. Finally, the concentrate was 
applied to a Strep-Tactin column and purification was performed as described for EGFP. Elution 
fractions were combined and concentrated using Amicon 10 kDa MWCO centrifugal filters 
(Merck Millipore) to a final concentration of ~1.5 mg/mL (~47 µM), and then snap frozen in 
liquid nitrogen and stored in 100 µL aliquots at -80°C. The concentration of caspase-9 was 
determined by measuring the absorption at 280 nm (NanoDrop 1000, Thermo Scientific) 
assuming an extinction coefficient of 3.1×104 M-1 cm-1 82. Total yield after purification typically 
was ~ 4 mg/L culture medium. Purity of caspase-9 was assessed using SDS-PAGE under 
reducing conditions (Figure 3.4). Molecular weight was confirmed using liquid 
chromatography quadrupole time-of-flight mass spectrometry (Waters ACQUITY UPLC I-Class 
System coupled to a Xevo G2 Q-ToF) by injecting a 0.1 µL sample into an Agilent Polaris C18A 
RP column with a flow of 0.3 mL/min and a 15-60% acetonitrile gradient containing 0.1% formic 
acid (Figure 3.4). 
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Functionalization of oligonucleotides 
Functionalization of amino-modified ODNs (Supplementary Table 3.2) with strained 
cyclooctynes was performed on a 100 µL scale by adding 2 mM (1R,8S,9s)-bicyclo[6.1.0]non-4-
yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS, 4 mM stock solution in dry DMSO) or 2 
mM dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS, 4 mM stock solution in 
dry DMSO) to 100 µM of ODN in 1×PBS (pH 7.4), and incubating for 2 h at 25°C under 
continuous shaking. Excess BCN-NHS or DBCO-NHS was removed by two rounds of ethanol 
precipitation. Briefly, 900 µL ice-cold 100% ethanol and 20 µL 3 M potassium acetate (pH 5.5) 
was added directly to the reaction mixture and incubated for 30 min at -30°C. After 
centrifugation (14,000 g for 30 min at 4°C) the supernatant was removed and the pellet was 
reconstituted in 100 µL water. This procedure was repeated once and after centrifugation the 
pellet was washed with 95% ice-cold ethanol (v/v, in water). The mixture was centrifuged again 
(14,000 g for 10 min at 4°C) and the pellet was reconstituted in TE buffer (10 mM Tris-HCl, 1 
mM EDTA, pH 8.0) and stored at -30°C. Molecular weight was confirmed using mass 
spectrometry by flow injection analysis on an LCQ fleet (Thermo Finnigan) ion-trap mass 
spectrometer in negative mode, using direct injection of 5 µL DNA (10 µM in 30% isopropanol 
(v/v in water), 0.1% triethylamine (v/v), pH 10) (Supplementary Figure 3.1). Concentrations 
were determined using absorption at 260 nm (NanoDrop 1000, Thermo Scientific), assuming 
extinction coefficients reported by the manufacturer (Supplementary Table 3.2). 

EGFP protein-DNA conjugation 
Conjugation reactions were performed on a 20 µL scale using 10 µM protein and 30 µM BCN-
DNA or DBCO-DNA in reaction buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0). 
Reaction mixtures were incubated for 2 h at 37°C in the dark under continuous shaking, after 
which SDS-PAGE analysis was performed (see below). 

Caspase-9 enzyme-DNA conjugation and purification 
Before conjugation, 100 µL caspase-9 aliquots were buffer exchanged to wash buffer (100 mM 
Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) using Zeba desalting columns (7 kDa MWCO, 
0.5 mL, Thermo Scientific) according to the manufacturer’s instructions, to remove all 
remaining desthiobiotin. Typically, conjugation reactions were carried out on a 500 µL scale 
using 10 µM protein and 30 µM BCN-DNA in reaction buffer (100 mM Tris-HCl, 150 mM NaCl, 
1 mM EDTA, 0.1% CHAPS (w/v), pH 8.0) for ~16 hr at 4°C. Competing thiol-yne reactions of 
BCN-DNA with the 11 cysteines in caspase-9 were suppressed by pre-incubating the protein with 
1 mM β-mercaptoethanol for 30 min at 4°C51. To remove excess BCN-DNA, Strep-Tactin affinity 
chromatography was performed as described above. Then, ion-exchange chromatography was 
performed to remove unreacted protein. After equilibration of the ion-exchange column (0.5 
mL strong anion-exchange spin columns, Thermo Scientific) with purification buffer (100 mM 
Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% CHAPS (w/v), pH 8.0), the protein 
mixture was directly loaded onto the column in 400 µL fractions, according to the 
manufacturer’s instructions. Elution was performed by stepwise increase of the NaCl 
concentration in the buffer (200, 300, 400, 500, 600 mM, respectively). Typically, the protein 
eluted at <300 mM NaCl, while enzyme-DNA conjugates eluted at 500-600 mM NaCl (Figure 
3.5b and Supplementary Figure 3.2). Elution fractions containing pure enzyme-DNA 
conjugates were pooled, supplemented with glycerol (5% (v/v) final concentration), snap frozen 



Chapter 3 

66 

in liquid nitrogen, and stored at -80°C in 5 µL aliquots. The concentration of purified enzyme-
DNA conjugates was determined with gel densitometry on SDS-PAGE. To this end, conjugate 
gel band intensity was determined using the ImageJ (v1.52n) gel analysis plugin and then 
compared to a calibration curve of known concentrations of protein (Figure 3.6). 

Gel electrophoresis 
Conjugation reactions and purification of conjugates were monitored by SDS-PAGE under 
reducing conditions. Samples were heated at 95°C for 5 min in sample buffer (62.5 mM Tris, 
10% glycerol, 50 mM DTT, 2.5% SDS (w/v), 0.01% bromophenol blue, pH 6.8) and run on pre-
cast 4-20% Mini-PROTEAN TGX gels (Bio-rad) in running buffer (25 mM Tris, 192 mM glycine, 
0.1% SDS,  pH 8.3) for 45-50 min at 150 V. Precision Plus Protein All Blue ladder (Bio-Rad) was 
used as a reference. Gels were stained with Coomassie Brilliant Blue G-250 (Bio-Rad), imaged 
using an ImageQuant 400 Digital Imager (GE Healthcare), and analyzed with ImageJ. 

Urea-PAGE analysis was used to confirm removal of excess DNA after enzyme-DNA 
conjugate purification (Figure 3.5c). Gels were prepared at 15% monomer concentration using 
the manufacturer’s protocol (UreaGel, National Diagnostics). Samples were two-fold diluted in 
sample buffer (10 mM Tris, 1 mM EDTA, 0.01% xylene cyanol (w/v), 8 M urea, pH 8.0). DNA 
reference samples were prepared by four-fold serial dilution from a 2 µM stock solution of ODN 
a1 (see Supplementary Table 3.2) in water. The gel was run in 1×TBE (89 mM Tris-HCl, 89 mM 
boric acid, 2 mM EDTA, pH 8.0) for 60 min at 150 V and post-stained with SYBR Gold (Thermo 
Scientific). GeneRuler Ultra Low Range DNA ladder (Thermo Scientific) was included as a 
reference. Gels were imaged using an ImageQuant 400 Digital Imager (GE Healthcare) and 
analyzed with ImageJ. 

Assembly of caspase-9 on template T 
The linear 30-nt single-stranded template T was designed to act as a bivalent scaffold for 
caspase-9 (5’ to 3’: TCATACGACTCACTCCTGACTGACTGACTG), simultaneously hybridizing 
to enzyme-DNA conjugates with anti-handle sequences a1 and a2 (Supplementary Table 3.2), 
similar to designs used in literature70,83. Activation of caspase-9 with template T was performed 
by adding the two caspase-9 enzyme-DNA conjugates and template T in equimolar amounts (4 
nM) for 2 hr at 4°C in activity buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, 1 
mM DTT, 0.1% (w/v) CHAPS, pH 7.5). Enzyme activity was measured as described below. 

Caspase-9 activity assays 
Enzyme activity was measured using the synthetic tetrapeptide caspase-9 substrate LEHD 
(dissolved in dry DMSO at 10 mM)71, which is cleaved by caspase-9 after the aspartic acid residue 
releasing and unquenching the fluorescent dye 7-amino-4-(trifluoromethyl)coumarin (AFC). 
After assembly of caspase-9 on DNA origami, substrate was added to a final concentration of 
167 µM and proteolytic cleavage was monitored over time in 384-well plates (60 µL reaction 
volume) at 18°C by measuring fluorescence (ex.: 400 nm, em.: 505 nm) in a Tecan Spark 10M 
platereader. Fluorescence units were converted to concentration using a calibration curve 
(Supplementary Figure 3.3). To this end, varying concentrations of free AFC (dissolved in dry 
DMSO at 10 mM) were added to activity buffer, and fluorescence was measured as described. 
Raw data of all activity assays were extracted, converted, and formatted using in-house 
MATLAB scripts (R2015a). Enzyme activity (in pmol min-1) was determined by fitting the initial 
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slope (20-60 min) of the kinetic trace to a linear curve. Kinetic parameters were determined by 
measuring enzyme activity as a function of varying LEHD concentration between 0-1.5 mM, and 
fitting the results with the standard Michaelis-Menten equation: 

activity = 𝑉𝑉max [LEHD]
𝐾𝐾M+[LEHD]

       (4.1) 

with 𝑉𝑉max the maximum rate (in pmol min-1) and 𝐾𝐾M the Michaelis constant (in mM). Because 
high concentrations of the substrate (>0.5 mM) strongly influence the pH, kinetic analyses were 
performed at a higher buffer concentration (50 mM HEPES, 5 mM Tris, 1 mM EDTA, 10 mM 
MgCl2, 100 mM NaCl, 1 mM DTT, 0.1% (w/v) CHAPS, pH 7.6). 
 

Supplementary figures and tables 
Supplementary Table 3.1 | Mutagenesis primers used for generating EGFP. 

Mutation Sequence (5’ to 3’) 

Liu-FW TGGTCTCATCCTCAATTTGAAAAATAAGAATTCCACGGATCCGCACGAG 

Liu-RV TTATTTTTCAAATTGAGGATGAGACCATCCGGACTTGTACAGCTCGTCCATG 

Y151X ACTACAACAGCCACAACGTCTAGATCATGGCCGAC 

 

 

 
Supplementary Figure 3.1 | MS analysis of oligonucleotides before and after 
functionalization of the BCN moiety. Deconvoluted mass spectra of amine-functionalized 
ODNs a1-a4 used in this study for enzyme-DNA conjugation before (gray) and after (red) NHS 
coupling to BCN (expected mass increase, 176.21 g mol-1). Observed major peaks match the 
calculated molecular weights for all ODNs. Secondary peaks at -143-145 Da from the main peak 
could be attributed to depurination caused by heating of the sample during analysis. 
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Supplementary Figure 3.2 | SDS-PAGE analysis of enzyme-DNA conjugation reactions 
with wildtype caspase-9. Images of SDS-PAGE gels (4-20% polyacrylamide, stained for 
proteins with Coomassie Brilliant Blue), of the conjugation and purification process for wildtype 
caspase-9 to BCN-functionalized a1 (a, ODN mass, 7.9 kDa), a2 (b, ODN mass, 7.8 kDa), and a3 
(c, ODN mass, 9.4 kDa). DNA conjugation to the azide functionality located in the large subunit 
of caspase-9 results in a selective gel shift of bands corresponding to the large subunits (curved 
arrows). Subsequent Strep-Tactin affinity chromatography to remove excess DNA and anion-
exchange chromatography to remove unreacted protein was performed as described in the 
Experimental section. Fractions indicated by straight orange arrows were aliquoted and 
stored. Labels: la, reference protein ladder (10-250 kDa); rxn, crude reaction mixture after 
overnight conjugation; FT, flow-through fraction; W, wash fraction; E, elution fraction; st, 
elution after stripping of the column with strip buffer (62.5 mM Tris, 10% glycerol, 50 mM DTT, 
2.5% SDS (w/v), 0.01% bromophenol blue, pH 6.8). 

Supplementary Table 3.2 | Amino-functionalized ODNs for protein-DNA conjugation. 
Average molecular weight (MW, in g mol-1) and extinction coefficient (ε, in L mol-1 cm-1) are 
indicated. ODN sequences were based on sequences reported in literature with minimal 
secondary structure and melting temperatures >40°C84. All sequences were tested with 
NUPACK to detect any possible undesired interactions85. Underlined thymine nucleotides were 
added as a spacer. IDT modifications /5AmMC6/ and /3AmMO/ were used for amino 
modifications at 5’ and 3’ end, respectively. 

ID Use Sequence (5’ to 3’) MW ε 

a1 Caspase-9, amine at 5’ H2N-TTTTTTTTTTGAGTGAGTCGTATGA 7893.2 238500 

a2 Caspase-9, amine at 3’ CAGTCAGTCAGTCAGTTTTTTTTTT-NH2 7830.1 230400 

a3 Caspase-9, longer ODN H2N-TTTTTTTTTTTTTTTGAGTGAGTCGTATGA 9414.2 279000 

a4 EGFP H2N-CCCTAGAGTGAGTCGTATGA 6336.2 200500 
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Supplementary Figure 3.3 | Concentration calibration of the synthetic caspase-9 
substrate LEHD-AFC. a, Schematic depicting caspase-9 cleavage of the synthetic tetrapeptide 
LEHD-AFC. Proteolytic activity of caspase-9 leads to cleavage behind the aspartic acid residue, 
releasing and unquenching the coumarin derivative AFC. The fluorescence increase over time 
can be measured in a platereader by excitation (ex.) at 400 nm and measuring the emission 
(em.) at 505 nm. b, Graph depicting the fluorescence intensity of free AFC at various 
concentrations over time (two-fold dilution from a 60 µL 3 nmol stock solution in activity 
buffer, see Experimental section). c, A calibration curve was constructed by calculating the 
mean fluorescence intensity (interval 20-60 min) for each concentration, and fitting the data 
to a linear curve. Calibrations were performed in triplicate with three different stock solutions 
of AFC. The concentrations were chosen such that the fluorescence intensities of all 
experiments fall within the range of the calibration curve. 
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DNA origami-directed activation of 
the key apoptotic enzyme caspase-9 
 

 

 

Here, we employ the programmability and modularity of DNA origami as a controllable 
molecular platform for studying protein-protein interactions involved in intracellular signaling. 
Specifically, we engineered a synthetic, DNA origami-based version of the apoptosome, a large 
multi-protein signaling complex that regulates apoptosis by co-localization of multiple caspase-
9 monomers. Our in vitro characterization using both wildtype caspase-9 monomers and 
inactive mutants tethered to a DNA origami platform directly demonstrates that enzymatic 
activity is induced by proximity-driven dimerization with asymmetric, half-of-sites reactivity. 
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Introduction 
Nanoscale organization of interacting proteins is a key regulatory principle in 

signaling pathways involved in all major cell events, including apoptosis, metabolism, 

inflammation, and immunity1,2. Inactive enzymes with a low intrinsic affinity and 

present at low intracellular concentrations, can be physically assembled into well-

defined higher-order signaling complexes3 or open-ended assemblies4. In these 

processes, dedicated scaffold proteins serve as supramolecular organizing centers 

(SMOCs), facilitating protein-protein interactions with precise control over the 

position and orientation of the individual components5. Efforts to address and rewire 

SMOC-based signaling complexes have provided important structural and functional 

understanding into the underlying design principles6–8. In general, experimental and 

theoretical work illustrate that co-localization of signaling components promotes 

proximity-induced enzyme activation through weak non-covalent interactions, 

thereby overcoming signal thresholds, increasing pathway robustness, and shaping 

response dynamics9–11. 

Bottom-up approaches employing synthetic platforms enable systematic analysis 

and full control over the number, position, and orientation of interacting components, 

providing an excellent strategy to further unravel the molecular mechanisms behind 

spatial organization in signaling pathways12,13. The programmability of DNA and its 

inherent biocompatibility enables rational design of defined synthetic architectures 

for the construction of protein-DNA hybrid systems14–17. DNA origami-based 

nanostructures, in particular, are well-suited as synthetic platforms as their unique 

addressability allows for precise assembly of multiple non-identical proteins with 

nanometer accuracy18–20. The DNA origami technique has found broad applicability 

as an experimental tool for spatial organization of native multi-protein systems, such 

as amyloid fibrils21, membrane fusion proteins22, nucleosomes23,24, and intrinsically 

disordered proteins25. Additionally, these platforms have been used to engineer 

localized genetic circuits26, to study confinement-induced enzyme activity27,28, and to 

investigate scaffolded metabolic cascades29–33. Although these studies have elegantly 

applied the programmability of DNA nanotechnology to facilitate organization of e.g. 

structural protein assemblies and metabolic enzymes with small-molecule substrates, 

a DNA nanostructure-based platform for directly probing-protein interactions 

between catalytically active intracellular signaling components is currently lacking.  

In this chapter, we present the first DNA-based synthetic SMOC for studying 

proximity-induced protein-protein interactions involved in intracellular signal 
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transduction. Specifically, we construct a DNA origami-based synthetic variant of the 

apoptosome, a 27-nm diameter, sevenfold-symmetric multi-protein complex involved 

in the intrinsic apoptotic pathway. In the cell, mitochondrial outer membrane 

permeabilization and subsequent release of cytochrome c induces the assembly of the 

apoptosome, which recruits the cysteine-dependent aspartic protease caspase-9 to 

initiate a cascade of proteolytic activity that eventually leads to programmed cell 

death34. Previous works suggest that the apoptosome recruits caspase-9 monomers 

through caspase recruitment domains (CARDs), after which dimerization contributes 

to a dramatic increase in enzyme activity (Figure 4.1a)35–37. By mimicking the 

scaffolding function of the apoptosome with a rectangular DNA origami platform18, 

we can assemble individual caspase-9 monomers with absolute control over their 

position, using the hybridization of DNA-functionalized enzymes to protruding 

single-stranded handles on the DNA origami surface (Figure 4.1b).  

 
Figure 4.1 | General concept and design elements for the construction of a DNA-based 
synthetic apoptosome. a, Schematic drawing of the natural apoptosome that functions by 
assembling inactive caspase-9 monomers through caspase recruitment domains (CARDs). The 
increase in local concentration induces caspase-9 dimerization, leading to proteolytic cleavage 
of downstream caspases and eventually apoptosis. b, Schematic drawing of the DNA origami-
based synthetic apoptosome, which uses single-stranded DNA (ssDNA) handles to control the 
number, position, and relative geometry of caspase-9 monomers. The programmability and 
modularity of DNA origami allows for the characterization of specific protein-protein 
interactions, such as homodimerization, inhibition, oligomerization, and heterodimerization. 
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Using a bottom-up approach, our in vitro studies reveal that caspase-9 activity is 

induced by proximity-driven dimerization, driven by an increase in effective 

concentration as a result of tethering of the components to the platform. Additionally, 

we provide direct evidence that a caspase-9 heterodimer, consisting of a wildtype 

monomer and an active-site mutant has equal activity compared to the wildtype 

homodimer, confirming the hypothesis that conformational changes in the active sites 

of a caspase homodimer proceed via an asymmetric mechanism38. Our experimental 

platform demonstrates that systematic in vitro analysis of native protein-protein 

interactions using DNA-based synthetic SMOCs can facilitate the discovery of new 

molecular mechanisms in proximity-driven enzyme regulation. 

Programmable enzyme assembly on DNA nanostructures 
To construct a DNA origami-based platform that allows for programmable caspase-9 

organization, well-defined enzyme-DNA conjugates20,39 were synthesized using 

amber codon suppression, as described in Chapter 3. Full-length caspase-9 

monomers consist of an N-terminal caspase recruitment domain (CARD) connected 

to the catalytic domain via a long flexible linker (Figure 4.1a). Crystal structures show 

that upon recruitment, CARDs on the apoptosome interact with the caspase-9 CARDs 

to form a well-defined three-dimensional complex, to which multiple caspase-9 

catalytic domains are flexibly tethered36,37. Site-specific incorporation of a non-natural 

amino acid at the N-terminus of the catalytic domain of caspase-9 allows replacing 

the CARD with a single oligonucleotide, and mimics the recruiting function of the 

CARD by hybridization to complementary single-stranded handles on the DNA 

origami surface (Figure 4.1b). The oligonucleotide was designed with a 10-nucleotide 

(nt) single-stranded linker separating the enzyme and a 15-nt anti-handle used for 

hybridization to the handles on the DNA origami surface (Supplementary Table 4.1). 

Analysis using polyacrylamide gel electrophoresis confirmed successful conjugation 

and purification (Figure 3.5), while enzyme activity assays demonstrated that 

caspase-9 enzyme-DNA conjugates retain their proteolytic activity (Figure 3.6). 
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Various cellular and synthetic biology approaches have employed bivalent 

scaffolds to demonstrate that proximity-induced dimerization results in caspase-9 

activation40–42. The unique addressability of DNA origami allows for programmable 

positioning with ~6 nm resolution across the entire platform, and therefore, we 

hypothesize that enzyme activity can be tuned by varying the distances between two 

caspase-9 monomers tethered to a DNA origami platform. To this end, we designed 

two-enzyme DNA nanostructures with single-stranded handles arranged either 

parallel or perpendicular to the DNA helical axis, and incorporated the enzymes by 

adding the complementary caspase-9 enzyme-DNA conjugates (Figure 4.2a). No 

significant aggregation or disassembly of the DNA origami nanostructures was 

observed upon analysis with agarose gel electrophoresis (Figure 4.2b), even after 

prolonged incubation at 18°C necessary for enzymatic activity measurements (see 

below). These results suggest that the incorporation of caspase-9 does not affect the 

integrity and the stability of the DNA nanostructures.  

Next, we employed atomic force microscopy in solution (AFM) to evaluate the self-

assembly of DNA nanostructures, and confirmed successful folding of 75×100-nm2 

DNA origami rectangles and incorporation of 4.5-nm diameter, 32-kDa caspase-9 

monomers onto their surface (Figure 4.3a). Analysis of 260 well-formed one-enzyme 

DNA nanostructures revealed an average enzyme incorporation efficiency of 76%, 

which is similar to values reported in literature43,44. For two-enzyme DNA 

nanostructures with large monomer separation (i.e. >20 nm), two individual spots can 

be distinguished in the AFM images, indicating faithful incorporation of caspase-9 at 

the pre-programmed positions, as well as functional separation of the monomers by 

the DNA nanostructure (Figure 4.3b).  
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Figure 4.2 | Structural integrity and stability of two-enzyme DNA nanostructures. a, 
Schematic of the general strategy for caspase-9 incorporation on DNA origami platforms. By 
including appropriate handle-extended staple strands during the self-assembly process the 
position of, and distance between, two ssDNA handles can be controlled. By design, the minimal 
distance between incorporation sites (orange circles) is 5.5 nm parallel, and 6 nm perpendicular 
to the DNA helical axis (Supplementary Figure 4.3). Incubation of complementary enzyme-
DNA conjugates leads to hybridization and incorporation of two caspase-9 monomers at 
defined distances. b, Images of agarose gels (1.5% agarose, stained for DNA with SYBR Safe) of 
two-enzyme DNA nanostructures carrying enzyme monomers positioned either parallel (top) 
or perpendicular (bottom) to the DNA helical axis at varying separation distances. Aliquots of 
DNA nanostructures (diluted to a DNA origami concentration of 2 nM) were taken before 
enzyme functionalization (o), after 2 hr incubation with caspase-9 at 4°C (c), and after 15 hr in 
the platereader at 18°C (p). Approximately 20% of the reaction volume was evaporated after 15 
hr at 18°C, explaining the slightly higher band intensity observed in p samples. Labels: la, 
reference DNA ladder; s, ssDNA scaffold; no handles, DNA origami without handles for enzyme 
incorporation. 
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Figure 4.3 | AFM analysis of two-enzyme DNA origami nanostructures. Topographic AFM 
(tapping mode in solution) images of control samples (a) and DNA origami nanostructures 
functionalized with two 32-kDa caspase-9 monomers (b) at various distances parallel (top row) 
and perpendicular (bottom row) to the helical axis. Typically, 4 nM DNA origami was incubated 
with 3 equivalents of enzyme-DNA conjugate per handle for 2 hr at 4°C and purified using 1.5% 
agarose gel extraction. The caspase-9 incorporation efficiency per handle is indicated in 
percentages, and was calculated based on at least 250 well-formed nanostructures using 4 
different images per sample. Color bars indicate height scale in AFM images. Scale bars, 100 
nm. 

In contrast, only a single spot is discerned at smaller separation distances (<20 

nm), with the shape and intensity of these features suggesting the presence of two 

adjacent caspase-9 monomers (Figure 4.4). We attribute this observation to a 

combination of the limited resolution of the imaging technique and intermolecular 

interactions (both specific and non-specific, see below) between the enzymes. Visual 

inspection of the AFM images allows straightforward identification of DNA 

nanostructures with either one or two enzymes (Figure 4.3b; compare e.g. bottom 

row, 12 and 24 nm). The enzyme incorporation efficiency per handle was found to be 

approximately 75% per handle for all samples, irrespective of monomer separation 

(Figure 4.3b). Although this is in contrast with previous work that reported a 
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between two caspase-9 monomers balances possible steric effects at small separation 

b

74% 76% 78% 75% 72% 74%

74% 76% 74% 72% 72%

6 nm 11 nm 17 nm 22 nm 28 nm 33 nm

77%

100 nm

6 nm 12 nm 18 nm 24 nm 30 nm 36 nm

Parallel to axis

Perpendicular to axis

a Single monomer
DNA handles only

5 nm

0 nm76%

100 nm

5 nm0 nm



Chapter 4 

80 

distances, leading to an overall constant incorporation efficiency. Taken together, 

these results confirm that DNA nanostructures containing two caspase-9 monomers 

can be constructed with tight control over the position of, and distance between, 

tethered monomers. 

 

Figure 4.4 | Comparison of caspase-9 incorporation in one-enzyme and two-enzyme 
DNA nanostructures. Profile plots of three representative one-enzyme (a) and two-enzyme 
(b) DNA nanostructures illustrating the dimensions of both the DNA origami nanostructure 
and the enzymes protruding from the surface. The height of the two-dimensional DNA origami 
corresponds to the diameter of a single DNA double helix, e.g. 2.0-2.5 nm. The clear difference 
in height of the objects on the surface of the DNA origami in a and b suggest the presence of 
two enzymes in the latter. The actual dimensions of the enzymes cannot easily be determined 
based on these AFM images, due to the translational and rotational freedom of the tethered 
enzymes and tip-sample convolution effects. Scale bars, 50 nm. 
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We then assessed if caspase-9 displays functional enzymatic activity when assembled 

on DNA origami nanostructures. To this end, we assembled two-enzyme DNA 
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which the activity dropped sharply and approached background activity levels for 

monomer separations >20 nm (Figure 4.5b). Although we use a twist-corrected 
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determined that the single-layer DNA nanostructure can still exhibit moderate 

flexibility in solution (see also Figure 2.5)45,46. To exclude that this structural 

flexibility has an effect on the distance-dependent performance of our system, we 

compared enzyme activity in two different arrangements of the caspase-9 monomer 

(Figure 4.5b). We arranged the enzyme monomers either parallel to the rigid DNA 

helical axis (with an expected persistence length >40 nm47), or perpendicular to the 

helical axis, and found similar distance-dependent behavior in both cases. (Figure 
4.5b; compare top and bottom graphs), indicating that local fluctuations in protein 

positions do not have a large influence on enzymatic activity. 

 
Figure 4.5 | Activation of caspase-9 occurs by distance-dependent dimerization of 
tethered monomers. Enzyme activity of two caspase-9 monomers on DNA origami 
nanostructures parallel (top) and perpendicular (bottom) to the DNA helical axis. Data in a is 
represented as mean ± s.d. of three independent experiments. Corrected enzyme activity (b) 
was determined by taking the initial slope of the kinetic time traces in a and corrected by 
subtracting the mean background activity (no or.). Reactions were carried out with 4 nM DNA 
origami and 3 equivalents of enzyme-DNA conjugate per handle, and were incubated for 2 hr 
at 4°C. Activity was determined by monitoring cleavage of 167 µM LEHD-AFC caspase substrate 
at 18°C. Bars represent mean corrected activity. All experiments were performed in independent 
triplicates. Labels: no or., no DNA origami present; no h., DNA origami without handles for 
enzyme incorporation. 

After correcting for background activity and incorporation efficiency as 

determined by AFM, DNA origami-mediated caspase-9 activation at 6-nm monomer 

separation resulted in a 23-fold increase in enzyme activation, equivalent to caspase-

9 dimerization enforced by the bivalent template T, as reported in Chapter 3 (Figure 
4.6a; for data correction, see Experimental section). This activity increase is in the 
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same range as reported in literature for other engineered systems for caspase-9 

activation, which obtain fold change values in the range of 3–9036,41,42,48, indicating 

that DNA-based induction of caspase-9 activity represents a viable strategy for 

investigating its catalytic functions. Additionally, we relate the performance of our 

DNA origami-based activation platform to the native apoptosome. Although in the 

cell apoptosome-mediated activation of caspase-9 results in two to three orders of 

magnitude upregulation of activity49, our results are comparable with reported activity 

profiles of in vitro reconstituted native apoptosomes, when using the same synthetic 

substrate48. Taken together, even though the synthetic DNA-based design does not 

capture all molecular determinants contributing to caspase-9 activation by the 

apoptosome, our results show that proximity-induced dimer formation and 

subsequent induction of catalytic activity plays a major role in the native system. 

 
Figure 4.6 | Comparison of the fold change in activity, and the influence of the linker 
length. a, Fold change in enzyme activity for template T, as described in Chapter 3, and 6-nm 
samples parallel (par.) and perpendicular (perp.) to DNA origami helical axis was calculated by 
comparing with the activity of 4 nM non-tethered caspase-9 in buffer (non-tet.). The activity of 
DNA origami samples was normalized based on an incorporation efficiency per handle of 75%. 
b, Distance-dependent enzyme activity of two-enzyme DNA nanostructures with monomers 
positioned parallel to the DNA helical axis, using wildtype caspase-9 enzyme-DNA conjugates 
with an extended ssDNA linker (15 instead of 10 nt) between anti-handle and enzyme. Reactions 
were performed as described in Figure 4.5. Bars represent mean activity. Labels: no or., no DNA 
origami present; no h., DNA origami without handles for enzyme incorporation.  

To investigate the effect of the single-stranded linker between caspase-9 and the 

handle-anti-handle duplex, we synthesized an enzyme-DNA conjugate with an 

extended ssDNA linker (15 instead of 10 nt) and assembled two-enzyme DNA 

nanostructures with varying monomer separation (Figure 4.6b). The activity of the 

6-nm sample is only 60% of the activity of the equivalent sample reported in Figure 
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4.5b (top), suggesting that a longer linker introduces additional rotational and 

translational flexibility, which adversely affects caspase-9 dimerization and activation. 

We conclude that the 10-nt ssDNA linker represents an optimal trade-off between 

necessary flexibility and tight positioning of adjacent monomers to enable an efficient 

protein-protein interaction, and that the DNA-based assembly method does not 

introduce adverse steric effects.  

 

 
Figure 4.7 | The effect of buffer pH on enzymatic activity, and kinetic analysis of 6-nm 
two-enzyme DNA nanostructures. a, Enzyme activity of caspase-9 in solution (left) and on 
6-nm two-enzyme DNA nanostructures (right) at different buffer pH values. Reactions were 
carried out as described in Figure 4.5 with 0 nM (left) or 4 nM (right) DNA origami. Bars 
represent mean enzyme activity. Experiments were performed in duplo for caspase-9 in solution 
(left), and in triplo for caspase-9 on DNA origami (right). b, Enzyme kinetics were determined 
by measuring protease activity at varying concentrations of synthetic tetrapeptide substrate 
LEHD-AFC, as described in the Experimental section. The data was fitted with the standard 
Michaelis-Menten expression, resulting in a value for the Michaelis constant 𝐾𝐾M of 1.8 ± 0.1 mM 
and a maximum rate 𝑉𝑉max of 51.5 ± 2.1 pmol min-1. Bars represent mean enzyme activity. 
Experiments were performed in independent triplicates. 
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handles was used exhibited only background activity, confirming that the DNA 

nanostructures do not influence caspase-9 function (Figure 4.5b; compare dotted 

gray and black). Next, we assessed the influence of an altered pH near the surface of 

the negatively-charged DNA origami structure50, by measuring enzyme activity both 

in solution and mediated by the 6-nm two-enzyme DNA nanostructure at varying pH 

levels. Both experiments revealed a bell-shaped pH dependence with an optimum at 

pH 7.051, suggesting that the behavior of tethered caspase-9 near the surface of the 

DNA origami platform is not affected by local changes in pH (Figure 4.7a). Finally, 
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we determined the kinetic parameters of the 6-nm two-enzyme DNA nanostructure 

and found a 𝐾𝐾M of 1.8 ± 0.1 mM and a 𝑉𝑉max of 51.5 ± 2.1 pmol min-1 (Figure 4.7b). 

Although the 𝐾𝐾M is slightly higher and the 𝑉𝑉max slightly lower than the values reported 

earlier for the bivalent template T (see Figure 3.6c), it is known that immobilization 

of enzymes on a surface can affect the kinetic parameters, which can be attributed to 

a lower affinity of the substrate for the enzyme due to diffusional limitations or 

conformational changes of the enzyme near the surface52. Collectively, these results 

establish DNA origami nanostructures as an ideal platform for the assembly of 

physically interacting enzymes, such as caspase-9, and the systematic analysis of the 

effects of relative geometry on enzyme activity. 

To further rationalize the experimental results, we constructed a geometric model 

for two tethered interacting enzymes based on the concept of effective concentration53 

in order to calculate the fraction of tethered dimer as a function of the distance 

between the anchor points (Figure 4.8c). The model was constructed by estimating 

the dimensions of the system, including the size of a caspase-9 monomer (4.5 nm 

diameter, based on the crystal structure, PDB: 1JXQ), the length of the 15-nt double-

stranded handle-anti-handle tether (15×0.34 nm ≈ 5.1 nm), and the combined length 

of linkers between the individual components (~3 nm, i.e. the 10-nt ssDNA linker and 

the alkyl spacer introduced by the amino-functionalization of the oligonucleotide). 

Coarse-grained molecular dynamics simulations were employed to define a 

conformational volume in which the tethered enzymes can move freely (Figure 4.8a). 

The simulations suggest that the probability of finding the rigid duplex oriented 

parallel to the DNA origami plane is low, and that the movement is roughly limited to 

a volume prescribed by a hemi-shell bounded by an angle of 35° with the DNA origami 

plane (Figure 4.8b,c). This allowed us to calculate the dimerization probability as a 

function of monomer separation and the 𝐾𝐾D of non-tethered caspase-9 (see 

Experimental section)54. The results clearly show that at monomer separation >20 

nm, the calculated fraction of dimer approaches zero as the tethered monomers 

cannot physically interact (Figure 4.8d). In accordance with the experimental data, a 

sharp drop in the dimerization probability is observed in the regime between 5 and 15 

nm, decreasing from 90% at 5 nm to less than 10% at 15 nm. Although the model does 

not consider steric effects or the specific mutual orientation of the monomers, it 

describes the experimental data particularly well, suggesting that caspase-9 

dimerization on the DNA origami platform originates from an increase in effective 

concentration. Taken together, these results confirm that DNA origami-mediated 
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activation of caspase-9 is consistent with proximity-induced homodimerization, and 

that the extent of activity can be tuned by varying the separation between interacting 

monomers. 

 
Figure 4.8 | Overview of the molecular dynamic simulations and geometric model 
describing tethered caspase-9 dimerization. a, Side-view snapshot of the coarse-grained 
molecular dynamics simulation of a DNA origami rectangle (gray) with a single handle-anti-
handle duplex protruding from the surface (red and orange). Projection of the position of the 
end of the duplex onto the DNA origami plane and the normal vector 𝒏𝒏 allows determination 
of ℎ and 𝑟𝑟, respectively. b, Plot of the binned probability density 𝜌𝜌𝑗𝑗,𝑘𝑘(𝑟𝑟, ℎ), calculated using Eq. 
4.2. c, Schematic overview of the three-dimensional geometric model, constructed based on the 
coarse-grained simulations. Each caspase-9 monomer (red) can freely move in a hemi-shell 
bounded by an angle of 35° with the DNA origami plane with volume 𝑣𝑣s (blue, only half of the 
volume is displayed for clarity). Two caspase-9 monomers interact when their respective 
conformational volumes overlap, leading to an intersecting volume 𝑣𝑣i that is a function of the 
monomer separation 𝑠𝑠. The graphic is drawn to scale and generated using Mathematica (v10, 
Wolfram). d, Graph of the tethered dimerization probability as a function of the separation 
between two tethered monomers, calculated with Eq. 4.5. The 𝐾𝐾D of non-tethered caspase-9 
dimerization in solution is not known precisely but reported in the high micromolar range (> 
50 µM)34, and therefore results are shown for several values of 𝐾𝐾D in this range. 

To illustrate the functionality of the DNA origami platforms for studying protein-

protein interactions, we investigated the behavior of caspase-9 mutants and the effect 

of inhibition on enzyme activity using a biologically relevant inhibitor. First, we 

expressed and conjugated two caspase-9 point mutants to DNA (Supplementary 

Figure 4.1 and Supplementary Figure 4.2), resulting in enzyme-DNA conjugate with 
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either a disabled active site (C287A mutant) or a disrupted dimer interface (F404D 

mutant). While AFM imaging revealed correct assembly of 6-nm-spaced two-enzyme 

DNA nanostructures, both mutants did not exhibit enzymatic activity, reaffirming 

that DNA origami-mediated caspase-9 activation proceeds via a homodimerization 

mechanism (Figure 4.9a).  

 
Figure 4.9 | Enzyme activity of two-enzyme DNA nanostructures of caspase-9 point 
mutants, and the effect of a human caspase-9 inhibitor. Reactions were performed as 
described in Figure 4.5. Bars represent mean activity. All experiments were performed in 
independent triplicates. a, Expression, conjugation, and assembly of caspase-9 point mutants 
C287A and F404D on DNA origami nanostructures at 6 nm monomer separation was 
performed similarly to wildtype (wt) caspase-9. AFM images show correct incorporation of 
enzymes, but both mutants exhibit no enzymatic activity. Color bars indicate height scale in 
AFM images. Scale bars, 100 nm. b, Inhibition of caspase-9 by various concentrations of the 
BIR3 domain of X-linked inhibitor of apoptosis protein (XIAP), in the absence (gray) or presence 
(blue) of 4 nM 6-nm two-enzyme DNA nanostructures. XIAP binds to the N-terminus of the 
small subunit of a caspase-9 monomer (Ki < 20 nM), blocking the dimer interface and 
preventing dimerization. 

Second, we investigated the response of DNA origami-mediated caspase-9 activity 

to the X-linked inhibitor of apoptosis protein (XIAP), an important human regulatory 

protein that strongly binds to the C-terminal small subunit of caspase-9 (𝐾𝐾i  < 20 nM), 

forming a heterodimeric complex preventing caspase-9 dimerization55,56. After 

assembly of 6-nm two-enzyme wildtype caspase-9 DNA nanostructures, increasing 

concentrations of inhibitor were added and protease activity was measured (Figure 
4.9b). Although the binding affinity of the inhibitor to caspase-9 is in the low 

nanomolar range, the experiments reveal that very high concentrations (60 

equivalents and higher) are needed to effectively inhibit enzyme activity, illustrating 

the high effective concentration of caspase-9 on the DNA origami platform. 
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Combined, these results demonstrate that our DNA origami platform can serve as a 

versatile tool for biochemical analysis of intracellular signaling components and their 

regulation by other proteins, such as inhibitors. 

Caspase-9 heterodimers confirm half-of-sites reactivity 
Finally, we used the modularity of the DNA origami method to investigate DNA-

mediated assembly and activity of caspase-9 heterodimers. Specifically, because the 

crystal structure of the caspase-9 homodimer reveals that only one of the two active 

sites is in an accessible, open conformation38, we hypothesized that a heterodimer 

consisting of a wildtype monomer and a mutant with a disabled active site would still 

display enzymatic activity (Figure 4.10a). Recent work suggests that autoproteolytic 

processing of the intersubunit linker in wildtype caspase-9 is essential for the correct 

formation of an active dimeric state49. Catalytically inactive point mutant C287A does 

not undergo autoproteolytic processing, and therefore we induced processing using 

caspase-3, which is able to cleave caspase-9 in the intersubunit linker to generate a 

large and small enzyme subunit (Figure 4.10b)57. We then used wildtype caspase-9 

monomer C and inactive monomer I to assemble homo- and heterodimeric DNA 

nanostructures, and confirmed that the heterodimeric variants assembled correctly 

using AFM imaging (Figure 4.10c). Remarkably, the level of protease activity of both 

heterodimeric systems [C I] and [I C] is equivalent to the activity of the homodimeric 

wildtype system [C C] (Figure 4.10e). Control experiments, in which similar 

heterodimeric configurations were tested with unprocessed I, exhibited background 

activity levels (Figure 4.10d).  
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Figure 4.10 | Enzymatic activity of the caspase-9 dimer originates from a single catalytic 
site. a, The modularity of DNA origami was exploited to construct both homo- and 
heterodimeric 6-nm two-enzyme DNA nanostructures consisting of combinations of wildtype 
and inactive monomers. The specific configuration of wildtype (C) and inactive (I) mutants is 
denoted using bracket notation. b, Wildtype caspase-9 undergoes autoproteolytic processing at 
three cleavage sites in the intersubunit linker region (black ribbon), but mutant C287A (I) is 
inactive and therefore does not undergo autoprocessing. To mimic processing, enzyme-DNA 
conjugates were incubated with caspase-3, a constitutively active protease that also cleaves 
caspase-9 in the linker region. Purification was performed as described in Chapter 3, and 
confirmed by SDS-PAGE under reducing conditions (Supplementary Figure 4.2). Label: 
unproc., unprocessed enzyme-DNA conjugate. c, Topographic AFM images of [I C] and [C I] 
heterodimers. Color bar indicates height scale. Scale bars, 100 nm. d,e, Enzymatic activity 
measurements were performed as described in Figure 4.5. In all samples, both 24 nM C and 
either 24 nM unprocessed I (d) or processed I (e) were added. Activity was corrected by 
subtracting the mean background activity in all samples. All experiments were performed in 
triplicate. Label: no or., no DNA origami present. 

These results suggest that the formation of an active caspase-9 dimer proceeds 

through an asymmetric mechanism in which only a single active site is brought into 

an active conformation and that cleavage of the intersubunit linker of both monomers 

is strictly necessary for enzymatic activity. One of the possible mechanisms behind 

this half-of-sites reactivity is an absolute form of negative cooperativity between 

enzyme monomers, where substrate binding in one of the active sites abrogates the 
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catalytic activity of the other site through induced conformational changes58–60. These 

experiments illustrate that the modularity of DNA origami-based platforms can be 

harnessed to investigate relevant biological questions concerning the molecular 

mechanisms behind interacting signaling proteins. 

Conclusion 
In this chapter, we have shown that DNA origami nanostructures can function as a 

controllable in vitro organizing platform for studying protein-protein interactions 

involved in intracellular signaling. Specifically, we investigated DNA origami-directed 

dimerization of the key apoptotic enzyme caspase-9, which initiates proteolytic 

degradation of the cell in the intrinsic apoptotic pathway. In the cell, caspase-9 

monomers are recruited to the apoptosome, a multi-protein supramolecular 

organizing center (SMOC) that allows tight regulation of enzymatic activity via 

proximity-induced dimerization of intrinsically weakly interacting caspase-9 

monomers. Although caspase-9 activation through dimerization has been 

demonstrated by employing bivalent protein-based scaffolds, we show that the 

programmability of DNA origami-based platforms allows tuning of enzymatic activity 

by varying the distance between two caspase-9 monomers. This behavior was 

supported by a theoretical model in which reveals a large increase in effective 

concentration when tethering interacting enzymes to a surface. Additionally, we used 

the modularity of the DNA origami platform to investigate the behavior of caspase-9 

point mutants, and the effect of the important regulatory inhibitor XIAP on enzyme 

activity. Finally, we directly demonstrated half-of-sites reactivity in a tethered 

caspase-9 dimer, by comparing enzymatic activity of a homodimer with a heterodimer 

consisting of a wildtype monomer and an inactive mutant.  

We envision that DNA origami platforms can serve as a valuable tool for the in 

vitro biochemical analysis of isolated protein-protein interactions of intracellular 

signaling components. Since efficient signal transmission often requires co-

localization of functionally related components and the assembly of higher-order 

signaling machines, we anticipate that DNA origami nanostructures can be applied to 

construct synthetic SMOC-like platforms for the investigation of e.g. protein 

oligomerization, multivalent enzyme kinetics, and the spatial organization of non-

identical interacting signaling components. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. Mutagenesis primers and M13mp18 scaffold were purchased from Eurofins. 7-
amino-4-(trifluoromethyl)coumarin (AFC) was obtained from Fluorochem, while synthetic 
tetrapeptide caspase-9 substrate Ac-LEHD-AFC was purchased from Enzo Life Sciences. 
Amino-functionalized oligonucleotides (ODNs) were obtained HPLC-purified from Integrated 
DNA Technologies and dissolved in DNase/RNase-free water at 250 µM. Unmodified ODNs 
were obtained in desalted form from Integrated DNA Technologies and dissolved at a stock 
concentration of 500 µM in DNase/RNase-free water. 

Enzyme-DNA conjugation 
Expression and purification of all caspase-9 variants, and synthesis of enzyme-DNA conjugates 
was performed as described in Chapter 3, using amino-functionalized ODNs listed in 
Supplementary Table 4.1. C287A and F404D mutants were generated using the QuikChange 
Lightning Multi Site-Directed Mutagenesis kit (Agilent), according to the manufacturer’s 
instructions and using the primers in Supplementary Table 4.2. For proteolytic processing of 
the C287A mutant, 0.5 µM active caspase-3 (expressed and purified as described61) was added 
directly after the conjugation reaction and incubated for 2 hr at 18°C. Analysis of the expression, 
purification, and conjugation of mutant caspase-9 enzyme-DNA conjugates can be found in 
Supplementary Figure 4.1 and Supplementary Figure 4.2. 

Self-assembly of DNA origami nanostructures 
The DNA origami rectangle used in this study was designed using caDNAno v0.2 based on the 
tall rectangle design by Rothemund18, as described in Chapter 2 (for design, see 
Supplementary Figure 4.3). The 7249-nt single-stranded M13mp18 scaffold strand folds into 
a single-layer structure of 32 helices using 192 staple strands (Supplementary Table 2.5). For 
incorporation of caspase-9 enzyme-DNA conjugates, various unmodified staples were replaced 
by staples functionalized at the 3’ end with 15-nt handle strands (Supplementary Table 4.3 
and Supplementary Table 4.4). To calculate the distance between incorporation sites, we used 
common DNA parameters (axial rise of 0.34 nm/bp, a crossover spacing of 10.5 nm, and a helix-
to-helix distance of approximately 2.7 nm18,62). A short single-stranded TT linker was included 
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between staple and handle to prevent biased orientation of the handle with respect to the DNA 
origami structure21,63. 

Folding reactions were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM 
EDTA, 10 mM MgCl2, 50 mM NaCl, pH 8.0), with 25 nM scaffold strand and 250 nM of each 
staple strand. The reaction mixture was heated to 95°C for 15 min and then slowly cooled to 
20°C at a rate of 1°C/min. Excess staple strands were removed using 100 kDa MWCO 0.5 mL 
Amicon centrifugal filters (Merck Millipore). Briefly, a filter was pre-wetted with 500 µL 
purification buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0). The folding 
mixture was diluted to 500 µL with purification buffer, added to the filter and centrifuged at 
4°C for 5 min at 5,000 g. This step was repeated for a total of three washing steps. The 
concentrate was recovered by inverting the filter and spinning for 2 min at 1,000 g. Samples 
were stored in DNA LoBind tubes (Eppendorf) at 4°C and used on the same day. The DNA 
origami concentration was determined by measuring the absorption at 260 nm, assuming an 
extinction coefficient of 1.24×108 M-1 cm-1 64,65. 

Assembly of caspase-9 on DNA origami 
Incorporation of enzyme-DNA conjugates onto purified DNA origami nanostructures was 
performed by incubating 4 nM DNA origami with 3 molar equivalents of caspase-9 DNA 
conjugate per handle (i.e. 24 nM) for 2 hr at 4°C in activity buffer (10 mM Tris, 1 mM EDTA, 10 
mM MgCl2, 100 mM NaCl, 1 mM DTT, 0.1% (w/v) CHAPS, pH 7.6). The total concentration of 
caspase-9 DNA conjugate was 24 nM to reflect typical concentrations in the cytosol34. For 
heterodimer experiments, the concentration of each enzyme-DNA conjugate was kept at 24 
nM, which results in the same background activity originating from wildtype caspase-9. For 
inhibition experiments, varying concentrations of XIAP (human recombinant BIR3-XIAP, R&D 
Systems) were added after caspase-9 incorporation, and the reaction was incubated additionally 
for 1 hr at 4°C before measuring enzyme activity at 18°C, as described below. 

Gel electrophoresis 
Conjugation reactions and purification of conjugates were monitored by SDS-PAGE under 
reducing conditions. Samples were heated at 95°C for 5 min in sample buffer (62.5 mM Tris, 
10% glycerol, 50 mM DTT, 2.5% SDS (w/v), 0.01% bromophenol blue, pH 6.8) and run on pre-
cast 4-20% Mini-PROTEAN® TGX gels (Bio-rad) in running buffer (25 mM Tris, 192 mM glycine, 
0.1% SDS,  pH 8.3) for 45-50 min at 150 V. Precision Plus Protein All Blue ladder (Bio-Rad) was 
used as a reference. Gels were stained with Coomassie Brilliant Blue G-250 (Bio-Rad), imaged 
using an ImageQuant 400 Digital Imager (GE Healthcare), and analyzed with ImageJ. 

Agarose gel electrophoresis was used for DNA origami folding analysis. In short, 1.5% 
agarose gels were cast in gel buffer (1× TAE, 10 mM MgCl2, pH 8.0) supplemented with SYBR 
Safe. Gels were run in gel buffer for 90 min at 65 V in an ice bath. DNA origami samples were 
diluted just before loading to a final concentration of 2 nM and Ficoll-400 (final concentration 
1.5% (w/v) was added. Gels were imaged using an ImageQuant 400 Digital Imager (GE 
Healthcare) and analyzed with ImageJ. 

Activity assays 
Enzyme activity was measured using the synthetic tetrapeptide caspase-9 substrate LEHD 
(dissolved in dry DMSO at 10 mM)48, which is cleaved by caspase-9 after the aspartic acid 



Chapter 4 

92 

residue releasing and unquenching the fluorescent dye 7-amino-4-(trifluoromethyl)coumarin 
(AFC). After assembly of caspase-9 on DNA origami, substrate was added to a final 
concentration of 167 µM and proteolytic cleavage was monitored over time in 384-well plates 
(60 µL reaction volume) at 18°C by measuring fluorescence (ex.: 400 nm, em.: 505 nm) in a 
Tecan Spark 10M platereader. Fluorescence units were converted to concentration using a 
calibration curve, as described in Supplementary Figure 3.3. Briefly, varying concentrations 
of free AFC (dissolved in dry DMSO at 10 mM) were added to activity buffer, and fluorescence 
was measured as described. Raw data of all activity assays were extracted, converted, and 
formatted using in-house MATLAB scripts (R2015a). Enzyme activity (in pmol min-1) was 
determined by fitting the initial slope (20-60 min) of the kinetic trace to a linear curve. Kinetic 
parameters were determined by measuring enzyme activity as a function of varying LEHD 
concentration between 0-1.5 mM, and fitting the results with the standard Michaelis-Menten 
equation: 

activity = 𝑉𝑉max [LEHD]
𝐾𝐾M+[LEHD]

       (4.1) 

with 𝑉𝑉max the maximum rate (in pmol min-1) and 𝐾𝐾M the Michaelis constant (in mM). Because 
high concentrations of the substrate (>0.5 mM) strongly influence the pH, kinetic analyses were 
performed at a higher buffer concentration (50 mM HEPES, 5 mM Tris, 1 mM EDTA, 10 mM 
MgCl2, 100 mM NaCl, 1 mM DTT, 0.1% (w/v) CHAPS, pH 7.6). 

Activity assay data processing and correction 
Typically, an excess of caspase-9 enzyme-DNA conjugate was used to incorporate caspase-9 
onto DNA nanostructures, leading to background activity originating from untethered enzymes 
remaining in solution. In some cases background correction was performed by measuring the 
activity of untethered caspase-9 without DNA origami, at the same concentration as in 
measurements with DNA origami, in triplicate and in parallel for each experiment (indicated 
with ‘no origami’). Subsequently, the mean activity was subtracted from the enzyme activity of 
other samples, leading to the corrected enzyme activity, as reported in Figure 4.5b and Figure 
4.10d,e. The corrected enzyme activity for one-enzyme DNA nanostructures (see Figure 
4.10d,e) and two-enzyme DNA nanostructures at large monomer separation (>20 nm, see 
Figure 4.5b) is similar to both ‘no origami’ and ‘no handles’ samples (see Figure 4.5b), 
suggesting that untethered caspase-9 in solution does not interact with or influence the 
behavior of caspase-9 on DNA nanostructures. 

To compare activation of caspase-9 on DNA nanostructures with bivalent template T as 
reported in Figure 4.6a, activity normalization was performed. Due to incomplete enzyme 
incorporation (75% per handle, as determined in Figure 4.3), only ~56% (or ~2.3 nM) of the 
two-enzyme DNA nanostructures contain two enzymes and are therefore in an active state. 
Because the enzyme activity of caspase-9 on DNA nanostructures is concentration independent, 
the corrected enzyme activity was normalized to 100% enzyme incorporation (or 4 nM DNA 
origami), leading to the normalized enzyme activity as reported in Figure 4.6a. Assuming 
quantitative assembly of caspase-9 on template T (melting temperature >40°C for 15-nt handle-
anti-handle duplexes at 4 nM66), this allows comparison of the activity of caspase-9 assembled 
on either DNA origami or 4 nM template T. The fold change in Figure 4.6a was calculated 
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based on the untethered enzyme activity of 4 nM caspase-9 in solution (indicated with ‘non-
tet.’). 

AFM imaging and analysis 
Enzyme-functionalized DNA nanostructures were prepared as described, and purified using gel 
extraction. In short, agarose gel electrophoresis was performed as described and upon 
completion the correct DNA nanostructure band was excised from the gel. The band was cut 
into small pieces and loaded onto a Freeze ‘N’ Squeeze column (Bio-Rad). After centrifugation 
for 4 min at 1,000 g, the supernatant was collected and stored at 4°C.  

Topographic AFM images were acquired in AC mode at room temperature under liquid 
conditions using an MFP-3D AFM (Asylum Research) and V-shaped Si3N4 cantilevers with 
sharpened pyramidal tip and a nominal spring constant of 0.04 N/m (OTR4, Bruker AFM 
Probes). Circular mica substrates (Ted Pella) were glued to Teflon (VWR) using epoxy-based 
mounting glue before use. Gel-purified DNA nanostructure solutions were first diluted to 2 nM 
in imaging buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, pH 8.0) and then 10 µL was 
incubated for 30 s on a freshly-cleaved mica surface. Subsequently, 50 µL of imaging buffer was 
used to rinse the sample twice and finally 100 µL of imaging buffer was added to perform the 
AFM imaging. Topographic images of either 1.0×1.0 µm² or 1.5×1.5 µm² (512×512 px) were 
acquired in various regions of the mica substrate, using drive amplitudes within the range of 
0.6-1.0 V, optimizing the scanning and feedback parameters for each image. 

Data processing was performed using a combination of custom-written MATLAB code and 
Gwyddion (v2.51) software. Trace and retrace images were combined into a single image by 
determining the offset between the two using two-dimensional cross-correlation and averaging 
of the pixel values. Enzyme incorporation efficiency per handle was calculated by counting all 
well-formed, intact DNA origami rectangles in at least 4 separate AFM images, and determining 
the presence of 0, 1, or 2 caspase-9 monomers. At least 250 DNA nanostructures were analyzed 
for each sample. 

Geometric model 
Tethered handle-anti-handle movement was determined using oxDNA (v2.2.2), a robust 
coarse-grained molecular dynamics model specifically optimized for the accurate modeling of 
DNA nanostructures46,67–69. Coarse-graining is done by representing each nucleotide by a rigid 
body interacting with an effective potential that contains terms for backbone connectivity, 
excluded volume, hydrogen bonding, stacking and electrostatic interactions. The initial 
configuration of the system with a 20 bp handle was generated by converting the caDNAno file 
using a Python script included in the oxDNA package. The handle, positioned next to the DNA 
origami rectangle in the caDNAno design, was then translated towards the vicinity of the 
attaching staple strand and rotated 90 degrees with respect to the DNA rectangle using an in-
house Python script. The initial configuration was relaxed to the oxDNA2 model by running a 
~150 ps simulation at 1 K with a strong temperature coupling. Subsequently, three ~1.5 μs MD 
production runs with different random seeds were performed with ~15 fs time steps using an 
Andersen-like thermostat at 25°C and a NaCl concentration of 500 mM. Simulation parameters 
were used as described70, and snapshots were saved every 104 time step. Finally, using an in-
house Python script, the position of the end of the handle relative to the DNA origami was 
analyzed for every snapshot. To this end, we defined the origami plane by the vectors 𝒗𝒗 and 𝒘𝒘 
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through the handle attachment point, where 𝒗𝒗 is defined as the vector between the centers of 
mass of the base pairs 32 bases on either end of the handle attachment point parallel to the 
DNA origami helices, and 𝒘𝒘 is defined as the vector between the centers of mass of the base 
pairs 4 helices away on either end of the handle attachment point perpendicular to the DNA 
origami helices (Supplementary Figure 4.4). Then, the center of mass of the base pair at the 
end of the handle is projected onto the normal vector of the plane to determine the height (ℎ), 
and onto the plane itself to determine the distance to the handle attachment point (𝑟𝑟). From 
this, we determine the two-dimensional histogram as a function of 𝑟𝑟 and ℎ, and normalize by 
calculating the binned probability density 𝜌𝜌j,k (in nm-2) according to 

𝜌𝜌j,k(𝑟𝑟,ℎ) = 𝑁𝑁j,k
𝐴𝐴j,k ∑ 𝑁𝑁j,kj,k

       (4.2) 

with 𝑁𝑁j,k the number of counts per bin (𝑗𝑗, 𝑘𝑘) and 𝐴𝐴j,k the area of that bin. This probability density 
describes the results of the coarse-grained simulations, allowing for an analysis of handle-anti-
handle duplex movement relative to the DNA origami nanostructure, as detailed in Figure 
4.8b. 

Based on the results of the simulations, a three-dimensional geometric model was 
constructed using Mathematica (v10, Wolfram) based on a system with two tethered particles 
separated by a distance 𝑠𝑠, which reflects the experimental setup detailed in Figure 4.3 and 
Figure 4.5. The diameter of a caspase-9 monomer was estimated to be 4.5 nm based on the 
crystal structure (PDB: 1JXQ). The tether connecting the enzyme to the DNA origami scaffold 
consists of the 15-bp handle-anti-handle DNA duplex, the BCN-azide moiety, single-stranded 
DNA linkers, and a short peptide linker, and was estimated to have a total length of 
approximately 8 nm (Figure 4.8c). By following the approach of Van Valen et al.54, the model 
allows us to calculate the probability that the tethered particles form a dimer (expressed as the 
dimerization probability 𝑓𝑓D) as a function of monomer separation 𝑠𝑠 and the 𝐾𝐾D of dimerization 
in solution. The approach relies on treating the particles as point objects and assuming that the 
particles are free to dimerize when they are within each other’s vicinity. The probability that 
the particles are close depends on the exact conformational movement of both particles. A 
particle’s conformational space with volume 𝑣𝑣s is defined based on a hemi-shell bounded by an 
angle of 35° with the scaffold, as determined by the overall movement of the handle-anti-handle 
duplex in the coarse-grained simulations (Figure 4.8b). The intersection with volume 𝑣𝑣i(𝑠𝑠) 
between two conformational spaces can then be calculated as a function of the separation 
between the two particles. Assuming the particles can move freely and homogeneously in their 
conformational spaces and independently of each other, we can calculate the probability 𝑝𝑝1(𝑠𝑠) 
that one particle is at the intersection as 

𝑝𝑝1 = 𝑣𝑣i
𝑣𝑣s

         (4.3) 

and probability 𝑝𝑝2 = 𝑝𝑝12 that two particles are at the intersection. This allows us to define a 
probability density function  

𝐽𝐽(𝑠𝑠) = 𝑝𝑝2
𝑣𝑣s

        (4.4) 
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as the concentration of tethered particles in each other’s vicinity. Note that 𝐽𝐽 is 4expressed in 
units of concentration, and can therefore be viewed as an effective concentration. With this, we 
can write an expression for the dimerization probability 𝑓𝑓𝐷𝐷 based on statistical mechanical 
treatment of the system54, as 

𝑓𝑓D(𝑠𝑠,𝐾𝐾D) = 𝐽𝐽
𝐽𝐽+𝐾𝐾D

       (4.5) 

This expression was used for the graph shown in Figure 4.8d. 

Supplementary figures and tables 
Supplementary Table 4.1 | Anti-handles for enzyme-DNA conjugation. These oligo-
nucleotides were used for NHS coupling to BCN and subsequent conjugation to caspase-9. 
Average molecular weight (MW, in g mol-1) and extinction coefficient (ε, in L mol-1 cm-1) are 
indicated. Anti-handle sequences were based on sequences reported in literature with minimal 
secondary structure and melting temperatures >40°C71. All sequences were tested with 
NUPACK to detect any possible undesired interactions66. Underlined thymine nucleotides were 
added as a spacer. IDT modifications /5AmMC6/ and /3AmMO/ were used for amino 
modifications at 5’ and 3’ end, respectively. 

ID Use Sequence (5’ to 3’) MW ε 

a1 Wildtype caspase-9, DNA 
origami and template T H2N-TTTTTTTTTTGAGTGAGTCGTATGA 7893.2 238500 

a2 Wildtype caspase-9, 
template T CAGTCAGTCAGTCAGTTTTTTTTTT-NH2 7830.1 230400 

a3 Wildtype caspase-9, DNA 
origami (longer spacer) H2N-TTTTTTTTTTTTTTTGAGTGAGTCGTATGA 9414.2 279000 

a4 Inactive mutants, DNA 
origami H2N-TTTTTTTTTTAGTCAGTCAGTCAGT 7813.2 232600 

 
Supplementary Table 4.2 | Mutagenesis primers used for generating point mutants 
C287A and F404D. 

Mutation Sequence (5’ to 3’) 

C287A ACCGAAACTGTTTTTCATTCAGGCAGCTGGTGGCGAACAA 

F404D CTACAAACAGATGCCGGGCTGTGATAATTTCCTGCGTAAAAAACTG 
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Supplementary Table 4.3 | Handle-extended staple strands for two-enzyme DNA nano-
structures. To assemble DNA origami structures for two-enzyme incorporation, two 
unmodified staple strands (see Chapter 2) were replaced with handle-extended staple strands. 
For example in Figure 4.5, h1 and h3 were used for the 11-nm setup parallel to the helical axis, 
and v1 and i were used for the 6-nm setup perpendicular to the axis. Underlined thymine 
nucleotides were added as a spacer. Unmodified staple IDs refer to staples used in 
Supplementary Table 2.5. 

ID Unmodified 
staple ID 

Distance 
to h1 (nm)  

Distance 
to v1 (nm) Sequence (5’ to 3’) 

h1 74 0 - TCATTGAATTTTGCAAAAGAAGTTGATTCATCTTTCATACGACTCACTC 

h2 57 6 - AAAAATCTTTATTACAGGTAGAAATTGCCAGATTTCATACGACTCACTC 

h3 58 11 - TCTTACCGGAAACAATGAAATAGCACTAACGTTTCATACGACTCACTC 

h4 75 17 - AGCGTCCATAGTAAAATGTTTAGTTTATCCCTTTCATACGACTCACTC 

h5 76 22 - GTTACAAATAAGAAACGATTTTTTCCAATAATTTTCATACGACTCACTC 

h7 77 33 - TAACGAGCGAAAATAGCAGCCTTAGAGAGATTTCATACGACTCACTC 

v1 47 - 0 AGACAAAAGCAACATATAAAAGAAAAGTAAGCTTTCATACGACTCACTC 

v3 71 - 12 TCAAAAATGTCTTTCCAGAGCCTAAGGCTTATTTTCATACGACTCACTC 

v4 83 - 18 CCGGTATTTCATCGAGAACAAGCAACGCGCCTTTTCATACGACTCACTC 

v5 95 - 24 GTTTATCAAGAGAATATAAAGTACAAAAGCCTTTTCATACGACTCACTC 

v6 107 - 30 GTTTAGTAAAATTTAATGGTTTGAGGTCTGAGTTTCATACGACTCACTC 

v7 119 - 36 AGACTACCCCCTTAGAATCCTTGAGATGAAACTTTCATACGACTCACTC 

i 59 28 6 AGATAGCCAAGAATTGAGTTAAGCGTTTAACGTTTCATACGACTCACTC 

 
Supplementary Table 4.4 | Handle-extended staple strands for DNA nanostructures 
with inactive mutants. To assemble DNA origami structure for homo- and heterodimers of 
inactive mutants, appropriate unmodified staple strands were replaced with handle-extended 
staple strands. For the inactive homodimers of Figure 4.9a m1 and m2 were used, while for the 
heterodimers of Figure 4.10 either m1 and h2, or h1 and m2, were used. Underlined thymine 
nucleotides were added as a spacer. Unmodified staple IDs refer to staples used in 
Supplementary Table 2.5. 

ID Unmodified staple ID Sequence (5’ to 3’) 

m1 74 TCATTGAATTTTGCAAAAGAAGTTGATTCATCTTACTGACTGACTGACT 

m2 57 AAAAATCTTTATTACAGGTAGAAATTGCCAGATTACTGACTGACTGACT 
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Supplementary Figure 4.1 | SDS-PAGE and LCMS analysis of the expression and 
purification of caspase-9 point mutants. Images of SDS-PAGE gels (left, 4-20% 
polyacrylamide, stained for proteins with Coomassie Brilliant Blue), and normalized 
chromatograms (blue) and deconvoluted mass spectra (red) confirming successful purification 
of point mutants C287A (a, expected mass, 31.9 kDa) and F404D (b, expected mass, 31.9 kDa). 
Observed major peaks in both samples confirm the identity of the proteins. Ni2+-affinity 
chromatography (His column) and Strep-Tactin affinity chromatography (Strep column) was 
performed as described in Chapter 3. Enzymatic cleavage of the SUMO-domain from the large 
subunit of caspase-9 was performed concurrent with dialysis after His column purification. Pure 
protein samples (orange arrows) were aliquoted and stored as described. Labels: la, reference 
protein ladder (10-250 kDa); lys, cleared lysate after bacterial expression; FT, flow-through 
fraction; W, wash fraction; E, elution fraction. 
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Supplementary Figure 4.2 | SDS-PAGE analysis of enzyme-DNA conjugation reactions 
with caspase-9 point mutants. Images of SDS-PAGE gels (4-20% polyacrylamide, stained for 
proteins with Coomassie Brilliant Blue) of the conjugation and purification process for caspase-
9 point mutants C287A (a,b) and F404D (c,d) to BCN-functionalized a4 (ODN mass, 7.8 kDa). 
To mimic autocatalytic processing in both inactive mutants, processing at D330 was induced 
by incubating the reaction mixtures with caspase-3 (b,d). In all cases, Strep-Tactin affinity 
chromatography (Strep column) to remove excess DNA and anion-exchange chromatography 
(Ion-exchange column) to remove unreacted protein was performed as described in Chapter 3. 
Fractions indicated by straight orange arrows were aliquoted and stored as described. Labels: 
la, reference protein ladder (10-250 kDa); p, protein only; rxn, crude reaction mixture after 
overnight conjugation; C3, reaction mixture after processing by caspase-3; FT, flow-through 
fraction; W, wash fraction; E, elution fraction; st, elution after stripping of the column with strip 
buffer (62.5 mM Tris, 10% glycerol, 50 mM DTT, 2.5% SDS (w/v), 0.01% bromophenol blue, pH 
6.8). 
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Supplementary Figure 4.3 | Schematic overview of the DNA origami structure used for 
all two-enzyme DNA nanostructures. The scaffold strand is shown in light blue and 
unmodified staple strands in red. Staples that are used for enzyme incorporation are shown in 
green and correspond to handle-extended staple strands in Supplementary Table 4.3 and 
Supplementary Table 4.4Supplementary Table 4.3. Base-pair deletions to correct for global 
twist of the structure are indicated by crosses and 3’ ends of DNA strands are indicated by 
arrows. Numbers on left and right indicate the reference helix number, while numbers on top 
and bottom indicate reference nucleotide position. 

 
Supplementary Figure 4.4 | Coarse-grained molecular dynamic simulations. Snapshot of 
the coarse-grained molecular dynamics simulation of a DNA origami rectangle (gray) with a 
single handle-anti-handle duplex protruding from the surface (red and orange). The inset shows 
the orientation of vectors 𝒗𝒗 (blue) and 𝒘𝒘 (green), which were used to define the DNA origami 
plane relative to the handle-anti-handle duplex. 
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Probing multivalent enzyme activity 
using a DNA origami-based synthetic 
apoptosome 
 

 

We engineered a synthetic, DNA origami-based version of the apoptosome, a large multi-
protein signaling complex that regulates apoptosis by co-localization of multiple caspase-9 
monomers. Our experimental characterization supported by a detailed thermodynamic model 
reveals a multivalent activity enhancement in tethered caspase-9 oligomers of three and four 
enzymes, partly originating from a statistical increase in the number of active catalytic units in 
higher-order enzyme clusters. Our results offer fundamental insights in caspase-9 activity 
regulation and demonstrate that DNA origami provides a modular platform to construct and 
characterize higher-order signaling complexes. 
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Introduction 
In intracellular signaling pathways, co-localization of interacting components is an 

essential regulatory principle to promote efficient signal transmission, increase 

pathway robustness, and shape response dynamics1–4. Spatiotemporal organization 

occurs via liquid-liquid phase separation in membraneless organelles5,6, functional 

homo- or heteromeric protein-protein interactions7,8, co-localization on dedicated 

scaffold proteins9, or higher-order assembly on supramolecular organizing centers 

(SMOCs), such as the myddosome, the inflammasome, the signalosomes, and the 

necrosome10–14. Although it is known that in these processes many copies of a small 

set of catalytically active proteins are brought into close proximity, the relevance of 

precise nanoscale organization and the extent of higher-order intermolecular 

interactions are not well understood. 

In apoptosis for example, initiation of the intrinsic and extrinsic apoptotic pathway 

is triggered when the inactive cysteine-dependent aspartic proteases caspase-9 and 

caspase-8, respectively, are recruited to large multi-protein SMOCs: caspase-8 

monomers assemble into open-ended, 20-nm wide filamentous structures after 

nucleation by the death-inducing signaling complex (DISC)15, while multiple caspase-

9 monomers bind to the apoptosome, a 27-nm diameter protein structure with seven 

recruitment domains16–18. Although both enzymes assemble into higher-order 

structures containing more than two monomers, crystallographic and biochemical 

investigations have revealed that the functional catalytic units are homodimers19–21. 

In Chapter 4, we have shown that DNA nanostructures provide an excellent tool 

to study the specific intermolecular interactions that govern caspase-9 activation. We 

have demonstrated that tethering of two enzyme monomers to a rectangular DNA 

origami nanostructure22 results in proximity-induced dimerization, and that enzyme 

activity can be tuned by varying the distance between the tethered monomers. In this 

chapter, we extend this work by exploiting the modularity of our DNA origami 

platform to investigate the effect of higher-order clustering on caspase-9 activity 

(Figure 5.1). We construct and characterize DNA origami nanostructures with three 

and four caspase-9 monomers in various geometries, and reveal a 50 to 100% increase 

in enzymatic activity as compared to two-enzyme configurations. By supporting the 

experimental results with a detailed thermodynamic model, we consider possible 

effects such as enzyme incorporation efficiency and statistical factors, and suggest a 

multivalent catalytic effect leading to enhanced activity in caspase-9 oligomers. Our 

approach demonstrates that synthetic DNA-based organizing platforms offer 
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fundamental insights in caspase-9 activity regulation and facilitate the elucidation of 

the molecular mechanisms behind multivalent interactions in higher-order signaling 

complexes. 

 
Figure 5.1 | Concept and design elements for the construction of oligomeric DNA-based 
synthetic apoptosome variants. a, Schematic drawing of the natural apoptosome that 
functions by assembling inactive caspase-9 monomers through caspase recruitment domains 
(CARDs). Crystal structures of the human apoptosome suggest that up to 4 caspase-9 
monomers bind simultaneously. b, Schematic overview of possible incorporation sites for 
handle-extended staple strands (orange circles) for constructing three- and four-enzyme DNA 
nanostructures. Inclusion of the appropriate handle-extended staple strands during DNA 
origami self-assembly enables control over the number, position, and relative geometry of 
caspase-9 monomers. The bracket notation indicates enzyme configuration as determined by 
the number and location of the indicated incorporation sites. 

Activity is enhanced in oligomeric caspase-9 clusters 
The native apoptosome is an organizing platform that induces the co-localization of 

caspase-9 enzymes through seven caspase recruitment domains (CARDs). Flexible 

tethering of caspase-9 through CARD-CARD interactions results in dimerization of 

the catalytic domains of caspase-9 and a subsequent 100–1000-fold increase in 

enzyme activity23,24. While crystal structures indicate that up to four caspase-9 

monomers bind to the apoptosome simultaneously18,25, in vitro investigations have so 

far focused on dimerization, for example by employing protein-based bivalent 

scaffolds or engineering chimeric proteins26–28. To assess the effects of multivalent 
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clustering, we substitute the structural proteins of the apoptosome with a DNA 

nanostructure and replace the recruiting function of the CARDs by DNA-DNA 

hybridization (Figure 5.1). As such, several features of the native system that could 

modulate caspase-9 activation and regulation are not taken into account. For example, 

recent work has indicated that allosteric interactions of the catalytic domain of 

caspase-9 with the CARD domain, the flexible linkers, and the apoptosome itself can 

affect enzyme activity17,25,29. However, we argue that modular DNA-based model 

systems composed of a controlled number of catalytic domains each with well-defined 

interactions, can help isolate key molecular determinants of caspase-9 regulation. 

To this end, we constructed several caspase-9 DNA nanostructures carrying either 

three or four single-stranded handles for monomer incorporation, including linear 

([125]) and triangular ([123]) three-enzyme configurations, and a four-enzyme variant 

([1234]). After incubation with caspase-9 enzyme-DNA conjugates complementary to 

the handles on the DNA origami surface, agarose gel analysis confirmed that no 

significant aggregation or disassembly occurs, even after an extended period of 

incubation (Figure 5.2). 

 
Figure 5.2 | Structural integrity and stability of three- and four-enzyme DNA nano-
structures. Images of agarose gels (1.5% agarose, stained for DNA with SYBR Safe) of three- (a) 
and four-enzyme (b) DNA nanostructures enzyme in various configurations. Aliquots of DNA 
nanostructures (diluted to a DNA origami concentration of 2 nM) were taken before enzyme 
functionalization (o), after 2 hr incubation with caspase-9 at 4°C (c), and after 15 hr in the 
platereader at 18°C (p). Approximately 20% of the reaction volume was evaporated after 15 hr 
at 18°C, explaining the slightly higher band intensity observed in p samples. Labels: la, reference 
DNA ladder; s, ssDNA scaffold. 

Next, we employed atomic force microscopy in solution (AFM) to evaluate the self-

assembly of the functionalized DNA nanostructures, and confirmed successful 

incorporation of caspase-9 monomers at the pre-programmed positions (Figure 5.3). 
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A single, high-intensity spot was observed on the DNA origami surface for both the 

triangular ([123]) and linear ([125]) three-enzyme configurations, suggesting the 

presence of three enzymes in close proximity, while in the ‘2+1’ control configuration 

([126]) two individual spots with different intensities were present, indicating the 

physical separation of one caspase-9 monomer from the other two. Similarly, the 

proximal ([1234]) four-enzyme configuration featured a single spot of high intensity, 

while, in contrast, the distal ([1278]) configuration showed two spots, confirming 

correct assembly of two physically separated pairs of caspase-9 monomers. These 

results highlight the exceptional degree of programmability using DNA origami 

nanostructures, allowing accurate control over the number, the position, and the 

relative geometry of tethered components. 

 
Figure 5.3 | AFM analysis of three- and four-enzyme DNA nanostructures. Topographic 
AFM (tapping mode in solution) images of three- (a) and four-enzyme (b) DNA nanostructures 
functionalized with caspase-9 monomers in various configurations indicated in bracket 
notation. Typically, DNA origami was incubated with 3 equivalents of enzyme-DNA conjugate 
per handle for 2 hr at 4°C and purified using 1.5% agarose gel extraction. Color bars indicate 
height scale in AFM images. Scale bars, 100 nm. 

After confirming the correct assembly of oligomeric three- and four-enzyme DNA 

nanostructures, we measured caspase-9 enzymatic activity using the synthetic caspase 

substrate LEHD-AFC30. In order to allow comparison between configurations, we kept 

the total concentration of caspase-9 enzyme-DNA conjugate in the system constant 

at 24 nM (see Experimental section and Table 5.2). For both three-enzyme systems 

([123] and [125] configurations, green bars), enzymatic activity increased 

approximately 96% compared to control configurations [126] and [256] (red bars), in 

which one monomer is positioned such that it cannot interact with the other two 

monomers (Figure 5.4a). As expected, the enzyme activity of these ‘2+1’ control 

configurations was similar to the 6-nm two-enzyme controls (gray bars). The distance 
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between caspase-9 monomers in the [15] two-enzyme configuration is 11 nm, which 

explains the approximately 50% lower activity compared to the other configurations, 

for which the monomer separation is 6 nm in all cases. 

 
Figure 5.4 | Co-localization of more than two caspase-9 monomers leads to enhanced 
enzymatic activity. Enzymatic activity measurements for three-enzyme (a) and four-enzyme 
(b) DNA nanostructures (green and red) and two-enzyme controls (gray). Reactions were 
carried out by incubating purified DNA origami nanostructures (concentration indicated for 
each configuration) with 3 equivalents of enzyme-DNA conjugate per handle, for 2 hr at 4°C. 
The DNA origami concentration was adjusted to keep the total concentration of enzyme at 24 
nM (see Experimental section and Table 5.2). Activity was determined by monitoring 
cleavage of 167 µM LEHD-AFC caspase substrate at 18°C and corrected by subtracting the mean 
background activity (no or.). Bars represent mean activity. All experiments were performed in 
triplicate. Labels: no or., no DNA origami present; perp., perpendicular arrangement; diag., 
diagonal arrangement. 

Similarly, the activity of the four-enzyme [1234] proximal configuration increased 

by 59% compared to the [1278] distal control (Figure 5.4b). Since the latter can be 

viewed as a non-interacting pair of two-enzyme systems on the same DNA origami, it 

exhibited similar activity compared to the two-enzyme controls, as expected. The 

enzyme activity of the two-enzyme control configurations was similar for all samples 

at 6-nm monomer separation, although small differences in activity were observed 

(compare e.g. [12] and [34] configurations). Recent work has indicated that the 

incorporation of single-stranded handles strongly correlates with the position of the 

strand in the DNA origami nanostructure31, and therefore we hypothesize that enzyme 
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activity of 6-nm two-enzyme configurations can be affected by handle incorporation, 

site accessibility, and the local chemical environment. Taken together, the 

experimental results demonstrate a clear increase in proteolytic activity when more 

than two caspase-9 monomers are co-localized on a DNA origami platform. 

Clustering leads to a statistical increase in enzyme dimers 
Although possible multivalent catalytic effects in enzyme clusters have not been 

described in biochemical literature, previous work by Prins et al. on zinc-based 

catalysts has revealed that clustering of dimerizing subunits can lead to activity 

enhancement32. To dissect potential factors contributing to the observed activity 

increase, we developed a thermodynamic model describing dimerization of tethered 

enzymes in two-, three-, and four-enzyme configurations. The underlying principle of 

the model is that two tethered enzymes exist in a thermodynamic equilibrium 

between two concentration-independent states, either as inactive monomers or as a 

fully active dimer, while other higher-order interactions are not possible (Figure 
5.5a). This allows us to calculate, for each enzyme configuration, the average number 

of dimers per DNA origami, which we assume is proportional to the experimentally 

measured caspase-9 activity. The average number of dimers for the 6-nm two-enzyme 

DNA nanostructure is simply given by the dimerization probability 𝑓𝑓D (with a value of 

approximately 0.9 at 6 nm monomer separation, as determined in Figure 4.6a and 

Figure 4.8d), allowing us to express the number of dimers in higher-order enzyme 

configurations as a function of system parameter 𝑓𝑓D. In practice, enzyme 

incorporation onto DNA nanostructures is not 100%, resulting in a distribution of 

species with varying enzyme occupancy as a function of the incorporation efficiency 

per handle 𝑝𝑝 (with a value of 0.75, as determined in Figure 4.3). For the 6-nm two-

enzyme configuration, a total of four distinct species can be defined with 0, 1, or 2 

enzymes, of which only the latter is able to form a tethered dimer and therefore 

contribute to enzyme activity (Figure 5.5b). 
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Figure 5.5 | Thermodynamic model describing dimerization of tethered enzymes on a 
DNA origami platform. a, Schematic depiction of the mass-balance model for a tethered two-
enzyme system, with an equilibrium between a monomeric (left) and dimeric (right) state 
defined by effective association constant 𝐾𝐾ℓ, leading to the dimerization probability 𝑓𝑓D. b, 
Possible species for two-enzyme configurations at incorporation efficiency  𝑝𝑝 with their 
corresponding relative contribution (expressions in top row) and the corresponding average 
number of dimers per species (bottom row). 

Applying this approach to the triangular three-enzyme system (reflecting the 

experimental [123] configuration) we can define eight distinct species, with 0, 1, 2, or 

3 enzymes (Figure 5.6a). Species with 0 or 1 enzymes cannot form a dimer and 

therefore do not contribute to enzyme activity, while the three species with 2 enzymes 

are identical to the basic two-enzyme configuration illustrated in Figure 5.5. For the 

species with 3 enzymes, we can define four distinct states, i.e. one fully monomeric 

and three symmetric dimeric states, for each of which we derive an expression for the 

dimer fraction as a function of 𝑓𝑓D (Figure 5.6b). The sum of the contributions of all 

species represents the average number of dimers per DNA nanostructure, expressed 

as a function of the incorporation efficiency  𝑝𝑝 and the dimerization probability 𝑓𝑓D 

(Figure 5.7). 
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Figure 5.6 | Thermodynamic model for the tethered three-enzyme system in triangular 
configuration. a, Schematic depiction of the eight possible species for the three-enzyme 
triangle configuration ([123]) with the corresponding relative contribution as a function of 
incorporation efficiency 𝑝𝑝 (expressions in top row) and the average number of dimers per 
species (bottom row). b, Schematic depiction of the four distinct three-enzyme states. One 
monomeric and three symmetric dimeric states can be defined, with corresponding state 
fractions expressed as a function of 𝑓𝑓D. 

Extension of this approach allowed us to find expressions for the expected average 

number of caspase-9 dimers per DNA nanostructure for all two-, three-, and four-

enzyme configurations (Figure 5.8; full derivation of the models for all configurations 

can be found at the end of this chapter). Although the models only consider 

dimerization and do not include any higher-order allosteric effects, the three- and 

four-enzyme configurations exhibit a moderate increase in the average number of 

dimers per DNA origami (Figure 5.8b; compare green bars to red control bars). This 

effect has a statistical origin and is correlated to an increase in the number of 

dimerization possibilities compared to a two-enzyme situation. Interestingly, the 

models predict that the number of dimers in the [123] three-enzyme system is only 

55% higher compared to the two-enzyme system, while experimentally a 96% in 

activity was observed (Figure 5.8b; the increase of the linear three-enzyme system 

[125] is 42%). Similarly, the computed number of dimers of the proximal four-enzyme 

system is only 13% higher than the distal configuration, while experiments indicated 

a 59% activity increase (Figure 5.8b; right graph). In addition to statistical effects 

related to an increased number of dimerization possibilities, we speculate that the 

discrepancy between theoretical and experimental results points to an allosteric effect 
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in oligomers of three or more caspase-9 enzymes, leading to an additional 

enhancement in activity. 

 
Figure 5.7 | Comparison of the average number of dimers between three-enzyme 
configurations. a, Heat maps depicting the average number of dimers per DNA origami as a 
function of both incorporation efficiency 𝑝𝑝 and the dimerization probability 𝑓𝑓D for the 
triangular three-enzyme configuration (left graph, reflecting experimental configuration [123]) 
and control ‘2+1’ configuration (right graph, reflecting experimental configurations [126] and 
[256]). b, Relative increase in the average number of dimers per DNA origami in triangular 
configuration as compared to the control ‘2+1’ configuration, i.e. the difference between the 
value for the triangular configuration minus that for the ‘2+1’ configuration divided by the value 
for the ‘2+1’ configuration. Heat maps for the four-enzyme configurations are shown in Figure 
5.18. 

 
Figure 5.8 | Co-localization of more than two monomers leads to a statistical increase 
in the number of enzyme dimers. a, Schematic overview of the enzyme configurations used 
in the thermodynamic models. The distance between adjacent enzyme monomers is denoted 
by ℓ (experimentally, ℓ = 6 nm). b, Bar graph depicting the calculated average number of 
enzyme dimers per DNA origami for all relevant enzyme configurations. Values were obtained 
by directly evaluating Eqs. (5.41) and (5.43)-(5.45), with 𝑓𝑓D = 0.9, 𝑝𝑝 = 0.75. 
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Conclusion 
Many intracellular signalling proteins assemble into multi-molecular complexes 

composed of unique combinations of pathway components. Co-localization of 

proteases, kinases, and phosphatases via their association to dedicated scaffold 

proteins results in the assembly of higher-order signaling machines such as the 

myddosome, the apoptosome, and the necrosome, that are able to efficiently control 

signal transmission via proximity-driven enzyme activation10,11,33. In this chapter, we 

show that DNA origami can be used as a unique in vitro platform for constructing 

synthetic higher-order signaling machines. By employing a combined experimental 

and theoretical approach we constructed synthetic DNA origami-based variants of the 

apoptosome, and systematically determined the factors contributing to caspase-9 

activation in multi-enzyme assemblies. Our results reveal a multivalent catalytic effect 

as evidenced by an increase in catalytic activity in three- and four-enzyme systems 

compared to a two-enzyme configuration. A thermodynamic model based on tethered 

dimerization revealed that the observed activity enhancement partially originates 

from a statistical increase in the number of active catalytic units in higher-order 

enzyme configurations. We envision that clustering of catalytic enzymatic subunits 

into higher-order complexes, either through SMOC-based assembly10,11, homotypic 

interactions7,8, or via liquid phase separation5,6, could represent a general mechanism 

for enzymatic activity enhancement or regulation in various intracellular processes. 

In contrast to other available platforms for engineering higher-order signaling 

machines, such as synthetic protein scaffolds34 or leucine zipper-induced 

assemblies30, DNA origami allows oligomerization of non-identical signaling proteins 

and user-defined control over their number, position, and relative geometry. The 

construction of higher-order signaling complexes using synthetic DNA origami-based 

SMOCs allows a detailed analysis of their function and can be used to probe 

unresolved molecular mechanisms in intracellular signaling, such as for example the 

multivalent enhancement of catalytic activity as reported in this chapter.  

Recent work has shown the possibility of genetically encoded DNA and RNA 

nanostructures and revealed successful intracellular assembly of a simple DNA cross-

over nanostructure on which proteins could be organized using orthogonal zinc 

fingers35–37. As such, in vivo production and assembly of DNA-based SMOCs, 

analogous to those developed by us, is a realistic possibility and could find application 

as modular synthetic control elements for diversifying signaling dynamics of existing 

pathways. We anticipate that DNA origami platforms will find broad use to inform the 
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function of many other important SMOCs for which oligomerization-driven allosteric 

regulation of non-identical enzymes, such as for example kinases, is a common 

regulatory principle. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. M13mp18 scaffold were purchased from Eurofins. 7-amino-4-(trifluoro-
methyl)coumarin (AFC) was obtained from Fluorochem, while synthetic tetrapeptide caspase-
9 substrate Ac-LEHD-AFC was purchased from Enzo Life Sciences. Amino-functionalized 
oligonucleotide (ODN) was obtained HPLC-purified from Integrated DNA Technologies and 
dissolved in DNase/RNase-free water at 250 µM. Unmodified ODNs were obtained in desalted 
form from Integrated DNA Technologies and dissolved at a stock concentration of 500 µM in 
DNase/RNase-free water. 

Enzyme-DNA conjugation 
Expression and purification of wildtype caspase-9, and the synthesis of the caspase-9 enzyme-
DNA conjugate was performed as described in Chapter 3, using amino-functionalized ODN a1: 
H2N-TTTTTTTTTTGAGTGAGTCGTATGA (7893.2 g mol-1). 

Self-assembly of DNA origami nanostructures 
The DNA origami rectangle used in this study was designed using caDNAno v0.2 based on the 
tall rectangle design by Rothemund22, as described in Chapter 2 (for design, see Figure 5.9). 
The 7249-nt single-stranded M13mp18 scaffold strand folds into a single-layer structure of 32 
helices using 192 staple strands (Supplementary Table 2.5). For incorporation of caspase-9 
enzyme-DNA conjugates, various unmodified staples were replaced by staples functionalized at 
the 3’ end with 15-nt handle strands (Table 5.1). A short single-stranded TT linker was included 
between staple and handle to prevent biased orientation of the handle with respect to the DNA 
origami structure38,39. 

Folding reactions were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM 
EDTA, 10 mM MgCl2, 50 mM NaCl, pH 8.0), with 25 nM scaffold strand and 250 nM of each 
staple strand. The reaction mixture was heated to 95°C for 15 min and then slowly cooled to 
20°C at a rate of 1°C/min. Excess staple strands were removed using 100 kDa MWCO 0.5 mL 
Amicon centrifugal filters (Merck Millipore). Briefly, a filter was pre-wetted with 500 µL 
purification buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0). The folding 
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mixture was diluted to 500 µL with purification buffer, added to the filter and centrifuged at 
4°C for 5 min at 5,000 g. This step was repeated for a total of three washing steps. The 
concentrate was recovered by inverting the filter and spinning for 2 min at 1,000 g. Samples 
were stored in DNA LoBind tubes (Eppendorf) at 4°C and used on the same day. The DNA 
origami concentration was determined by measuring the absorption at 260 nm, assuming an 
extinction coefficient of 1.24×108 M-1 cm-1 40,41. 
 

 
Figure 5.9 | Schematic overview of the DNA origami structure used for three- and four-
enzyme DNA nanostructures. The scaffold strand is shown in light blue and unmodified 
staple strands in red. Staples that are used for enzyme incorporation are shown in green and 
correspond to handle-extended staple strands in Table 5.1. Base-pair deletions to correct for 
global twist of the structure are indicated by crosses and 3’ ends of DNA strands are indicated 
by arrows. Numbers on left and right indicate the reference helix number, while numbers on 
top and bottom indicate reference nucleotide position. 

Table 5.1 | Handle-extended staple strands for three- and four-enzyme DNA nano-
structures. To assemble DNA origami structure for three- and four-enzyme incorporation, 
appropriate unmodified staple strands were replaced with handle-extended staple strands. 
Handle-staple IDs correspond to the notation used in Figure 5.1b. Underlined thymine 
nucleotides were added as a spacer. Unmodified staple IDs refer to staples used in 
Supplementary Table 2.5. 

ID Unmodified 
staple ID Sequence (5’ to 3’) 

o1 74 TCATTGAATTTTGCAAAAGAAGTTGATTCATCTTTCATACGACTCACTC 

o2 57 AAAAATCTTTATTACAGGTAGAAATTGCCAGATTTCATACGACTCACTC 

o3 86 CTTTAATTAAAGACTTCAAATATCATAAATATTTTCATACGACTCACTC 
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o4 69 GGGGGTAAATACTGCGGAATCGTCGCGTTTTATTTCATACGACTCACTC 

o5 58 TCTTACCGGAAACAATGAAATAGCACTAACGTTTCATACGACTCACTC 

o6 77 TAACGAGCGAAAATAGCAGCCTTAGAGAGATTTCATACGACTCACTC 

o7 122 TAAAACTAGTAGCTATTTTTGAGATTTAGAACTTTCATACGACTCACTC 

o8 105 ACCCTGTACGCAAGGATAAAAATTGATCTACATTTCATACGACTCACTC 

 

Assembly of caspase-9 on DNA origami 
Incorporation of enzyme-DNA conjugates onto purified DNA origami nanostructures was 
performed by incubating DNA origami with 3 molar equivalents of caspase-9 DNA conjugate 
per handle for 2 hr at 4°C in activity buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM 
NaCl, 1 mM DTT, 0.1% (w/v) CHAPS, pH 7.6). The total concentration of caspase-9 DNA 
conjugate was kept constant at 24 nM for all experiments, reflecting typical concentrations in 
the cytosol42. As a result, 4 nM, 2.67 nM, and 2 nM DNA origami was used for two-, three-, and 
four-enzyme DNA nanostructures, respectively. To allow comparison of the activity of three-
enzyme DNA nanostructures with two-enzyme controls, all experiments in the top row of 
Figure 5.4a including the two-enzyme configurations, were performed with 2.67 nM DNA 
origami (see Table 5.2 for an overview of the component concentrations in all enzymatic 
assays). 
 
Table 5.2 | Component concentrations for activity assays using two-, three-, and four-
enzyme DNA nanostructures. In all activity assays involving DNA origami, we fix the total 
caspase-9 concentration in the system to 24 nM and adapt the DNA origami concentration in 
order to keep constant the caspase-9 excess per handle. We adjusted the enzyme excess per 
handle of the two-enzyme controls in Figure 5.4a to allow comparison with the three-enzyme 
configurations in the same graph. Note that the first entry in the table (non tet.) represents the 
stoichiometric background activity (i.e. one equivalent of caspase-9 enzyme in solution) used 
for calculating the fold change for the two-enzyme configuration, as depicted in Figure 4.6a. 

Figure Configuration Handles per 
DNA origami 

DNA origami 
conc. (nM) 

Total caspase-9 
conc. (nM) 

Caspase-9 excess 
per handle 

4.6a non-tethered 
(non-tet.) - 0 8 - 

4.5b, 5.4 no DNA origami 
(no or.) - 0 24 - 

4.5b no handles      
(no h.) 0 4 24 - 

4.5b all two-enzyme 2 4 24 3 

5.4, top [123],[125],[126], 
[256] 3 2.67 24 3 

5.4, top [12],[15],[13],[25],
[23] 2 2.67 24 4.5 

5.4, bottom [1234],[1278] 4 2 24 3 

5.4, bottom [12],[34],[78],[13]
[24],[14],[23] 2 4 24 3 

 



Multivalent enzyme activity on DNA origami 

117 

Gel electrophoresis 
Agarose gel electrophoresis was used for DNA origami folding analysis. In short, 1.5% agarose 
gels were cast in gel buffer (1× TAE, 10 mM MgCl2, pH 8.0) supplemented with SYBR Safe. Gels 
were run in gel buffer for 90 min at 65 V in an ice bath. DNA origami samples were diluted just 
before loading to a final concentration of 2 nM and Ficoll-400 (final concentration 1.5% (w/v) 
was added. Gels were imaged using an ImageQuant 400 Digital Imager (GE Healthcare) and 
analyzed with ImageJ. 

Activity assays and data processing 
Enzyme activity was measured using the synthetic tetrapeptide caspase-9 substrate LEHD 
(dissolved in dry DMSO at 10 mM)30, which is cleaved by caspase-9 after the aspartic acid 
residue releasing and unquenching the fluorescent dye 7-amino-4-(trifluoromethyl)coumarin 
(AFC). After assembly of caspase-9 on DNA origami, substrate was added to a final 
concentration of 167 µM and proteolytic cleavage was monitored over time in 384-well plates 
(60 µL reaction volume) at 18°C by measuring fluorescence (ex.: 400 nm, em.: 505 nm) in a 
Tecan Spark 10M platereader. Fluorescence units were converted to concentration using a 
calibration curve, as described in Supplementary Figure 3.3. 

Raw data of all activity assays were extracted, converted, and formatted using in-house 
MATLAB scripts (R2015a). Enzyme activity (in pmol min-1) was determined by fitting the initial 
slope (20-60 min) of the kinetic trace to a linear curve. An excess of caspase-9 enzyme-DNA 
conjugate was used to incorporate caspase-9 onto DNA nanostructures, leading to background 
activity originating from untethered enzymes remaining in solution. Background correction 
was performed by measuring the activity of untethered caspase-9 without DNA origami, at the 
same concentration as in measurements with DNA origami, in triplicate and in parallel for each 
experiment (indicated with ‘no origami’). Subsequently, the mean activity was subtracted from 
the enzyme activity of other samples, leading to the corrected enzyme activity, as reported in 
Figure 5.4. 

AFM imaging and analysis 
Enzyme-functionalized DNA nanostructures were prepared as described, and purified using gel 
extraction. In short, agarose gel electrophoresis was performed as described and upon 
completion the correct DNA nanostructure band was excised from the gel. The band was cut 
into small pieces and loaded onto a Freeze ‘N’ Squeeze column (Bio-Rad). After centrifugation 
for 4 min at 1,000 g, the supernatant was collected and stored at 4°C.  

Topographic AFM images were acquired in AC mode at room temperature under liquid 
conditions using an MFP-3D AFM (Asylum Research) and V-shaped Si3N4 cantilevers with 
sharpened pyramidal tip and a nominal spring constant of 0.04 N/m (OTR4, Bruker AFM 
Probes). Circular mica substrates (Ted Pella) were glued to Teflon (VWR) using epoxy-based 
mounting glue before use. Gel-purified DNA nanostructure solutions were first diluted to 2 nM 
in imaging buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, pH 8.0) and then 10 µL was 
incubated for 30 s on a freshly-cleaved mica surface. Subsequently, 50 µL of imaging buffer was 
used to rinse the sample twice and finally 100 µL of imaging buffer was added to perform the 
AFM imaging. Topographic images of either 1.0×1.0 µm² or 1.5×1.5 µm² (512×512 px) were 
acquired in various regions of the mica substrate, using drive amplitudes within the range of 
0.6-1.0 V, optimizing the scanning and feedback parameters for each image. Data processing 
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was performed using a combination of custom-written MATLAB code and Gwyddion (v2.51) 
software. Trace and retrace images were combined into a single image by determining the offset 
between the two using two-dimensional cross-correlation and averaging of the pixel values. 

Derivation of the thermodynamic model 
In collaboration with dr. Bart Markvoort, we developed a thermodynamic model to derive 
expressions for the average number of dimers for the two-, three-, and four-enzyme systems as 
a function of the dimerization probability and incorporation efficiency. 

Section 1: dimerization of tethered enzymes 
We consider the dimerization of caspases that are tethered on a DNA origami scaffold via 
linkers at a certain separation distance. Each enzyme can be present in monomeric form or as 
part of a dimer. In this section we will derive the average number of dimers per DNA origami 
for 5 different enzyme configurations, as shown in Figure 5.10, i.e. (Case 1) a DNA origami with 
2 caspases with the linkers attached at a distance ℓ, (Case 2) a DNA origami with 2 caspases 
with the linkers attached at a distance 2ℓ, (Case 3) a DNA origami with 3 caspases with the 
linkers attached in a linear geometry with neighbors at a distance ℓ apart, (Case 4) a DNA 
origami with 3 caspases with the linkers attached in a triangular geometry all at distance ℓ apart, 
and (Case 5) a DNA origami with 4 caspases connected in a square geometry with sides of length 
ℓ.  

 
Figure 5.10 | Schematics of the five distinct DNA origami scaffolds considered in the analysis 
in this section, where the number and geometry of linkers to which caspases can be bound 
differ.  

Case 1: two caspases connected with a linker to a scaffold at distance ℓ. The first case we 
consider is that of dimerization of two caspases (C) that are fixed to a DNA-origami scaffold via 
two linkers at a certain separation. The two caspases can be present as two monomers or as a 
dimer. Because of the co-localization of the caspases by the DNA origami, the dimerization is 
different from dimerization of non-tethered caspases, where the fraction dimer is concentration 
dependent. Here, we should consider the dimerization reaction as two possible states with 
(concentration independent) rate constants (probabilities) that a dimer is formed or broken, 
i.e., 
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where both 𝑘𝑘ℓ+ and 𝑘𝑘ℓ− have unit s−1. The two states (monomers and dimer) are schematically 
depicted in Figure 5.5a. 

We define the fraction of DNA origami with the caspases in dimeric state as 𝑓𝑓D and the 
fraction with the caspases in monomeric state as 𝑓𝑓2M. Because the caspases on the DNA origami 
should either be in the monomeric state or form a dimer, it holds that  

𝑓𝑓D + 𝑓𝑓2M = 1.         (5.1) 

Moreover, in equilibrium, the rates of dimerization and dimer dissociation should be equal, i.e.,  

𝑓𝑓2M𝑘𝑘ℓ+ = 𝑓𝑓D𝑘𝑘ℓ−.           (5.2) 

With equilibrium constant   

𝐾𝐾ℓ = 𝑘𝑘ℓ
+

𝑘𝑘ℓ
−          (5.3) 

Eq. (5.2) can be rewritten as 

𝑓𝑓D =  𝐾𝐾ℓ𝑓𝑓2M .           (5.4) 

Substituting Eq. (5.1) in Eq. (5.4) yields   

𝑓𝑓D =  𝐾𝐾ℓ(1 − 𝑓𝑓D)         (5.5) 

which can be rewritten as  

𝑓𝑓D =  𝐾𝐾ℓ
1+𝐾𝐾ℓ

          (5.6) 

Analogously, the fraction of DNA origami with caspases in monomeric state as function of 𝐾𝐾ℓ is 
given by 

𝑓𝑓2M =  1
1+𝐾𝐾ℓ

 .         (5.7) 

The average number of dimers per DNA origami for this proximal two-enzyme configuration is 
simply 𝑓𝑓D. In the remainder of this text we will derive expressions for the average number of 
dimers per DNA origami for the other enzyme configurations as a function of this 𝑓𝑓D, which we 
denote as the dimerization probability.  

Case 2: two caspases connected with a linker to a scaffold at distance 2ℓ. The second case 
we consider is similar to Case 1, but with caspases connected to the scaffold with a separation 
of 2ℓ instead of ℓ. Here, we again have two distinct states, one monomeric and one dimeric, so 
we again have 

𝑓𝑓D2ℓ + 𝑓𝑓2M2ℓ = 1         (5.8) 

When the distance between the linkers is 11 or 12 nm the activity is lower than at 6 nm. 
Therefore, we assume that the dimerization probability for 2 caspases at distance 2ℓ apart will 
be a factor 𝑎𝑎 smaller than for 2 caspases at distance ℓ apart, i.e., 𝑓𝑓D2ℓ = 𝑎𝑎𝑓𝑓D, with 0 ≤ 𝑎𝑎 ≤ 1. The 
corresponding equilibrium constant 𝐾𝐾2ℓ for this dimerization of these more distal caspases is 
related to 𝐾𝐾ℓ as  

𝐾𝐾2ℓ = 𝑎𝑎𝐾𝐾ℓ/(1 + (1 − 𝑎𝑎)𝐾𝐾ℓ).        (5.9) 
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For the equilibrium condition now holds that 

𝑓𝑓D2ℓ = 𝐾𝐾2ℓ𝑓𝑓2M2ℓ= 𝑎𝑎𝐾𝐾ℓ
1+(1−𝑎𝑎)𝐾𝐾ℓ

𝑓𝑓2M2ℓ.       (5.10) 

Substituting in Eq. (5.8), we can determine that the probability of finding the caspases in the 
monomeric state as function of 𝐾𝐾ℓ is given by 

𝑓𝑓2M2ℓ = 1+𝐾𝐾ℓ(1−𝑎𝑎)
1+𝐾𝐾ℓ

= 1 − 𝑎𝑎𝐾𝐾ℓ
1+𝐾𝐾ℓ

= 1 − 𝑎𝑎𝑓𝑓D.      (5.11) 

The average number of dimers per DNA origami for this more distal two-enzyme configuration 
is thus 𝑎𝑎𝑓𝑓D. 

Case 3: three caspases connected with a linker to a scaffold in linear geometry. We now 
consider a DNA origami with three caspases connected to it that are placed in a linear fashion, 
where we assume that two caspases at a distance ℓ can dimerize with dimerization probability 
𝑓𝑓D, and that the outer caspases (at a distance 2ℓ) can dimerize with the lower probability 𝑎𝑎𝑓𝑓D, 
as in Case 2. Such a DNA origami can then be in four distinct states, which are schematically 
depicted in Figure 5.11. In the first state, which we denote as 3M, all caspases are present in 
monomeric form. In the second state, which we denote as D12, the left and middle caspases form 
a dimer while the right caspase is present as a monomer. In the third state, which we denote as 
D23, the left caspase is present as a monomer while the middle and right caspases form a dimer. 
In the fourth state, which we denote as D13, the middle caspase is present as a monomer while 
the left and right caspases form a dimer.  

 
Figure 5.11 | The linear three-enzyme configuration, assuming that also the two outer caspases 
can dimerize together, can be in 4 different states, i.e. monomeric state (3M) and three distinct 
dimeric states (D12, D23 and D13). 

If we denote the fraction of such DNA origami in a certain state 𝑋𝑋 by 𝑓𝑓X, we can write  

𝑓𝑓3M + 𝑓𝑓D12 + 𝑓𝑓D23 + 𝑓𝑓D13 = 1       (5.12) 

as each origami should be in either of the 4 states. For states D12 and D23 it holds, in equilibrium, 
that  

𝑓𝑓D12 = 𝑓𝑓D23 = 𝐾𝐾ℓ𝑓𝑓3M ,         (5.13) 

whereas for the dimer between the 2 outer caspases, similarly as in Case 2, Eq. (5.10) holds that 

𝑓𝑓D13 = 𝐾𝐾2ℓ𝑓𝑓3M= 𝑎𝑎𝐾𝐾ℓ
1+(1−𝑎𝑎)𝐾𝐾ℓ

𝑓𝑓3M       (5.14) 

 

State 1 (3M) State 2 (D12) State 3 (D23) State 4 (D13)
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Substituting Eqs. (5.13) and (5.14) into Eq. (5.12) yields for the fraction of DNA origami with the 
caspases in monomeric form 

𝑓𝑓3M = 1

1+�2+ 𝑎𝑎
1+(1−𝑎𝑎)𝐾𝐾ℓ

�𝐾𝐾ℓ
 .        (5.15) 

For states D12 and D23 we thus have 

𝑓𝑓D12 = 𝑓𝑓D23 = 𝐾𝐾ℓ
1+�2+ 𝑎𝑎

1+(1−𝑎𝑎)𝐾𝐾ℓ
�𝐾𝐾ℓ

 .       (5.16) 

and for state D13 

𝑓𝑓D13 = 𝑎𝑎𝐾𝐾ℓ
1+�2+ 𝑎𝑎

1+(1−𝑎𝑎)𝐾𝐾ℓ
�𝐾𝐾ℓ

 .        (5.17) 

Eqs. (5.15)-(5.17) can also be expressed in terms of 𝑓𝑓D, i.e. the dimerization probability for the 
proximal two-enzyme configuration as described in Case 1, instead of 𝐾𝐾ℓ as according to Eq. 
(5.5) holds that 𝐾𝐾ℓ =  𝑓𝑓D/(1 − 𝑓𝑓D). This yields: 

𝑓𝑓3M = 1

1+�2+ 𝑎𝑎

1+(1−𝑎𝑎)
𝑓𝑓D

1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

= (1−𝑓𝑓D)(1−𝑎𝑎𝑓𝑓D)
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

,     (5.18) 

𝑓𝑓D12 = 𝑓𝑓D23 =
𝑓𝑓D

1−𝑓𝑓D

1+�2+ 𝑎𝑎

1+(1−𝑎𝑎)
𝑓𝑓D

1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

= 𝑓𝑓D(1−𝑎𝑎𝑓𝑓D)
1+𝑓𝑓𝐷𝐷−2𝑎𝑎𝑓𝑓D2

      (5.19) 

and 

𝑓𝑓𝐷𝐷13 =

𝑎𝑎

1+(1−𝑎𝑎)
𝑓𝑓D

1−𝑓𝑓𝐷𝐷

 � 𝑓𝑓D
1−𝑓𝑓D

�

1+�2+ 𝑎𝑎

1+(1−𝑎𝑎)
𝑓𝑓D

1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

= 𝑎𝑎(1−𝑓𝑓D) 𝑓𝑓D
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

 .      (5.20) 

Case 4: three caspases connected with a linker to a scaffold in triangular geometry. If 
the three caspases are placed in a triangular geometry, four different states exist, namely 1 state 
where all 3 caspases are present as monomers and three states for the three different possible 
dimers, as depicted previously in Figure 5.6b. 

As each DNA origami should again be in either of the 4 states, we have 

𝑓𝑓3M + 𝑓𝑓D12 + 𝑓𝑓D13 + 𝑓𝑓D23 = 1       (5.21) 

which together with 𝑓𝑓D12 = 𝑓𝑓D13 = 𝑓𝑓D23 = 𝑓𝑓3M𝐾𝐾ℓ yields 

𝑓𝑓3M = 1
1+3𝐾𝐾ℓ

 and  𝑓𝑓D12 = 𝑓𝑓D13 = 𝑓𝑓D23 = 𝐾𝐾ℓ
1+3ℓ

 .    (5.22) 

Expressed in terms of 𝑓𝑓D (dimerization probability for the proximal two-enzyme configuration) 
that is 

𝑓𝑓3M = 1

1+ 3𝑓𝑓D
1−𝑓𝑓D

= 1−𝑓𝑓D
1+2𝑓𝑓D

        (5.23) 
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and 

𝑓𝑓D12 = 𝑓𝑓D13 = 𝑓𝑓D23 =
𝑓𝑓D

1−𝑓𝑓D

1+ 3𝑓𝑓D
1−𝑓𝑓D

= 𝑓𝑓D
1+2𝑓𝑓D

 .      (5.24) 

Note that for 𝑎𝑎 = 1 Eqs. (5.18)-(5.20) reduce to Eqs. (5.23) and (5.24). 

Case 5: four caspases connected with a linker to a scaffold in square geometry. In the 
case of 4 caspases in a proximal configuration, where dimers can be formed between any pair 
of caspases, the number of different states for the DNA origami consists of one state where all 
caspases are present as monomer, 4 distinct states with a single dimer between 2 not-diagonal 
neighboring caspases and two monomers, 2 distinct states with a single dimer between 2 
diagonally neighboring caspases and two monomers, and 2 distinct states with 2 dimers (Figure 
5.12). The state where two pairs of diagonally neighboring caspases both dimerize is ignored as 
the first diagonally dimerized pair will prevent formation of the second dimer. 

 
Figure 5.12 | The proximal four-enzyme configuration can be in 9 different states, i.e. 
monomeric state (4M), six distinct single dimeric states (D12, D34, D13, D24, D14 and D23), and two 
distinct double dimeric states (2DH and 2DV). 

As each DNA origami should again be in either of the different possible states, we have 

𝑓𝑓4M + 𝑓𝑓D12 + 𝑓𝑓D34 + 𝑓𝑓D13 + 𝑓𝑓D24 + 𝑓𝑓D14 + 𝑓𝑓D23 + 𝑓𝑓2DH + 𝑓𝑓2DV = 1   (5.25) 

For the equilibria between the state with all monomers and the states with a single dimer 
between horizontally or vertically neighboring caspases, we again obtain 𝑓𝑓D12 = 𝑓𝑓D34 = 𝑓𝑓D13 =
𝑓𝑓D24 = 𝐾𝐾ℓ𝑓𝑓4M. Moreover, the equilibrium between states with two dimers and such a single 
dimer state yields 

𝑓𝑓2DV =  𝐾𝐾ℓ𝑓𝑓D12 = 𝐾𝐾ℓ2𝑓𝑓4M .        (5.26) 

 

State 2 (D12) State 3 (D34) State 4 (D13)State 1 (4M) State 5 (D24)

State 6 (D14) State 7 (D23) State 8 (2DH) State 9 (2DV)
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As the diagonally neighboring caspases are at slightly larger distance apart, we assume again 
that their dimerization probability is a factor 𝑏𝑏 smaller than for the regular dimer, i.e., 𝑓𝑓D14 =
𝑓𝑓D23 = 𝑏𝑏𝑓𝑓D with 0 ≤ 𝑏𝑏 ≤ 1, which corresponds to equilibrium constants 

𝐾𝐾14 = 𝐾𝐾23 = 𝑏𝑏𝐾𝐾ℓ/(1 + (1 − 𝑏𝑏)𝐾𝐾ℓ) .      (5.27) 

Thus, 

𝑓𝑓D14 = 𝑓𝑓D23 = 𝑏𝑏𝐾𝐾ℓ
1+(1−𝑏𝑏)𝐾𝐾ℓ

𝑓𝑓4M .       (5.28) 

Together that yields for the fraction of DNA origami with all four caspases in monomeric form 

𝑓𝑓4M = 1

1+(4+2 𝑏𝑏
1+(1−𝑏𝑏)𝐾𝐾ℓ

)𝐾𝐾ℓ+2𝐾𝐾ℓ2
 ,       (5.29)  

for the fraction of DNA origami with one specific horizontal or vertical dimer  

𝑓𝑓D12 = 𝑓𝑓D34 = 𝑓𝑓D13 = 𝑓𝑓D24 = 𝐾𝐾ℓ
1+(4+2 𝑏𝑏

1+(1−𝑏𝑏)𝐾𝐾ℓ
)𝐾𝐾ℓ+2𝐾𝐾ℓ2

 ,    (5.30) 

for the fraction of origamis with one specific diagonal dimer 

𝑓𝑓D14 = 𝑓𝑓D23 =
𝑏𝑏

1+(1−𝑏𝑏)𝐾𝐾ℓ
𝐾𝐾ℓ

1+(4+2 𝑏𝑏
1+(1−𝑏𝑏)𝐾𝐾ℓ

)𝐾𝐾ℓ+2𝐾𝐾ℓ2
 ,      (5.31) 

and for the fraction of origamis in one specific state with two dimers  

𝑓𝑓2DV = 𝑓𝑓2DH = 𝐾𝐾ℓ2

1+�4+2 𝑏𝑏
1+(1−𝑏𝑏)𝐾𝐾ℓ

�𝐾𝐾ℓ+2𝐾𝐾ℓ2
 .      (5.32) 

In terms of the dimerization probability 𝑓𝑓D this yields 

𝑓𝑓4M = 1

1+�4+2 𝑏𝑏

1+(1−𝑏𝑏)
𝑓𝑓D

1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

+2� 𝑓𝑓D
1−𝑓𝑓D

�
2

= (1−𝑓𝑓D)2(1−𝑏𝑏𝑓𝑓D)
�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�

    (5.33) 

𝑓𝑓D12 = 𝑓𝑓D34 = 𝑓𝑓D13 = 𝑓𝑓D24 =
𝑓𝑓D

1−𝑓𝑓D

1+�4+2 𝑏𝑏

1+(1−𝑏𝑏) 𝑓𝑓D
1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

+2� 𝑓𝑓D
1−𝑓𝑓D

�
2
    

= 𝑓𝑓D(1−𝑓𝑓D)(1−𝑏𝑏𝑓𝑓D)
�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�

    (5.34) 

𝑓𝑓D14 = 𝑓𝑓D23 =

𝑏𝑏

1+(1−𝑏𝑏) 𝑓𝑓D
1−𝑓𝑓D

 � 𝑓𝑓D
1−𝑓𝑓D

�

1+�4+2 𝑏𝑏

1+(1−𝑏𝑏) 𝑓𝑓𝐷𝐷
1−𝑓𝑓𝐷𝐷

� 𝑓𝑓D
1−𝑓𝑓D

+2� 𝑓𝑓D
1−𝑓𝑓D

�
2

= 𝑏𝑏 𝑓𝑓D(1−𝑓𝑓D)2

�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�
 (5.35) 

𝑓𝑓2DV = 𝑓𝑓2DH =
� 𝑓𝑓D
1−𝑓𝑓D

�
2

1+�4+2 𝑏𝑏

1+(1−𝑏𝑏) 𝑓𝑓D
1−𝑓𝑓D

� 𝑓𝑓D
1−𝑓𝑓D

+2� 𝑓𝑓D
1−𝑓𝑓D

�
2

= 𝑓𝑓D2(1−𝑏𝑏𝑓𝑓D)
�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�

 (5.36) 
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Comparison of the average number of dimers per DNA origami for Cases 1-5. For the two-
enzyme configurations the average number of dimers per DNA origami simply equals the 
fraction of DNA origamis with the caspases in dimeric form. For the proximal two-enzyme 
configuration (Case 1) the average number of dimers per DNA origami thus simply equals the 
dimerization probability 𝑓𝑓D, while for the more distal two-enzyme configuration (Case 2) the 
average number of dimers per DNA origami equals 𝑎𝑎𝑓𝑓D.  

In Case 3, i.e. the DNA origami with 3 caspases in a linear geometry, the average number of 
dimers per DNA origami equals the sum of the probabilities either of the dimers is present, i.e. 
the sum of 𝑓𝑓D12 , 𝑓𝑓D23, and 𝑓𝑓D13. Using Eqs. (5.19) and (5.20), this yields for the average number 
of dimers per DNA origami   

2 𝑓𝑓D(1−𝑎𝑎𝑓𝑓D)
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

+ 𝑎𝑎(1−𝑓𝑓D) 𝑓𝑓D
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

= (2+𝑎𝑎)𝑓𝑓D−3𝑎𝑎𝑓𝑓D2 
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

.     (5.37) 

In Case 4, i.e. the DNA origami with 3 caspases in a triangular geometry, the average number of 
dimers per DNA origami equals the sum of the probabilities of the 3 possible dimer states 

according to Eq. (5.24), resulting in 3𝑓𝑓𝐷𝐷
1+2𝑓𝑓𝐷𝐷

 (i.e. the same as Eq. (5.37) assuming 𝑎𝑎 = 1).  

In Case 5, i.e. the origami with 4 caspases in a square geometry, the average number of 
dimers per DNA origami equals the sum of the probabilities of the single dimer states plus twice 
the sum of the probabilities of the double dimer states, i.e., 𝑓𝑓D12 + 𝑓𝑓D34 + 𝑓𝑓D13 + 𝑓𝑓D24 + 𝑓𝑓D14 +
𝑓𝑓D23 + 2�𝑓𝑓2DV + 𝑓𝑓2DH�. Using Eqs. (5.34)-(5.36), that yields for the average number of dimers per 
DNA origami 

4𝑓𝑓D(1−𝑓𝑓D)(1−𝑏𝑏𝑓𝑓D)+2𝑏𝑏 𝑓𝑓D(1−𝑓𝑓D)2+4𝑓𝑓D2(1−𝑏𝑏𝑓𝑓D)
�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�

= 𝑓𝑓D
4+2𝑏𝑏�1 −4𝑓𝑓D+𝑓𝑓D2�

�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�
 . (5.38) 

For 𝑏𝑏 = 0 this reduces to 

4𝑓𝑓D
1+2𝑓𝑓D−𝑓𝑓D2

          (5.39) 

while for 𝑏𝑏 = 1 it reduces to 

𝑓𝑓D
6−8𝑓𝑓D+2𝑓𝑓D2

1+3𝑓𝑓D−7𝑓𝑓D2+3𝑓𝑓D3
 .        (5.40) 

In Figure 5.13, these average numbers of dimers per DNA origami are summarized and plotted 
as a function of the dimerization probability 𝑓𝑓D for all 5 cases. 
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Figure 5.13 | The average number of dimers for all cases. a, Overview of the formulae per 
case. b,c, Graphical representation of the average number of dimers per DNA origami (b) and 
per caspase (c), plotted as function of the dimerization probability 𝑓𝑓D. 

Section 2: dimerization of tethered enzymes with incomplete enzyme incorporation 
In the previous section we derived the average number of dimers per DNA origami for five 
different enzyme configurations as a function of the dimerization probability 𝑓𝑓D in the proximal 
two-enzyme configuration. In this derivation we assumed that at each of the designated 
positions on the DNA origami a caspase is present. In practice, however, incorporation of 
caspases is not perfect, such that caspases will only be present at a certain fraction of the 
designated positions. In this section we will derive how this incorporation efficiency (𝑝𝑝) 
influences the average number of dimers per DNA origami, for each of the 5 cases considered 
in the previous section. In this we will assume that this incorporation efficiency is equal for all 
designated positions and independent on the presence of neighboring caspases. 

Case 1 and 2: two-enzyme configurations. For a two-enzyme configuration there are 4 
possibilities. The first possibility, with probability (1 − 𝑝𝑝)2, is that both sites remain empty. The 
second possibility, with probability 𝑝𝑝(1 − 𝑝𝑝), is that a caspase is present only at the first site. 
The third possibility, i.e. that the second site contains a caspase, has the same probability. And 
the fourth and last possibility, with probability 𝑝𝑝2, is that both sites are occupied. These 4 
possibilities are also depicted in Figure 5.5b, for the two-enzyme configuration at distance ℓ, 
along with their probabilities to occur. In the first 3 possibilities of course no dimers can be 
formed, while the fourth possibility is exactly the situation for which we derived the average 
number of dimers to be equal to 𝑓𝑓D in the previous section. Combined, with incorporation 
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efficiency 𝑝𝑝 and dimerization efficiency 𝑓𝑓D, the average number of dimers per DNA origami 
equals 

𝑝𝑝2 𝑓𝑓D.          (5.41) 

For the two-enzyme configuration at 2ℓ, the probabilities of the 4 incorporation states are the 
same and the resulting average number of dimers per origami equals  

𝑝𝑝2𝑎𝑎𝑓𝑓D.          (5.42) 

Case 3: linear three-enzyme configuration. With three sites for enzyme incorporation, each 
with efficiency 𝑝𝑝, the number of possibilities increases to 8. The first possibility, with probability 
(1 − 𝑝𝑝)3, is that all three sites remain empty. Then there are three possibilities, each with 
probability 𝑝𝑝(1 − 𝑝𝑝)2, that one of the sites is occupied and the other two remain empty. In all 
of these first four possibilities no dimers can be formed, as they contain at most 1 caspase. Then 
there are also three possibilities, each with probability 𝑝𝑝2(1 − 𝑝𝑝), that one site remains empty 
while the other two are occupied. The two cases where one of these two sites is in the middle 
are identical to the situation for which we derived (Case 1 in Section 1) the average number of 
dimers per DNA origami to be equal to 𝑓𝑓D. The possibility in which only both outer sites are 
occupied is identical to the situation of Case 2 in Section 1 where the average number of dimers 
per DNA origami equals 𝑎𝑎𝑓𝑓D. The final possibility, with probability 𝑝𝑝3, is that all three sites are 
occupied. This is again exactly the situation for which we derived (Case 3 in Section 1) the 

average number of dimers per DNA origami to be equal to (2+𝑎𝑎)𝑓𝑓D−3𝑎𝑎𝑓𝑓D2 
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

. These 8 possibilities 

are shown in Figure 5.14 along with their probabilities to occur and the average number of 
dimers per DNA origami. Combined that thus means that, with incorporation efficiency 𝑝𝑝 and 
dimerization probability 𝑓𝑓D, the average number of dimers per DNA origami equals  

𝑝𝑝2(1 − 𝑝𝑝)𝑓𝑓D(2 + 𝑎𝑎) + 𝑝𝑝3 (2+𝑎𝑎)𝑓𝑓D−3𝑎𝑎𝑓𝑓D2 
1+𝑓𝑓D−2𝑎𝑎𝑓𝑓D2

.      (5.43) 
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Figure 5.14 | All possible occupancy states for the linear three-enzyme configuration with their 
corresponding probability at incorporation efficiency 𝑝𝑝 as well as the corresponding average 
number of dimers per DNA origami (as calculated for that geometry in Section 1). 

Case 4: triangular three-enzyme configuration. With three linkers in a triangular geometry, 
the number of possibilities for enzyme occupancy remains the same as in Case 3, i.e. 8, and also 
the probabilities for all instances remain unchanged. These 8 possibilities are depicted 
schematically in Figure 5.6a. In the 4 possibilities with 0 or 1 enzymes still no dimers can be 
formed. In the 3 possibilities with 2 caspases, however, it no longer matters which of the three 
sites remains empty. In each of these possibilities there are simply 2 neighboring enzymes, 
which follows exactly the situation for which we derived (Case 1 in Section 1) the average 
number of dimers per DNA origami to be equal to 𝑓𝑓𝐷𝐷. The final possibility, i.e. where all three 
linkers bind a caspase, is exactly the situation for which we derived (Case 4 in Section 1) the 
average number of dimers per DNA origami as 3𝑓𝑓D/(1 + 2𝑓𝑓D). Combined, with incorporation 
efficiency 𝑝𝑝 and dimerization probability 𝑓𝑓D, the average number of dimers per DNA origami 
thus equals  

3𝑝𝑝2(1 − 𝑝𝑝)𝑓𝑓D + 3𝑝𝑝3 𝑓𝑓D
(1+2𝑓𝑓D) = 3𝑝𝑝2𝑓𝑓D�1+2𝑓𝑓D(1−𝑝𝑝)�

(1+2𝑓𝑓D)      (5.44) 

An important control for this configuration is the ‘2+1’ configuration (reflecting experimental 
configurations [126] and [256]), in which one of the incorporation sites is positioned such that 
dimerization is not possible. This case is illustrated in Figure 5.15, with again for each 
occupancy state its probability to occur and the corresponding average number of dimers per 
DNA origami indicated. Only in the 2 states where both sites that are close to each other are 
occupied, a dimer can be formed. Combined, with incorporation efficiency 𝑝𝑝 and dimerization 
probability 𝑓𝑓D, the average number of dimers per origami thus equals 𝑝𝑝2(1 − 𝑝𝑝)𝑓𝑓D + 𝑝𝑝3𝑓𝑓D, which 
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simplifies to 𝑝𝑝2𝑓𝑓D. This is, not surprisingly, exactly the same number as obtained in the earlier 
Case 1.  

 
Figure 5.15 | All possible occupancy states for the ‘2+1’ three-enzyme configuration with their 
corresponding probability at incorporation efficiency 𝑝𝑝 as well as the corresponding average 
number of dimers per DNA origami (as calculated for that geometry in Section 1). 

The average number of dimers per DNA origami for both the triangular and ‘2+1’ three-
enzyme configurations are shown as a function of the incorporation efficiency 𝑝𝑝 and the 
dimerization probability 𝑓𝑓D in Figure 5.7. The relative difference in the average number of 
dimers per DNA origami between these two configurations, i.e., the difference between the 
value for the triangular configuration minus that for the ‘2+1’ configuration divided by the value 
for the ‘2+1’ configuration, is also shown. For 𝑓𝑓D = 0.9, 𝑝𝑝 = 0.75 this yields 0.786 as average 
number of dimers per DNA origami for the triangular configuration and 0.506 as average 
number of dimers per DNA origami on the ‘2+1’ configuration. This corresponds to an increase 
of 0.280 dimers per DNA origami, i.e., a 55% increase. 

Case 5: four-enzyme configurations. With four enzyme incorporation sites in a proximal 
configuration (reflecting the experimental [1234] configuration), each with probability 𝑝𝑝, the 
number of possibilities increases to 16. The first possibility, with probability (1 − 𝑝𝑝)4, is that all 
sites remain empty. Then there are four possibilities, each with probability 𝑝𝑝(1 − 𝑝𝑝)3, that one 
site is occupied while the other three sites remain empty. In all of these first 5 possibilities no 
dimers can be formed. Next, there are six possibilities, each with probability 𝑝𝑝2(1 − 𝑝𝑝)2, that 
two sites remain empty while the other two are occupied. In two out of these six instances two 
linkers on opposite corners are bound, in which case the average number of dimers per DNA 
origami is 𝑏𝑏𝑓𝑓D (Case 2 in Section 1 with a factor  𝑏𝑏 instead of 𝑎𝑎), while the other 4 instances are 
equivalent to the situation for which we derived (Case 1 in Section 1) the average number of 
dimers per DNA origami as 𝑓𝑓D. Then there are four possibilities, each with probability 𝑝𝑝3(1 − 𝑝𝑝), 
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that one site remains empty while the other three are occupied. Though the geometry is not 
exactly the same as in Case 3 in Section 1, the average number of dimers is given by the same 

formula but with factor 𝑏𝑏 instead of 𝑎𝑎, i.e., (2+𝑏𝑏)𝑓𝑓D−3𝑏𝑏𝑓𝑓D2 
1+𝑓𝑓D−2𝑏𝑏𝑓𝑓D2

. Finally, the last possibility, with 

probability 𝑝𝑝4, is that all four sites are occupied. This is again exactly the situation for which we 
derived (Case 5 in Section 1) the average number of dimers per DNA origami to be equal to 

𝑓𝑓𝐷𝐷
4+2𝑏𝑏�1 −4𝑓𝑓D+𝑓𝑓D2�

�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�
. All these 16 possible incorporation states are shown in Figure 5.16 

along with their probability to occur and the average number of dimers per DNA origami. 
Combined that thus means that, with incorporation efficiency 𝑝𝑝 and dimerization probability 
𝑓𝑓𝐷𝐷, the average number of dimers per origami equals 

𝑝𝑝2(1 − 𝑝𝑝)2(4 + 2𝑏𝑏)𝑓𝑓D + 𝑝𝑝3(1 − 𝑝𝑝) 4 (2+𝑏𝑏)𝑓𝑓D−3𝑏𝑏𝑓𝑓D2 
1+𝑓𝑓D−2𝑏𝑏𝑓𝑓D2

     

+ 𝑝𝑝4𝑓𝑓𝐷𝐷
4+2𝑏𝑏�1 −4𝑓𝑓D+𝑓𝑓D2�

�1+2𝑓𝑓D−𝑓𝑓D2�+𝑏𝑏𝑓𝑓D�1−6𝑓𝑓D+3𝑓𝑓D2�
.  (5.45) 

An important control for the proximal four-enzyme configuration is the distal setup, in which 
two pairs of incorporation sites are positioned such that the distance between the pairs is too 
large to allow for dimerization in that direction. This case is illustrated in Figure 5.17, with 
again for each occupancy state its probability to occur and the corresponding average number 
of dimers per DNA origami indicated. Only in the states where two neighboring sites are 
occupied, a dimer can be formed. Combined that thus means that, with incorporation efficiency 
𝑝𝑝 and dimerization probability 𝑓𝑓D, the average number of dimers per DNA origami equals 
2𝑝𝑝2(1 − 𝑝𝑝)2𝑓𝑓D + 4𝑝𝑝3(1− 𝑝𝑝)𝑓𝑓D + 2𝑝𝑝4𝑓𝑓D, which simplifies to 2𝑝𝑝2𝑓𝑓D. Since this configuration can 
be viewed as two non-interacting two-enzyme configurations, but on the same DNA origami, 
we obtained not surprisingly the same result (multiplied by two) as obtained in the earlier Case 
1 for the single two-enzyme configuration. 
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Figure 5.16 | All possible occupancy states for the proximal four-enzyme configuration with 
their corresponding probability at incorporation efficiency 𝑝𝑝 as well as the corresponding 
average number of dimers per DNA origami (as calculated for that geometry in Section 1). 
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Figure 5.17 | All possible occupancy states for the distal four-enzyme configuration with their 
corresponding probability at incorporation efficiency 𝑝𝑝 as well as the corresponding average 
number of dimers per DNA origami (as calculated for that geometry in Section 1). 
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Figure 5.18 | Heat maps of the average number of dimers per DNA origami as a function of the 
incorporation efficiency 𝑝𝑝 and dimerization probability 𝑓𝑓D for the proximal (a; left graph, 
reflecting experimental configuration [1234]) and distal four-enzyme configuration (a; right 
graph, reflecting experimental configuration [1278]). b, Relative increase in the average number 
of dimers per DNA origami in the proximal configuration as compared to the control distal 
configuration. 

The average number of dimers per DNA origami for both the proximal and distal four-
enzyme configurations are shown as a function of the incorporation efficiency 𝑝𝑝 and the 
dimerization probability 𝑓𝑓D in Figure 5.18. The relative difference in the average number of 
dimers per DNA origami between these two configurations, i.e., the difference between the 
value for the proximal minus the distal configuration divided by the value for the distal 
configuration, is also shown. With full diagonal interactions, i.e. 𝑏𝑏 = 1, and with 𝑓𝑓D = 0.9,𝑝𝑝 =
0.75, this yields 1.148 as the average number of dimers per DNA origami in the proximal 
configuration and 1.013 as the average number of dimers per DNA origami in the distal 
configuration. That comprises an increase of 0.135 dimers per DNA origami, which corresponds 
to a 13.4% increase. 

The results shown in the histograms of Figure 5.8 were directly obtained by evaluating Eqs. 
(5.41) and (5.43)-(5.45) derived in this section, assuming 𝑓𝑓D = 0.9,𝑝𝑝 = 0.75,𝑎𝑎 = 0.5,𝑏𝑏 = 1. 
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Incorporation of native antibodies and  
Fc-fusion proteins on DNA nanostructures 
 

 

A photocrosslinkable protein G variant was used as an adapter protein to covalently and site-
specifically conjugate an antibody and an Fc-fusion protein to an oligonucleotide. This modular 
approach enables straightforward decoration of DNA nanostructures with complex native 
proteins while retaining their innate binding affinity, allowing precise control over the 
nanoscale spatial organization of such proteins for in vitro and in vivo biomedical applications. 
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Introduction 
The specificity and programmability of nucleic acid base-pairing is applied in the field 

of DNA and RNA nanotechnology to construct well-defined assemblies of molecules 

and other functional components1–4. The DNA origami technique5 especially has been 

used extensively to create highly consistent nanoscale scaffolds for the organization 

of e.g. peptides, proteins, nucleic acids, polymers and nanoparticles6. A key strength 

of DNA nanotechnology is the ability to precisely organize biomolecules on the order 

of 10-100 nm, a scale that is generally difficult to access using traditional biochemical 

approaches or top-down engineering7. Proteins in particular are attractive targets, 

often operating in the cell in complex multi-component systems and networks, where 

multivalency and nanoscale spatial organization play an essential role8–12. This has led 

to DNA and RNA nanostructures being employed as powerful tools to study enzymatic 

cascades13, receptor activation14,15, and as in vivo delivery vehicles16,17. 

For these applications, the synthesis of DNA-protein conjugates is essential and as 

a result, a wide variety of conjugation strategies are available18. Functionalized 

oligonucleotides (ODNs) can be coupled using chemical handles already present in 

the protein, such as cysteines and lysines, but this usually results in non-specific 

conjugation, limited control over stoichiometry, and concurrent loss of function19–21. 

Alternatively, site-specific conjugates can be synthesized using either non-covalent 

recognition elements such as biotin-streptavidin and histidine-Ni2+-NTA, or covalent 

approaches, e.g. by using large self-labeling protein domains like the SNAP-, CLIP- or 

Halo-tags, or by introducing bio-orthogonal non-natural amino acids, as described in 

Chapter 3. Additionally, elegant hybrid strategies have been introduced that combine 

a site-specific non-covalent interaction to template a subsequent covalent 

coupling22,23. In most of these strategies genetic re-engineering of the protein of 

interest is required to introduce the necessary modifications. While this is a feasible 

option for small proteins and proof-of-principle studies, it can be difficult for larger, 

more complex proteins, which are often expressed in non-bacterial hosts and can 

require extensive optimization. 
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Figure 6.1 | General concept and design elements for the incorporation of antibodies 
and Fc-fusion proteins on DNA origami nanostructures. a,b, Schematic overview of the 
site-specific conjugation strategy using a photocrosslinkable protein G adapter. The non-
natural amino acid p-benzoylphenylalanine (BPA) is incorporated into the Fc-binding domain 
of protein G to allow covalent crosslinking to immunoglobulin G-type (IgG) antibodies (a) or 
Fc-fusion proteins (b) using long-wavelength UV light. c, Illustration of the incorporation of 
antibodies on DNA nanostructures. Two-dimensional 75×100-nm2 DNA origami rectangles are 
designed to carry two handles protruding from its surface. DNA hybridization of protein-ODN 
conjugates to the complementary handles leads to incorporation onto the DNA origami 
nanostructure at the programmed positions. 

An important class of such proteins are antibodies, which recognize a wide range 

of molecular targets with extraordinary specificity and affinity, and therefore 

represent an attractive target for various fundamental applications. Indeed, the 

combination of nanoscale addressability of DNA nanotechnology and the specificity 

of antibodies has been exploited for targeted induction of apoptosis17, for 

immunodiagnostic applications24, and as an in vivo imaging tool19,25. However, despite 

their wide-spread commercial availability, applications in this field have been limited 

due to the challenging process of synthesizing well-defined functional DNA-antibody 

conjugates. We therefore sought to develop a modular, universal strategy to 

incorporate antibodies onto DNA nanostructures, allowing their use in many in vitro 

and in vivo biomedical applications (Figure 6.1). Recently, Hui et al. reported on the 

light-activated site-specific conjugation (LASIC) of native human antibodies to 

various small molecules utilizing the high-affinity binding of protein G to the constant 

Fc region of immunoglobulin G-type (IgG) antibodies26. The authors showed that 

introduction of the non-natural amino acid p-benzoylphenylalanine (BPA) in the Fc-

binding site allowed for specific covalent conjugation through the photoreactive 
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benzophenone moiety, without affecting the antigen-binding affinity. Since protein G 

can be straightforwardly expressed in E. coli, we envisioned that it could also be 

employed as a versatile adapter protein in a conjugation strategy for ODNs to native 

antibodies (Figure 6.1a). 

Synthesis of antibody-DNA conjugates 
In our approach, the protein G variant developed by Hui et al.26 was modified to 

include an N-terminal Strep-tag, a C-terminal hexahistidine tag and a single cysteine 

at the N-terminus (Figure 6.2a). This 9.6 kDa protein (pG) was expressed in E. coli 

using amber codon suppression with an engineered orthogonal aminoacyl-tRNA 

synthetase–tRNA pair from M. jannaschii27, allowing incorporation of BPA in the Fc-

binding domain. After purification by Ni2+-affinity chromatography and Strep-Tactin 

affinity chromatography, pG was obtained in high yield (14 mg/L culture, Figure 
6.2b). Conjugation of pG to a 20-nt, amino-functionalized ODN was performed using 

the heterobifunctional crosslinker sulfosuccinimidyl 4-(N-maleimido-methyl) 

cyclohexane-1-carboxylate (Sulfo-SMCC). The reaction afforded the pG-ODN 

conjugate in low yields (∼15%), due to the formation of an unreactive thiazolidine 

adduct during pG expression (Figure 6.2c-e). In later work, we introduced a serine 

before the N-terminal cysteine and found that no adduct formation was observed after 

pG expression, which resulted in an increased conjugation yield of >90%28. 

Nevertheless, pure pG-ODN was obtained after removal of unreacted pG and ODN, 

by consecutive anion-exchange and Ni2+-affinity chromatography, respectively 

(Figure 6.3a and Supplementary Figure 6.1). 
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Figure 6.2 | Purification and characterization of the protein G adapter. a, Crystal 
structure (PDB: 1GB4) and schematic depiction of the protein, as designed and used in this 
chapter. The protein G variant (pG) is expressed carrying an N-terminal cysteine for conjugation 
to ODNs, the photoactive non-natural amino acid p-benzoylphenylalanine at position 36 
(indicated with single-letter code X), and an N-terminal Strep-tag and a C-terminal His-tag for 
purification. b, SDS-PAGE gel of pG expression and purification. Pure protein samples (orange 
arrows) were aliquoted and stored. Labels: la, ladder; lys, soluble fraction of cell lysate; FT, flow 
through fractions; W, wash fractions; E, elution fractions. On gel, pG has an apparent mass of 
~14 kDa. c, Liquid chromatography trace of the elution fraction showing two main peaks. d, 
Deconvoluted mass spectrum of peak 1 shows a single peak corresponding to the calculated 
mass of pG without N-terminal methionine (9566.5 Da). e, Deconvoluted mass spectrum of 
peak 2 shows a small peak corresponding to the calculated mass of pG and two adducts (+70 
Da and +26 Da), which correspond to an unreactive thiazolidine adduct of pG at the N-terminal 
cysteine and a thiazolidine adduct after decarboxylation, respectively29. 
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Figure 6.3 | Synthesis and characterization of antibody-DNA conjugates. a, Reaction 
scheme for the conjugation of pG with an ODN using the heterobifunctional crosslinker Sulfo-
SMCC (see Experimental section for details). SDS-PAGE analysis under reducing conditions 
shows successful coupling of pG (9.5 kDa) to the ODN to afford pG-ODN (16 kDa) after 
purification. Label: la, 1 kb ladder. b, Antibody-ODN conjugation using the protein G adapter, 
analyzed with SDS-PAGE analysis under reducing conditions. Conjugation reactions were 
performed in 10 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 7.5, with 0.4 µM of cetuximab and a 
5-fold molar excess of pG or pG-ODN for 2 h at 4°C in the absence or presence of UV light (λ = 
365 nm). 

Photoconjugation of pG-ODN to antibodies was tested using cetuximab, a 

monoclonal IgG1 antibody used as a therapeutic epidermal growth factor receptor 

(EGFR) inhibitor. A 5-fold molar excess of pG-ODN was added to 0.4 µM cetuximab 

and the solution was incubated for 2 h at 4°C. After binding of pG-ODN to cetuximab, 

the benzophenone moiety in pG is expected to crosslink preferentially to methionine 

residues in the Fc region upon irradiation30. Indeed, analysis using polyacrylamide gel 

electrophoresis under reducing conditions (SDS-PAGE) showed >90% covalent 

coupling of pG-ODN to the heavy chain of cetuximab only upon illumination with 

low-energy UV light (Figure 6.3b). The extent of coupling of pG-ODN is similar to 

conjugation of pG alone, indicating that the ODN does not influence binding of pG to 

the antibody. We note that IgG-type antibodies like cetuximab are composed of two 

identical heavy chains, resulting in conjugation of up to two pG-ODN molecules per 

antibody. If needed, mono-conjugated antibody-ODN can be obtained by e.g. 

purification of the reaction mixture using immunoprecipitation with protein G or 

protein A resins, as shown previously26. 
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Incorporation of antibodies onto DNA nanostructures 
The successful synthesis of antibody-ODN conjugates allows for incorporation of the 

antibody onto DNA nanostructures, using the ODN as an anti-handle for 

hybridization to a complementary single-stranded handle strand protruding from the 

surface of a DNA origami platform. As a model system, we used a two-dimensional 

75×100 nm2 DNA origami rectangle with two handles on the surface at a distance of 

∼40 nm (Figure 6.1c and Supplementary Figure 6.2). After folding and purification 

using spin filtration, the DNA nanostructures were functionalized with cetuximab-

ODN and purified using polyethylene glycol (PEG) precipitation31,32. An 

electrophoretic gel mobility shift assay comparing empty and functionalized DNA 

nanostructures indicated successful incorporation of cetuximab (Figure 6.4a; 

compare lane 1 and 2). Control experiments, in which the anti-handle was not 

complementary to the handle (lane 3) or using only unconjugated cetuximab (lane 4), 

exhibited no gel shift. 

 

Figure 6.4 | Characterization of cetuximab incorporation onto DNA nanostructures. 
Conjugation reactions were performed by combining 1 µM of pG-ODN with 5 equivalents of 
cetuximab for 2 h at 4°C under UV light. DNA origami rectangles with 2 handles were folded 
and purified by spin filtration. Incorporation of cetuximab-ODN conjugates onto DNA 
nanostructures was done by incubating 8 nM DNA origami and 80 nM of cetuximab-ODN for 
2 h at 4°C. Subsequently, DNA nanostructures were purified using two rounds of PEG 
precipitation. a, Gel-electrophoretic mobility of purified DNA nanostructures, assessed on a 
1.5% agarose gel: (1) before incubation, and after incubation with (2) cetuximab-ODN 
conjugate, (3) conjugate with a non-complementary ODN, (4) cetuximab only. Labels: la, 1 kb 
ladder; s, single-stranded scaffold. b, AFM height images of the purified DNA nanostructures, 
as listed in a, showing successful incorporation of cetuximab-ODN on DNA nanostructures at 
programmed positions (2). Conjugates with a non-complementary ODN (3) and unconjugated 
cetuximab (4) do not show incorporation. Color bars indicate height scale. 
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To visualize cetuximab incorporation and confirm agarose gel results, atomic force 

microscopy (AFM) was used. Topographic AFM imaging under liquid conditions 

revealed well-folded DNA origami rectangles, with cetuximab present at the two 

programmed positions (Figure 6.4b). Image analysis indicated an average 

incorporation efficiency of ∼70%, with approximately 50% of the DNA nanostructures 

functionalized with two antibodies (Experimental section and Supplementary 
Figure 6.3). This is consistent with values found in literature33,34, although 

incorporation efficiencies of up to 90% have been reported in literature for smaller 

proteins13,14. 

Finally, flow cytometry was used to prove that cetuximab could still bind to its 

native target after incorporation on DNA nanostructures and subsequent purification. 

EGFR-overexpressing A431 carcinoma cells were incubated with either Cy3-labeled 

cetuximab or Cy3-labeled DNA origami functionalized with one cetuximab, and 

subjected to flow cytometry analysis. In both cases, an increase in mean fluorescence 

intensity of individual cells was observed, indicating binding of cetuximab to the EGFR 

receptor irrespective of the presence of the DNA nanostructures (Figure 6.5a). 

Interestingly, binding curves obtained by titration of cetuximab indicated that the 

interaction with EGFR is similar in the absence and presence of the DNA origami 

rectangles reflected by similar 𝐾𝐾D (1.9±0.2 nM and 1.2±0.2 nM, respectively), but that 

the absolute fluorescence intensity levels differ (Figure 6.5b). Electrostatic effects due 

to the presence of a large DNA nanostructure could hamper receptor binding and 

decrease fluorescence intensity levels, but would also result in a lower apparent 

binding strength. Alternatively, DNA nanostructures bound to the cell surface could 

block accessibility to other receptors in the vicinity. This should not influence the 

intrinsic binding interaction between cetuximab and EGFR, but simply lead to a lower 

overall concentration of fluorescently labeled species bound to the cell surface.  

Finally, the presence of the large DNA origami rectangle could affect internalization 

of EGFR after cetuximab binding35, and diminish intracellular accumulation of 

fluorophores resulting in a decrease in fluorescence. Although important details 

regarding the influence of DNA nanostructures on receptor binding need to be 

addressed, the flow cytometry analysis illustrates that DNA origami can be used as a 

modular platform to study the interaction between antibodies and cell surface 

receptors. 
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Figure 6.5 | Cell receptor binding of cetuximab in solution and tethered to DNA origami. 
Flow cytometry analysis of cetuximab binding to EGFR-overexpressing human A431 carcinoma 
cells. Samples were incubated with the cells for 30 min at room temperature in PBS 
supplemented with 0.1% (w/v) BSA (see Experimental section for details). After washing, the 
fluorescence intensity of 5,000 single cell events per sample was recorded. a, Fluorescence 
intensity distributions at a cetuximab concentration of 1.75 nM indicate EGFR-binding for both 
cetuximab and 1× cetuximab-functionalized DNA nanostructures. From top to bottom: cells 
only, cetuximab labeled with an average of 4 Cy3 labels, DNA origami rectangles with 4 Cy3 
labels, and DNA origami rectangles with 4 Cy3 labels and 1 cetuximab. b, Serial dilutions of 
either Cy3-labeled cetuximab (left) or Cy3-labeled DNA origami carrying one cetuximab (right). 
Each data point was measured in duplo. The cetuximab concentration on the x-axis in the right 
plot was corrected for an incorporation efficiency of 70%, e.g. a DNA origami concentration of 
1 nM corresponds to a cetuximab concentration of 0.7 nM. Dissociation constants were 
extracted by fitting the data points to the Hill equation and were determined to be in the same 
range for both samples (1.9±0.2 nM and 1.2±0.2 nM, respectively). 

Conjugation and incorporation of Fc-fusion proteins 
Thus far, we have shown ODN conjugation and DNA nanostructure functionalization 

of IgG antibodies, targeting their constant Fc domain via a protein G adapter. 

Interestingly, the Fc domain is often used as a fusion partner to biologically active 

proteins, increasing in vivo stability and circulation, and prolonging activity in 

therapeutic applications36,37. As a result, a large library of growth factors, cell 

receptors, cell receptor ligands, cytokines, and other signaling proteins, are 

commercially available as Fc-fusion proteins38. We hypothesized that this class of 

proteins should be fully compatible with our protein G-assisted conjugation strategy, 

and correspondingly, would allow modular incorporation of all Fc-fusion proteins 

onto DNA nanostructures (Figure 6.1b). To test this, we used the model CD40 ligand-

Fc fusion protein (CD40L), which is commercially available as a disulfide-bridged 

homodimer. The CD40 ligand is a transmembrane cytokine in active T cells and is 
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critically involved in organizing and activating the CD40 cell receptor on antigen-

presenting cells, leading to various downstream immune responses39,40. 

Photoconjugation of CD40L to pG-ODN was performed as described for cetuximab 

and SDS-PAGE analysis confirmed synthesis of CD40L-ODN conjugates in >90% yield 

(Figure 6.6a). Incorporation of CD40L-ODN onto DNA nanostructures was 

performed using the DNA origami rectangle with two handles (Figure 6.6b). Agarose 

gel electrophoresis showed that CD40L-ODN hybridization resulted in the expected 

gel mobility shift, but also in an increase in aggregation of the DNA origami structures 

(Figure 6.6c; compare lane 1 and 2). We attribute this aggregation to the tendency of 

the CD40 ligand to form trimers in solution,41 effectively leading to DNA origami 

bridging by CD40L. Nevertheless, functionalized DNA nanostructures were isolated 

by gel extraction and subsequent AFM imaging confirmed well-formed DNA origami 

with proteins in the two programmed positions (Figure 6.6d). 

 
Figure 6.6 | Synthesis and characterization of the incorporation of Fc-fusion proteins 
on DNA nanostructures. a, Characterization of CD40L-ODN conjugation using the protein G 
adapter with SDS-PAGE analysis. The soluble Fc-fusion protein CD40L is a disulfide-bridged 
homodimer with monomer mass of 43 kDa, and an apparent mass of ~45 kDa on gel due to 
glycosylation. Conjugation reactions were performed in 10 mM Tris, 1 mM EDTA, 100 mM NaCl, 
pH 7.5, with 0.4 µM of CD40L and a 5-fold molar excess of protein G (pG, 9.5 kDa) or pG-ODN 
(16 kDa) for 2 h at 4°C in the absence or presence of UV light (λ=365 nm). The conjugation 
efficiency was determined to be >90% for both pG and pG-ODN by comparing gel band 
intensities. b, Gel-electrophoretic mobility of DNA nanostructures, (1) before, (2) and after 
functionalization with CD40L, assessed on a 1.5% agarose gel. Labels: la, 1 kb ladder; s, single-
stranded scaffold. Purification was done by agarose gel extraction from the region indicated by 
the orange rectangle. d, Corresponding AFM height image of the purified DNA nanostructures 
showing incorporation of CD40L at the two programmed positions. Color bars indicate height 
scale. 
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Conclusion 
In this chapter, we have presented a modular strategy to covalently conjugate 

oligonucleotides to proteins containing an Fc domain using a versatile photoreactive 

protein G adapter. While most DNA-protein conjugation methods require laborious 

and challenging chemical modifications to the protein of interest, the current method 

can be applied to a large library of commercially-available proteins, including 

antibodies, growth factors, cell receptors, and cytokines. Incorporation of such 

complex proteins onto DNA origami platforms can lead to the development of 

powerful functional nanostructures to study, for example, the effects of receptor 

clustering in signal transduction, and other biomedical applications. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. Mutagenesis primers were purchased from Eurofins. All oligonucleotides (ODNs) 
were obtained from Integrated DNA Technologies and dissolved in DNase/RNase-free water. 
The 7,249 nt single-stranded scaffold strand was produced in-house, as described in Chapter 
2. 

Expression of the protein G adapter (pG) 
The gene for pG was based on the sequence of a hyperthermophilic variant of protein G42, used 
by Hui et al.26, and was available in a pET28 expression vector with an N-terminal Strep-tag, 
kindle provided by Remco Arts. In this construct, the native alanine at position 36 has been 
mutated to encode for an amber stop codon for incorporation of p-benzoylphenylalanine (BPA). 
A C-terminal hexahistidine tag was introduced via Liu PCR43 using Phusion polymerase (New 
England Biolabs) and partially overlapping primers (Supplementary Table 6.1). An N-terminal 
cysteine was introduced using the QuikChange Lightning Multi Site-Directed Mutagenesis kit 
(Agilent), according to the manufacturer’s instructions and using the primer in 
Supplementary Table 6.1. The pEVOL-pBpF vector, encoding for the orthogonal aminoacyl-
tRNA synthetase–tRNA pair, was kindly provided by Peter Schultz (Addgene plasmid 31190). 
Both plasmids were co-transformed into E. coli BL21(DE3) competent bacteria (Novagen) and 
cultured at 37°C in 500 mL 2xYT medium (16 g/L peptone, 5 g/L NaCl, 10 g/L yeast extract) 
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supplemented with 50 µg/mL kanamycin (Merck) and 25 µg/mL chloramphenicol (Sigma 
Aldrich). Protein expression was induced at OD600=0.6 by addition of 1 mM β-D-1-
thiogalactopyranoside (IPTG, Applichem) and 0.02% (w/v) arabinose (Sigma Aldrich). 
Simultaneously, the non-natural amino acid BPA (dissolved in 0.5 M NaOH, Bachem) was 
added to the culture medium at a final concentration of 1 mM. Expression was carried out for 
~18 h at 25°C. Cells were harvested by centrifugation at 10,000 g for 10 min at 4°C and lysed by 
resuspending the pellet in BugBuster (5 mL/g pellet, Merck) supplemented with benzonase (5 
µL/g pellet, Merck) for 45 min on a shaking table at room temperature. After centrifugation at 
40,000 g for 30 min at 4°C the soluble fraction containing pG was collected. 

Protein purification 
Purification was performed by sequential Ni2+-affinity chromatography and Strep-Tactin 
affinity chromatography (Figure 6.2b). The soluble fraction was first loaded on a Ni-charged 
column (His-Bind® Resin, Novagen) and washed with wash buffer (1× PBS, 370 mM NaCl, 10% 
(v/v) glycerol, 20 mM imidazole, pH 7.4). Protein was eluted with elution buffer (1× PBS, 370 
mM NaCl, 10% (v/v) glycerol, 250 mM imidazole, pH 7.4) and directly applied to a Strep-Tactin 
column (Superflow® resin, IBA Life Sciences). The column was washed with wash buffer (100 
mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0) and the protein eluted with wash buffer 
supplemented with 2.5 mM desthiobiotin (IBA Life Sciences). The concentration of pG was 
determined by measuring the absorption at 280 nm (ND-1000, Thermo Scientific) assuming a 
theoretical extinction coefficient of 15,470 M-1 cm-1 44. Total yield after purification was ~14 mg/L 
culture medium. Purity of pG was assessed on 4-20% SDS-PAGE precast gels (Bio-Rad) under 
reducing conditions, stained with Coomassie Brilliant Blue G-250 (Bio-Rad). Proteins were snap 
frozen in liquid nitrogen and stored in 500 µL aliquots of 50 µM at -80°C in a buffer containing 
100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA and 2 mM TCEP at pH 8.0. 

Molecular weight was confirmed using liquid chromatography quadrupole time-of-flight 
mass spectrometry (Figure 6.2c-e). An aliquot of pG was buffer exchanged to ultrapure H2O in 
Amicon 3 kDa MWCO centrifugal filters (Merck Millipore) to a final concentration of 1 mg/mL. 
A 0.1 µL sample was injected into an Agilent Polaris C18A RP column with a flow of 0.3 mL/min 
and a 15-60% acetonitrile gradient containing 0.1% formic acid. Mass spectra were measured 
on a Xevo G2 QTof mass spectrometer (Waters ACQUITY UPLC I-Class System) in positive 
mode. Deconvolution of the m/z spectra was performed with MaxEnt Deconvolution software. 

DNA and protein sequence of pG 
The single-letter amino acid code is shown in uppercase, with above in lowercase the 
corresponding DNA sequence. The N-terminal cysteine is shown in purple, N-terminal Strep-
tag in orange, protein G in blue, amber codon for non-natural amino acid incorporation in red 
and hexahistidine tag in green.  

 
 atgtgctggtcccatccgcagttcgagaaaggtaccatgacatttaaactgataatcaac  
  M  C  W  S  H  P  Q  F  E  K  G  T  M  T  F  K  L  I  I  N   
 
 ggcaaaaccttaaaaggggagatcacaattgaggcagtcgatgcctaggaagccgagaaa  
  G  K  T  L  K  G  E  I  T  I  E  A  V  D  A  X  E  A  E  K   
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 atctttaaacaatatgctaatgattatggtattgacggagaatggacgtatgacgatgcg  
  I  F  K  Q  Y  A  N  D  Y  G  I  D  G  E  W  T  Y  D  D  A   
 
 acaaaaactttcaccgtaactgaggaattcactagtggtggaagtggggacgatcatcat  
  T  K  T  F  T  V  T  E  E  F  T  S  G  G  S  G  D  D  H  H   
 
 catcatcatcattaa  
  H  H  H  H  *                                                
 

Synthesis and purification of protein G-oligonucleotide conjugates (pG-ODN) 
The amino-functionalized anti-handle oligonucleotide was obtain desalted and dissolved in 
DNase/RNase-free water at a stock concentration of 1 mM (a1, Supplementary Table 6.2). In 
a typical reaction, 10 µL of ODN stock was added to 30 µL of 1× PBS (100 mM sodium phosphate, 
150 mM NaCl, pH7.2) and 40 µL of a 2.5 mM Sulfo-SMCC (Thermo Scientific) solution in dry 
DMSO, and incubated at 850 rpm for 2 h at room temperature. To remove excess Sulfo-SMCC, 
ethanol precipitation was performed by adding 10% (v/v) 5 M NaCl and 300% (v/v) ice-cold 
ethanol to the reaction mixture and incubating for 75 min at -30°C. After centrifugation (19,000 
g for 30 min at 4°C) the supernatant was removed and the pellet was reconstituted in 1× PBS. 
The precipitation was repeated once and after centrifugation the pellet was washed with 95% 
ice-cold ethanol (v/v, in water). The mixture was centrifuged (19,000 g for 15 min at 4°C) and 
the supernatant was removed. The pellet was lyophilized and stored at -30°C. 

For conjugation of pG to the Sulfo-SMCC-functionalized ODN, pG aliquots were first buffer 
exchanged to reaction buffer (100 mM sodium phosphate buffer, pH 7.0) using PD10 desalting 
columns (GE Healthcare). The reaction was performed by incubating pG at a final concentration 
of 19 µM with a 1.3 excess of maleimide-functionalized ODN in reaction buffer at a total volume 
of 3.2 mL. The reaction mixture was incubated at 4°C for 14 h with continuous shaking at 850 
rpm. For purification, fast protein liquid chromatography (FPLC, ÄKTA Prime, GE Healthcare) 
was used with an anion-exchange HiTrap Q HP column (1 mL, GE Healthcare). The column was 
equilibrated with equilibration buffer (50 mM Tris-HCl, pH 7.5) and, after five-fold dilution in 
equilibration buffer, the conjugation reaction mixture was applied manually to the column. 
After re-equilibration with equilibration buffer supplemented with 100 mM NaCl, a salt 
gradient was applied with a start and end concentration of 100 and 500 mM NaCl, respectively, 
and a flow rate of 1 mL/min. Elution fractions of 0.5 mL were collected and analyzed by 
measuring on-line absorption at 280 nm and SDS-PAGE (Supplementary Figure 6.1).  

Subsequently, Ni2+-affinity chromatography was used to remove unconjugated ODN. 
Elution fractions of FPLC purification were pooled and loaded on a Ni-charged column (His-
Bind® Resin, Novagen) and washed with wash buffer (1× PBS, 870 mM NaCl, 10% (v/v) glycerol, 
20 mM imidazole, pH 7.4). The pG-ODN conjugate was eluted with elution buffer (1× PBS, 870 
mM NaCl, 10% (v/v) glycerol, 250 mM imidazole, pH 7.4). The elution fractions were pooled 
and buffer exchanged (10 mM Tris-HCl, 1 mM EDTA, pH 7.5) using overnight dialysis 
(SnakeSkin, 3.5 kDa MWCO, Thermo Scientific). The concentration of pG-ODN was 
determined by measuring the absorption at 280 nm (ND-1000, Thermo Scientific) and 
comparing the value to a reference curve of equimolar mixtures of pG and ODN. Finally, the 
conjugates were snap frozen in liquid nitrogen and stored in 5 µL aliquots of 5 µM at -80°C in 
a storage buffer containing 10 mM Tris-HCl, 25 mM NaCl, 1 mM EDTA at pH 7.5. 
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Design of the DNA origami rectangle 
DNA origami rectangle used in this study was designed using caDNAno v0.2 based on the tall 
rectangle design by Rothemund5, as described in Chapter 2 (for design, see Supplementary 
Figure 6.2). The M13mp18 scaffold strand folds into a single-layer structure of 32 helices using 
192 staple strands (Supplementary Table 2.5). For protein incorporation, staple 59 and 134 
were functionalized at the 5’ end with 20-nt handle strands (Supplementary Table 6.3). For 
fluorophore incorporation for flow cytometry, staples 26, 28, 170 and 172 were functionalized 
at the 3’ end with 20-nt handle strands (Supplementary Table 6.3). 

Folding and purification of DNA origami nanostructures 
Desalted unmodified staple strands and HPLC-purified handle-extended staple strands were 
dissolved at a stock concentration of 500 µM (Supplementary Table 6.3). Folding reactions 
were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 
50 mM NaCl, pH 8.0), with 25 nM scaffold strand and 250 nM of each staple strand. The 
reaction mixture was heated to 95°C for 15 min and then slowly cooled to 20°C at a rate of 
1°C/min. Excess staple strands were removed using 100 kDa MWCO 0.5 mL Amicon centrifugal 
filters (Merck Millipore). Briefly, a filter was pre-wetted with 500 µL reaction buffer (10 mM 
Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0). The folding mixture was diluted to 
500 µL with reaction buffer, added to the filter and centrifuged at 4°C for 5 min at 5,000 g. This 
step was repeated for a total of three washing steps. The concentrate was recovered by inverting 
the filter and spinning for 2 min at 1,000 g. Samples were stored in DNA LoBind tubes at 4°C 
for next day use or at -30°C. The DNA origami concentration was determined by measuring the 
absorption at 260 nm, assuming an extinction coefficient of 1.24×108 M-1 cm-1.45,46 

Agarose gel electrophoresis was used for DNA origami folding analysis. In short, 1.5% 
agarose gels were cast in gel buffer (1× TAE, 10 mM MgCl2, pH 8.0) supplemented with SYBR 
Safe. Gels were run in gel buffer for 90 min at 65 V in an ice bath. DNA origami samples were 
diluted just before loading to a final concentration of 4-5 nM in agarose gel loading buffer (30% 
(v/v) glycerol, 0.025% (w/v) bromophenol blue, 0.025% (w/v) xylene cyanol, in water). Gels 
were imaged using an ImageQuant 400 Digital Imager (GE Healthcare) and analyzed with 
ImageJ. 

Photoconjugation of cetuximab and incorporation onto DNA nanostructures 
Conjugation reactions for SDS-PAGE gel analysis were performed using a 5-fold excess of pG or 
pG-ODN, as described (Figure 6.3). For incorporation of cetuximab onto DNA nanostructures, 
a 5-fold excess of cetuximab was used to ensure full conversion of pG-ODN. In short, 
conjugation reactions were performed on a 20 µL scale in reaction buffer (10 mM Tris, 1 mM 
EDTA, 100 mM NaCl, pH 7.5), with 1 µM of pG-ODN and 5 µM cetuximab (Erbitux, Merck) at 
4°C for 2 h under UV light (λ=365 nm, Promed UVL-36). For DNA origami hybridization, 100 
nM of this reaction mixture (based on pG-ODN, assuming 100% photoconjugation) was added 
to a 10 nM purified DNA origami solution in reaction buffer (50 µL), and incubated at 4°C for 2 
h with continuous shaking at 300 rpm. 

PEG precipitation was performed as described in Chapter 2. In short, 50 µL of the 
hybridization mixture was mixed with 50 µL of precipitation buffer (5 mM Tris, 1 mM EDTA, 
505 mM NaCl, pH 8.0) supplemented with 15% (w/v) PEG-8000 (Molecular Dimensions) and 
incubating at 4°C for 10 min. After centrifugation at 4°C for 20 min at 5,000 g, the supernatant 
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was carefully removed using a pipette. The pellet was re-dissolved in the initial volume of 
reaction buffer and equilibrated at 4°C for 30 min. The precipitation cycle was then repeated 
once, and the purified functionalized DNA nanostructures were stored on ice for further 
processing. 

A431 cell culturing and analysis using flow cytometry 
For flow cytometry experiments, the design of the DNA origami structures was changed to 
include only one incorporation site for cetuximab and four fluorophores, by exchanging 
unmodified staple strands for corresponding handle-extended staple strands (Supplementary 
Table 6.3). Additionally, 2 µM of Cy3-labeled anti-handle a2 was added to the reaction mixture 
(HPLC-purified, stock concentration 250 µM, Supplementary Table 6.2). Folding and 
purification was performed as described. 

For fluorophore labeling, cetuximab was buffer exchanged to 100 mM sodium phosphate 
buffer (pH 7.0) by gel filtration using a PD10 desalting column. To this, Cyanine3 (Cy3) NHS 
ester (Lumiprobe) was added in a 20-fold molar excess and reacted for 2 h at room temperature. 
Subsequently, non-reacted dye was removed by gel filtration using a PD10 desalting column. 
The labeling efficiency was determined to be 4.1 Cy3 labels per antibody, based on the 
absorbance at 280 nm and 550 nm and assuming extinction coefficients of 210,000 M-1 cm-1 
and 162,000 M-1 cm-1 for the antibody and Cy3, respectively. 

Human A431 carcinoma cells overexpressing EGFR were cultured in RPMI-1640 medium 
(Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 
penicillin/streptomycin (pen/strep, Gibco) at 37°C and 5% CO2. The cells were passed 15 times 
and grown in a 175 cm2 flask. At a confluency of ~80% the cells were harvested by incubating 
them in 2.5 mL trypsin for 3 min at 37°C. Subsequently the trypsin was inactivated by adding 
7.5 mL medium supplemented with 10% FBS and 1% pen/strep, after which the cells were 
pelleted by centrifugation at 100 g. After removing the supernatant by aspiration the cells were 
resuspended in 10 mL 1× PBS supplemented with 0.1% (w/v) bovine serum albumin (PBS-BSA, 
pH 7.5) and again pelleted by centrifugation. Finally, the pelleted cells were resuspended in 
PBS-BSA to a stock concentration of 3.5×106 cells/mL.  

Cetuximab incorporation and purification of functionalized DNA nanostructures was 
performed as described. A series of 10× cetuximab-Cy3 and DNA origami stock solutions were 
prepared by two-fold serial dilution in PBS-BSA. Subsequently, 25 μL of the stock solutions was 
mixed with 12.5 μL of the cell stock solution and 212.5 μL PBS-BSA, yielding final concentrations 
of 112 nM to 14 pM for cetuximab-Cy3 and 5 nM to 20 pM for DNA origami, and 175,000 
cells/mL. Note that due to the small scale of the DNA origami reactions, measurements at 
concentrations exceeding 5 nM were not possible. After incubating the reaction mixtures for 30 
min at room temperature with continuous shaking at 400 rpm the cells were pelleted by 
centrifugation for 5 min at 1,500 g and the supernatant was removed by aspiration. Individual 
samples were resuspended in PBS-BSA directly prior to measurements. Flow cytometry of the 
A431 cells was performed on a FACS Aria III (BD Biosciences) equipped with a 70 μm nozzle. 
Events representing single cells were gated based on the forward scatter versus side scatter. The 
fluorescence intensity was measured by excitation with a 488 nm laser and detected with a 
585±7.5 nm bandpass filter. For each measurement, fluorescence intensities of 5,000 individual 
cells were processed and analyzed using custom-written MATLAB scripts. 
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To evaluate the binding strength of the interaction between cetuximab and EGFR, titration 
curves were constructed by taking the mean of the intensity distribution of each measurement 
and fitting the data to a standard noncooperative Hill equation, 

intensity = 𝑎𝑎 + (𝑏𝑏 − 𝑎𝑎) [cetuximab]𝑛𝑛

[cetuximab]𝑛𝑛+𝐾𝐾D,app
     (6.1) 

where n = 1, and a and b are the fluorescence intensity values at [cetuximab] = 0 nM and 
[cetuximab] >> 100 nM, respectively. Apparent dissociation constants (KD,app) for cetuximab 
and cetuximab-functionalized DNA nanostructures were extracted and determined to be in the 
same range (1.9±0.2 nM and 1.2±0.2 nM, respectively). Although we were limited by the amount 
of DNA origami material and therefore saturating cetuximab binding was not observed, the 
fitting algorithm was able to estimate the KD,app. Generally, a reliable estimation of the KD,app 
with a small error is possible when the binding curve has passed its inflection point. Since the 
calculated error on KD,app is small and similar in both samples, we infer that the inflection point 
has been reached and that the fitting estimation is valid. 

Photoconjugation of CD40L and incorporation onto DNA nanostructures 
Conjugation reactions for SDS-PAGE analysis were performed as described (Figure 6.3b). 
Conjugation reactions for DNA nanostructure functionalization were performed on a 20 µL 
scale in reaction buffer (10 mM Tris, 1 mM EDTA, 100 mM NaCl, 0.1% (w/v) CHAPS, pH 7.5), 
with 0.3 µM of pG-ODN and 1.5 µM CD40L (recombinant human CD40 ligand-hIgG1-Fc, 
Thermo Scientific) at 4°C for 2 h under UV light (λ=365 nm, Promed UVL-36). For DNA origami 
hybridization, 80 nM of this reaction mixture (based on pG-ODN, assuming 100% 
photoconjugation) was added to an 8 nM purified DNA origami solution in reaction buffer (50 
µL), and incubated at 4°C for 2 h with continuous shaking at 300 rpm. 

After hybridization, functionalized DNA nanostructures were purified by gel extraction. 
Agarose gel electrophoresis was performed as described, and upon completion the correct DNA 
nanostructure band was excised from the gel. The band was cut into small pieces and loaded 
onto a Freeze ‘N’ Squeeze column (Bio-Rad). After centrifugation for 2 min at 2,000 g, the 
supernatant was collected and stored on ice for further processing. 

AFM imaging of DNA nanostructures 
Topographic images were acquired in tapping mode under liquid conditions on a MultiMode 8 
atomic force microscope with a NanoScope IIIa controller (Veeco) using V-shaped Si3N4 
cantilevers with sharpened pyramidal tip and a nominal spring constant of 0.04 N/m (OTR4, 
Bruker AFM Probes). Substrates were prepared by attaching laser-cut mica discs (~1 cm2, Ted 
Pella) to Teflon (VWR) using epoxy glue. DNA origami solutions were diluted to 2 nM with 
imaging buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, pH 8.0) and 5 µL was deposited on a 
freshly-cleaved mica substrate. The sample was incubated for 30 s and subsequently 50 µL of 
imaging buffer was added. In various regions on the mica surface 512×512 px images of 1×1 µm2 
or 1.5×1.5 µm2 were acquired, optimizing the scanning and feedback parameters for each image. 
All images were analyzed using Gwyddion v2.39 software. Protein incorporation efficiency was 
calculated by counting the number of well-formed, intact DNA origami rectangles in three 
separate AFM images (104 rectangles, so 208 binding sites), and determining the number of 
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proteins on those rectangles (142 for cetuximab, leading to an incorporation efficiency of 
142/208≈68%, with 49/104≈47% functionalized with two antibodies). 

Supplementary figures and tables 
Supplementary Table 6.1 | Mutagenesis primers used for generating pG. 

Mutation Sequence (5’ to 3’) 

Liu-FW GACGATCATCATCATCATCATCATTAAGGCAGCATGGTATTCACATTGGAAGATTTC 

Liu-RV TTAATGATGATGATGATGATGATCGTCCCCACTTCCACCACTAGTGAATTCCTCAG 

G2C GAAGGAGATATAACATGTGCTGGTCCCATCCGC 

 
Supplementary Table 6.2 | Anti-handles used in this chapter. Sequences were based on 
literature with minimal secondary structure and melting temperatures >40°C47. All sequences 
were tested with NUPACK to detect any possible undesired interactions48. IDT modifications 
/3AmMO/ and /5Cy3/ were used, respectively. 

ID Use Sequence (5’ to 3’) MW (g mol-1) 

a1 Conjugation to pG CCCTAGAGTGAGTCGTATGA-NH2 6368.2 

a2 Fluorescent label for flow cytometry analysis Cy3-CAGTCAGTCAGTCAGTCAGT 6623.6 

 
Supplementary Table 6.3 | Handle-extended staple strands. To assemble DNA origami 
structures for protein incorporation, two unmodified staple strands were replaced with handle-
extended staple strands p1 and p2 (complementary to a1; Supplementary Table 6.2) or p3 and 
p4 (non-complementary to a1). For fluorescent labeling of DNA nanostructures with Cy3 
fluorophores for flow cytometry analysis, four unmodified staple strands were replaced with 
handle-extended staple strands f1-f4. Underlined thymine nucleotides were added as a spacer. 
Unmodified staple IDs refer to staples used in Supplementary Table 2.5. 

ID Unmodified staple ID Sequence (5’ to 3’) 

p1 59 TCATACGACTCACTCTAGGGTAGATAGCCAAGAATTGAGTTAAGCGTTTAACG 

p2 134 TCATACGACTCACTCTAGGGTTGAGCGAGTCAGCTCATTTTTTAAGGTAATCG 

p3 59 CAGTCAGTCAGTCAGTCAGTTAGATAGCCAAGAATTGAGTTAAGCGTTTAACG 

p4 134 CAGTCAGTCAGTCAGTCAGTTTGAGCGAGTCAGCTCATTTTTTAAGGTAATCG 

f1 26 CACCCTCAAATGACAACAACCATCTAAAGGAAACTGACTGACTGACTGACTG 

f2 28 CCACCCTCCGCCAGCATTGACAGGGGTCAGTGACTGACTGACTGACTGACTG 

f3 170 TCTTTTCACGGGAAACCTGTCGTGTAGCTGTTACTGACTGACTGACTGACTG 

f4 172 CTGATAGCACCACCAGCAGAAGATTTGAGGAAACTGACTGACTGACTGACTG 
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Supplementary Figure 6.1 | Purification of pG-ODN conjugates. a, Fast protein liquid 
chromatography (FPLC) elution trace monitored by on-line absorption at 280 nm. b, SDS-
PAGE analysis of selected elution fractions, as indicated in a. Gel electrophoresis was performed 
under reducing conditions as described, and post-stained with SYBR Safe (top image) and 
subsequently with Coomassie Brilliant Blue (bottom image). Labels: la, ladder; s, crude reaction 
mixture. 

 

Supplementary Figure 6.2 | Schematic overview of the DNA origami rectangle design. 
The scaffold strand is shown in light blue and unmodified staple strands in red. Staples that are 
used for protein and fluorophore incorporation are shown in green and blue, respectively, and 
correspond to handle-extended staple strands in Supplementary Table 6.3. Base-pair 
deletions to correct for global twist of the structure are indicated by crosses and 3’ ends of DNA 
strands are indicated by arrows. Numbers on left and right indicate the reference helix number, 
while numbers on top and bottom indicate reference nucleotide position. 
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Supplementary Figure 6.3 | Tip-sample interactions influence AFM imaging of antibody-
functionalized DNA nanostructures. AFM height image of cetuximab-functionalized DNA 
origami structures after two rounds of PEG precipitation, prepared as described. Occasionally, 
deformation or displacement of cetuximab on DNA origami was observed, most likely caused 
by interactions of the oscillating AFM tip with the soft, flexible antibody (examples indicated 
by white arrows). Such artifacts can lead to an underestimation of the actual protein 
incorporation efficiency, and can be minimized by changing electrolyte composition of the 
buffer and careful tuning of AFM feedback parameters49. 
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Dynamic templating of supramolecular 
polymers using a DNA origami platform 
 

 

 

 

DNA origami platforms were used to assemble one-dimensional synthetic supramolecular 
fibers guided by DNA hybridization. We show that the aggregates retain their dynamic nature 
with modular control over monomer composition and loading of molecular cargo. 
Characterization of the self-assembling properties of both natural and synthetic supramolecular 
systems will result in control over the design of new nanomaterials and drive understanding of 
the molecular determinants behind the intrinsically dynamic nature of biological processes. 
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Introduction 
Cellular processes are governed by complex molecular networks, whose structure and 

ability to process biological information relies on transient non-covalent interactions1–

3. In many processes, one-dimensional supramolecular filaments operate in response 

to extra- and intracellular stimuli and dynamically regulate cell morphology, 

intracellular transport of molecular cargo, and proximity-induced activation of 

enzymes. For example, nucleated aggregation of actin monomers results in formation 

of helical filaments that play an important role in cell locomotion and cell stability4, 

while GTP-dependent assembly and disassembly of microtubules provides a platform 

for molecular transport and cell shape determination5,6. In addition, signaling 

pathways adopt open-ended filamentous organizing centers that recruit effector 

proteins like kinases and proteases, enabling complex cellular responses such as signal 

amplification, ultrasensitivity, and feedback control7–9. 

Inspired by these natural protein-based architectures, synthetic supramolecular 

polymers are based on small-molecule motifs that self-assemble into one-dimensional 

aggregates by weak non-covalent interactions such as hydrogen bonding and π-π 

interactions10,11. The modular design and synthetic accessibility of one-dimensional 

supramolecular polymers enables bottom-up construction of tunable biomimetic 

systems with adaptive and responsive behavior12,13. As such, multicomponent 

supramolecular fibers were used for the dynamic recruitment of proteins14,15, as 

scaffolds for cell receptor targeting16,17, and as a modular platform for cellular 

uptake18,19. Although the assembly behavior of synthetic supramolecular systems has 

been investigated using biophysical techniques20–22 and computational methods23–25, 

control over the non-covalent nanoscale interactions between a large number of 

molecular species remains limited. 

Recently, synthetic supramolecular interactions were combined with the 

predictable assembly of DNA for the synthesis of hybrid molecular systems with 

emergent properties26,27, including programmable supramolecular wires28, and a 

dynamic enzyme activation platform29. Rational design of DNA nanostructures, and 

in particular DNA origami-based structures allows for controlled nanoscale 

organization of a large number of molecular species30,31, as demonstrated for natural 

non-covalent systems such as amyloid fibrils32, lipid-based structures and vesicles33–35, 

and intrinsically disordered proteins36. Precise control over the three-dimensional 

shape of DNA origami structures has led to the templated assembly of nanoscale 

organic and inorganic materials, including the organization of metal nanoparticles 
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with tunable optical properties37–39, shape-controlled synthesis of covalent 

polymers40,41 and seeded growth of gold nanostructures42. Manipulation of the 

nanoscale patterning of individual DNA-conjugated synthetic polymers on a DNA 

origami platform offers exciting possibilities for polymer nanosynthesis43,44, but was 

only demonstrated for covalent polymers. 

Here, we employ DNA origami as an organizing platform for the templated 

assembly of multicomponent synthetic supramolecular fibers. Addition of a small 

fraction of DNA-functionalized monomers directs the supramolecular assembly 

process to the surface of the DNA nanostructure while retaining the dynamic 

character of the system (Figure 7.1). We show site-selective recruitment of non-DNA-

functionalized monomers with various functionalities into the DNA origami-

templated fiber using a combination of techniques including gel electrophoresis, 

fluorescence spectroscopy, and transmission electron microscopy. We propose that 

our hybrid DNA origami-based approach can provide a controlled nanoscale 

environment for the assembly of supramolecular polymers, opening up new 

possibilities for systematic non-covalent synthesis and investigations into the 

mechanistic principles behind self-assembly. 

 

 
Figure 7.1 | General concept for the assembly of supramolecular polymers on a DNA 
origami platform. A two-dimensional 75×100-nm2 DNA origami platform is programmed to 
include single-stranded DNA handles at specific locations, enabling hybridization to DNA-
functionalized discotic derivatives and dynamic assembly of multicomponent supramolecular 
polymers templated by the nanostructure. 

Supramolecular design and synthesis 
The supramolecular system used in this chapter consists of bipyridine-based C3-

symmetrical amphiphilic discotic molecules that spontaneously self-assemble in 

water to form nanometer-scale intrinsically fluorescent columnar aggregates28,45. The 

rigid core consists of a central benzene-1,3,5-tricarbonyl unit extended by hydrogen-

bonding 2,2’-bipyridine-3,3’-diamine blocks, and nine ethylene glycol moieties at the 

periphery (inert disc 1, Figure 7.2a). Amine-functionalization of one of the nine 
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ethylene glycol tails resulted in disc 2, which provides a versatile starting point for the 

synthesis of other discotic derivatives. Reaction with dibenzocyclooctyne-N-

hydroxysuccinimidyl ester (DBCO-NHS) afforded disc 3, allowing straightforward 

conjugation to azide-functionalized oligonucleotides (ODNs) with strain-promoted 

alkyne-azide cycloaddition (Figure 7.2b). Single-stranded ODNs with different 

sequences carrying an azide moiety at the 5’ end (≤20 nt, see Supplementary Table 
7.1) were reacted with an excess of disc 3 in water, after which isopropanol 

precipitation to remove unreacted discotic afforded pure DNA-discs 4 and 5. To 

enable spectroscopic investigation, fluorescent discotic derivatives were synthesized 

by coupling of disc 2 to the NHS esters of the sulfonated cyanine dyes Cy3 and Cy5 

(Figure 7.2c). Overnight reaction in methylene chloride and purification with size-

exclusion chromatography yielded Cy3-disc 6 and Cy5-disc 7. 

 
Figure 7.2 | Overview of the bipyridine-based discotic derivatives. a, Molecular structure 
of inert disc 1, mono-functionalized amine-disc 2 and DBCO-functionalized disc 3. b,c, Reaction 
schemes for the synthesis of discotic derivatives 4–7. Conjugation of DBCO-disc 3 to azide-
functionalized ODNs was performed using copper-free click chemistry, affording DNA-discs 4 
and 5 (b; for DNA sequences, see Supplementary Table 7.1). Conjugation of amine-disc 2 to 
fluorophores was performed using the N-hydroxysuccinimide esters of the sulfonated variants 
of cyanine dyes Cy3 and Cy5, affording Cy3-disc 6 and Cy5-disc 7, respectively (c). 
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Supramolecular fiber assembly on a DNA origami platform 
To construct a nanoscale platform for the assembly of supramolecular fibers, we 

employed the two-dimensional 75×100-nm2 DNA origami rectangle46 and positioned 

15 handle strands along the 100-nm side of the DNA origami rectangle with 6-nm 

spacing for hybridization with complementary DNA-functionalized discotic 

derivatives (Figure 7.3a). Given an intermolecular distance of <0.5 nm determined by 

π-π stacking between adjacent discotics in a supramolecular fiber45,47, we assume that 

a distance of 6 nm between adjacent handle sites should leave enough room for the 

incorporation of other, non-DNA-functionalized discotics. Fabrication of DNA 

origami nanostructures was performed on a 25-nM scale by thermal annealing and 

purification by spin filtration (see Experimental section). Incorporation of DNA-

functionalized discotics was characterized by atomic force microscopy (AFM), which 

revealed spots of high intensity at the programmed positions indicating successful 

hybridization (Figure 7.3b). We attribute the observed patchy morphology to 

clustering of tethered discotics due to non-covalent intermolecular interactions.  

 
Figure 7.3 | AFM analysis of the incorporation of DNA-functionalized discotics onto DNA 
nanostructures. a, The rectangular DNA origami structure was designed to carry 15 single-
stranded handles protruding from the surface, following the long side of the nanostructure as 
indicated by blue circles in the top view. For clarity only 6 handles are shown here and in 
subsequent schematics. For details on the DNA origami design, see Supplementary Figure 7.1. 
b,c, Incorporation of DNA-functionalized discotics was performed by incubation of 4 nM DNA 
origami with 125 nM DNA-disc 4 (two-fold excess per handle, b) and a 2.5 µM pre-annealed 
mixture of 5% DNA-disc 4 and 95% Cy3-disc 6 (c) for 1 hr at 18°C. Topographic AFM (tapping 
mode in solution) images were acquired at room temperature in 10 mM Tris, 1 mM EDTA, 10 
mM MgCl2. Color bars indicate height scale in AFM images. Scale bars, 100 nm. 
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Addition of an excess of non-functionalized discotic did not result in a more 

homogeneous distribution along the surface (Figure 7.3c). Although contact between 

AFM tip and sample was minimized by acquisition in tapping mode, tip-sample 

interactions might still disrupt the supramolecular complex and remove untethered 

discotics from the surface of the DNA origami platform, in accordance with 

observations in literature48. 

 
Figure 7.4 | DNA-guided assembly of a multicomponent supramolecular fiber onto DNA 
nanostructures. a, Schematic overview of the assembly reaction. DNA origami with 15 single-
stranded handles (orig., 4 nM) was incubated with varying concentrations of a pre-annealed 
discotic mixture (disc.) consisting of 85% inert disc 1, 5% DNA-disc 4, and 10% Cy3-disc 6 for 1 
hr at 18°C. b, Reaction mixtures were subjected to gel electrophoresis in parallel on 1.5% agarose 
gels with (top images) and without (bottom) SYBR Safe staining, to independently visualize 
DNA and the Cy3-labeled discotics, respectively. Fluorescence from SYBR Safe and Cy3 was 
separated using emission filters in the gel imager. Label: s, single-stranded scaffold. 

Next, we utilized agarose gel electrophoresis to analyze the assembly of 

supramolecular fibers onto DNA origami nanostructures in solution. To this end, we 

assembled multicomponent fibers containing 10% Cy3-disc 6 for visualization and 5% 

DNA-disc 4, and added DNA origami nanostructures with complementary handles on 

the surface (Figure 7.4a). Analysis revealed a gel band with increasing Cy3 

fluorescence co-migrating with DNA origami monomers upon increasing the 

concentration of supramolecular fiber in the reaction mixture (Figure 7.4b; compare 

top gel stained for DNA with bottom gel displaying Cy3 fluorescence). An additional 

slow-migrating band appeared at high discotic concentration (≥2.5 µM) containing 

both DNA origami and Cy3-disc. We attribute this species to two DNA origami 
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monomers bridged by a supramolecular fiber binding both DNA nanostructures 

simultaneously via an excess of DNA-disc 4. Combining AFM analysis and gel 

electrophoresis, these results indicate that supramolecular fibers containing a small 

fraction of DNA-functionalized monomers can be templated onto DNA origami 

nanostructures and visualized by use of non-DNA-functionalized fluorescent 

discotics. 

Dynamic intermixing of functional discotics 
The weak non-covalent interactions in supramolecular polymers enable dynamic 

rearrangement and tuning of fiber composition20. To investigate the exchange of 

discotic components between supramolecular fibers in solution and fibers assembled 

on a DNA origami platform, we performed a two-step assembly protocol with 

fluorescent discotic derivatives capable of fluorescence resonance energy transfer 

(FRET). First, supramolecular fibers containing DNA-disc 4 were assembled on the 

DNA origami platform, as described in Figure 7.4. Then, a solution containing 

fluorescent non-DNA-functionalized discotics was added to the reaction mixture 

(Figure 7.5). Gel electrophoresis demonstrated Cy3 fluorescence at positions 

corresponding to the DNA origami nanostructures, illustrating that discotic 

components can be added after supramolecular fiber assembly onto the DNA 

nanostructure (Figure 7.5a). Importantly, both addition of Cy5-disc to DNA origami-

templated fibers containing Cy3-disc, and addition of Cy3-disc to fibers containing 

Cy5-disc resulted in FRET (Figure 7.5b,c). This indicates close proximity of the 

fluorescent discotics, and therefore dynamic intermixing of supramolecular 

components on the DNA origami platform. 
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Figure 7.5 | Intermixing of fluorescent discotics into DNA origami-templated 
supramolecular fibers results in FRET. Assembly reactions were performed by incubating 4 
nM DNA origami with 15 handles with 1.6 µM pre-annealed discotic mixtures containing 25% 
DNA-disc 4 and 75% inert disc 1 (a), 75% Cy3-disc 6 (b), or 75% Cy5-disc 7 (c), as indicated. 
After incubation for 1 hr at 18°C, 1.2 µM Cy3-disc 6 (a,c) or 1.2 µM Cy5-disc 7 (b) was added to 
the reaction mixtures and incubated for 1 hr at 18°C. Agarose gel electrophoresis was performed 
on 1.5% agarose gels without staining. Images were obtained by illumination with a UV light 
source (exc.) and emission through either a Cy3 (left) or Cy5 (right) filter (em.). 

Although gel electrophoretic analysis indicated co-migration of supramolecular 

fibers with DNA origami nanostructures, it remains unclear if intermixing of non-

DNA-functionalized discotics occurs specifically and site-selectively. Indeed, 

interactions not based on DNA base pairing between DNA nanostructures and small 

aromatic or amphiphilic molecules have been reported, for example with intercalating 

dyes49,50, intercalating drug molecules51,52, and PEG-based protective coatings53,54. To 

verify selective recruitment of non-DNA-functionalized discotics into the templated 

supramolecular fiber, we adapted the DNA origami design to enable FRET 

measurements between fluorophore-modified DNA on the DNA origami surface and 

fluorescent discotic derivatives. To this end, we introduced 15 Cy3 fluorophores at 6 

nm from the discotic incorporation sites and included a control where the 

fluorophores are located at 39 nm from the handles (Figure 7.6a). Addition of Cy5-

disc 7 to supramolecular fibers assembled on DNA origami produced a time-

dependent increase in FRET, but only when the Cy3 fluorophores were placed at 6nm 

from the discotics (Figure 7.6; compare red curves in b and c). The signal starts to 

approach equilibrium after 60 min, which corresponds to the kinetics of intermixing 

of supramolecular fibers in solution15,28. No increase in FRET was observed when 
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DNA-disc 4 was omitted from the discotic mixture, confirming the absence of non-

specific interactions with the DNA nanostructure (gray curves; Figure 7.6b,c). 

Collectively, these results demonstrate that non-DNA-functionalized discotic 

derivatives incorporate site-selectively into a supramolecular fiber templated on a 

DNA origami nanostructure and that multicomponent fibers can be co-assembled by 

stepwise addition of components to the platform. 

 

 
Figure 7.6 | Supramolecular recruitment of fluorescent discotics occurs site-selectively. 
a,b, To demonstrate site-selective incorporation of discotic derivatives onto the DNA platform 
using origami-to-discotic FRET, the DNA origami structures were adapted to included 15 Cy3 
fluorophores positioned at either 6 nm (a) or 39 nm (b) from the 15 handles for discotic 
incorporation. To pre-assemble supramolecular fibers, 4 nM of each DNA origami variant was 
incubated with a 2.5 µM pre-annealed discotic mixture of inert disc 1 containing 5% DNA-disc 
4 for 1 hr at 18°C. c,d, After incubation, 250 nM Cy5-disc 7 was added directly to the reaction 
mixtures. Time-resolved FRET measurements in the absence (gray curves) or presence (red 
curves) of 5% DNA-disc 4 revealed an increase in FRET when the Cy3 fluorophores are 
positioned at 6 nm from the DNA-disc incorporation sites (c), and no increase at 39-nm spacing 
(d). Data is represented as mean ± s.d. of three independent experiments. 

Finally, we provide structural evidence for the supramolecular recruitment of 

functionalized discotic derivatives to DNA origami-templated fibers by use of 

transmission electron microscopy (TEM). In contrast to other supramolecular 
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polymers that form micrometer-sized fibers55, bipyridine-based discotics typically 

assemble into smaller aggregates (length, <100 nm; diameter, <5 nm18) which makes 

detection difficult. Following a literature approach56,57, we employed gold 

nanoparticles (AuNPs) as high-contrast markers for TEM visualization of the 

nanoscale structure of the supramolecular-DNA hybrid architecture (Figure 7.7a).  

 

Figure 7.7 | TEM analysis confirms supramolecular recruitment of gold nanoparticles 
(AuNPs) to DNA nanostructures. a, Schematic overview of both direct and supramolecular 
site-selective recruitment of AuNPs to DNA nanostructures. DNA origami structures were 
designed to include 15 handles for DNA-functionalized discotic assembly and two binding sites 
for AuNPs with three handles each (for design, see Supplementary Figure 7.1). First, 
incubation of 4 nM DNA origami with 8 nM of DNA-functionalized AuNPs and subsequent 
purification by gel extraction was performed to directly incorporate two AuNPs as visual 
markers. Then, a 0.3 µM pre-annealed discotic mixture consisting of 90% inert disc 1, 5% DNA-
disc 4, and 5% DNA-disc 5 was added to 0.5 nM purified DNA origami. Finally, 1 nM DNA-
functionalized AuNPs was added. All incubation steps were performed for 1 hr at 18°C. b–d, 
TEM micrographs of DNA origami nanostructures before functionalization (b), after direct 
incorporation of AuNPs at programmed positions (c), and after supramolecular recruitment of 
AuNPs (d). Samples in b and c were negatively stained with 1% aqueous uranyl formate for 30 
seconds prior to imaging. The expected size of a 75×100-nm2 nanostructure is indicated in each 
image as a reference (dashed white rectangles). Scale bars, 100 nm. 

First, DNA origami platforms were designed for site-specific incorporation of a 
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2. Purification

Zo
om

Zo
om

Zo
om

a
a’

b

b
b’

b’

10-nm AuNPDNA origami platform

a

b c d
100 nm

100 nm 100 nm

1.

2.

1.

5% DNA-disc 4
5% DNA-disc 5

90% Inert disc 1



DNA origami-templated supramolecular assembly 

167 

nm-diameter AuNPs were conjugated to amine-functionalized ODNs and added to 

DNA origami, after which purification of 2×AuNP-functionalized nanostructures was 

performed by agarose gel extraction (Supplementary Figure 7.2). Subsequently, 

multicomponent supramolecular fibers containing DNA-disc 4 for incorporation onto 

the DNA origami platform and DNA-disc 5 for hybridization to AuNPs were added 

(Figure 7.7a). After incubation with DNA-functionalized AuNPs, analysis by TEM 

revealed that on average 4–6 AuNPs were aligned along the supramolecular fiber on 

the DNA origami platform (Figure 7.7d). Given a concentration of 5% DNA-disc 5 and 

assuming an intermolecular distance of 0.3–0.5 nm between discotics, it is expected 

that a single DNA origami-templated supramolecular fiber contains 10–17 binding 

sites for AuNPs. We assume that steric interactions between the 10-nm AuNPs in the 

fiber limit the total number of incorporated nanoparticles, as observed in TEM. Taken 

together, this structural characterization reaffirms that the composition of DNA-

origami templated supramolecular fibers can be tuned dynamically by intermixing of 

discotic derivatives functionalized with molecular cargo such as AuNPs. 

Conclusion 
In this chapter, we have presented a DNA origami-based nanoscale platform for the 

immobilization of synthetic supramolecular polymers while preserving the intrinsic 

dynamic behavior governed by non-covalent interactions. Our approach entailed the 

assembly of multicomponent bipyridine-based supramolecular fibers containing a 

small fraction of discotic monomers functionalized with an oligonucleotide. By 

designing a DNA origami platform with complementary single-stranded handles on 

the surface, we demonstrated site-selective recruitment of supramolecular fibers to 

the platform guided by DNA hybridization. Straightforward in situ modulation of the 

monomer composition of the templated fibers was performed by stepwise addition of 

different discotic components to the solution. 

Efforts to understand the structural features of synthetic supramolecular polymers 

have uncovered details on the dynamics and nanoscale organization behind non-

covalent self-assembly20,22,23. However, experimental setups typically involve 

ensemble measurements which can obscure important mechanistic details, or sample 

preparation methods requiring physical adsorption to a surface, which suspends all 

kinetic processes. We anticipate that our DNA origami-based approach enables 

dynamic templating of supramolecular polymers and facilitates real-time 

characterization of solution-like molecular events of single fibers on a surface. This 

could be applied to study kinetic processes and exchange dynamics using super-
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resolution microscopy techniques such as stochastic optical reconstruction 

microscopy (STORM)20,58,59, or DNA points accumulation for imaging in nanoscale 

topography (DNA-PAINT)60,61. In addition, templated synthesis of supramolecular 

materials with molecular-scale accuracy could enable rational non-covalent synthesis, 

providing handles for controlled supramolecular block copolymerization62,63, 

directional nucleation-elongation64, hierarchical self-assembly65, and nano-actuated 

polymers44. 
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Experimental section 

Chemicals and reagents 
All reagents and solvents were obtained from commercial sources and used without further 
purification. Analytical thin layer chromatography (TLC) was carried out using Merck pre-
coated silica gel using ultraviolet light irradiation at 254 and 365 nm. Manual column 
chromatography was performed using Merck silica gel (pore size, 60 Å; particle size, 63–200 
μm). Discotics 2 and 3 were synthesized according to literature procedure15,28. Sulfo-Cy3-NHS 
and Sulfo-Cy5-NHS were purchased from Lumiprobe. All oligonucleotides (ODNs) were 
obtained from Integrated DNA Technologies. Unmodified staple strands were obtained in 
desalted form and dissolved in DNase/RNase-free water at a stock concentration of 500 µM, 
while amine- and azide-functionalized ODNs were obtained HPLC purified and dissolved at 
250 µM (see Supplementary Table 7.1 and Supplementary Table 7.2). The M13mp18 scaffold 
was purchased from Eurofins. 

Methods 
Matrix assisted laser desorption/ionization time-of-flight mass spectra (MALDI-TOF-MS) were 
measured on a PerSeptive Biosystems Voyager-DE Pro spectrometer with a Biospectrometry 
workstation using 2-[(2E)-3-(4-t-butylphenyl)-2-methylprop-2-enylidene] malononitrile 
(DCTB) and α-cyano-4-hydroxycinnamic acid (CHCA) as matrix material and methylene 
chloride as solvent. Reverse-phase liquid chromatography-mass spectrometry (LC-MS) analysis 
was performed on an Applied Biosystems Single Quadrupole Electrospray Ionization Mass 
Spectrometer API-150EX in positive mode employed with a Jupiter SuC4300A, 150×2.00 mm 
column. H2O and acetonitrile, both enriched with 0.1% formic acid, were used as eluent using 
a gradient of 5% to 100% acetonitrile in 10 min and a flow rate of 0.2 mL min-1. Fluorescence 
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was measured over time in quartz cuvettes by recording spectra on a Varian Cary Eclipse 
fluorescence spectrophotometer. The FRET ratio was calculated using 

FRET ratio = 𝐼𝐼DA
𝐼𝐼DA+𝐼𝐼DD

        (7.1) 

where 𝐼𝐼DD is the Cy3 signal (ex.: 515 nm, em.: 570 nm) and 𝐼𝐼DAis the FRET signal (ex.: 515 nm, 
em.: 670 nm). Visualization by transmission electron microscopy (TEM) was performed on a 
Technai G2 Sphera (FEI) operating at an acceleration voltage of 80 kV. Samples were prepared 
by drop-casting a DNA nanostructure solution on a carbon film on a copper grid (400 square 
mesh) and dried for 1 minute. 

Synthetic procedure 
DBCO-disc (3): dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS, 1.5 mg, 3.8 
µmol) was added to a solution of disc 2 (5.0 mg, 1.5 µmol) and triethylamine (1.5 µL, 6.0 µmol) 
dissolved in dry methylene chloride (0.2 mL) and the resulting reaction mixture was stirred 
overnight at room temperature under an inert atmosphere. The crude reaction mixture was 
purified by size exclusion column chromatography (BioBeads, methylene chloride). Pure 
fractions were pulled and dried in vacuo to yield DBCO-discotic in 89% (4.8 mg, 1.3 µmol). 
MALDI-ToF (m/z): [M] calc. for C179H256N14O62, 3593.73, found [M+H]+ 3594.69. 

DNA-discs (4, 5): oligonucleotides  (50 μL, 100 μM; Supplementary Table 7.1) and an 
excess of DBCO-disc 3 (50 μL, 250 μM) in DNase/RNase-free water were mixed and shaken at 
room temperature for 1 hr and subsequently put to react overnight at 4°C. The crude mixture 
was saturated with 5 μL of a NaCl solution (5 M) and 300 μL ice-cold isopropanol was added. 
The samples were incubated at -20°C overnight. The resulting suspension was centrifuged at 
4°C, 14,000 rpm and the supernatant containing unreacted disc 3 was discarded, yielding DNA-
discs 4 and 5 as a pellet. MS (ESI): 4, [M] calc. 10031.35, found [M]- 10028.38. 

Dye-discs (6, 7): Sulfo-Cyanine3-N-hydroxysuccinimidyl ester (1.0 mg, 1.4 µmol) was added 
to a solution of amine-disc 2 (2.3 mg, 0.7 µmol) and triethylamine (0.7 µL, 2.7 µmol) dissolved 
in dry methylene chloride (0.3 mL) and the resulting reaction mixtures were stirred overnight 
at room temperature under an inert atmosphere. The crude reaction mixtures were purified by 
size-exclusion column chromatography (BioBeads, methylene chloride). Pure fractions were 
pulled and dried in vacuo to yield Cy3-disc 6 in 86% (2.3 mg, 0.6 µmol) and Cy5-disc 7 in 78% 
(2.1 mg, 0.5 µmol), respectively. MALDI-ToF (m/z): 6, [M] calc. for C190H276N15O67S22-, 3903.81, 
found [M+Na+K]+ 3967.49; 7, [M] calc. for C192H278N15O67S22-, 3929.83, found [M+Na+K]+ 
3993.84. 

Design of the DNA origami rectangle 
DNA origami rectangle used in this study was designed using caDNAno v0.2 based on the tall 
rectangle design by Rothemund46, as described in Chapter 2 (for design, see Supplementary 
Figure 7.1). The M13mp18 scaffold strand folds into a single-layer structure of 32 helices using 
192 staple strands (Supplementary Table 2.5). The modular use of staple pools enables 
straightforward addition and removal of functionalities in the DNA nanostructure, depending 
on the experiment. For details on the incorporation of DNA-disc 4, fluorophores, and AuNPs, 
see Supplementary Table 7.2. 
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Folding and purification of DNA origami nanostructures 
Folding reactions were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM 
EDTA, 10 mM MgOAc, 50 mM NaOAc, pH 8.0), with 25 nM scaffold strand and 250 nM of each 
staple strand. The reaction mixture was heated to 95°C for 15 min and then slowly cooled to 
20°C at a rate of 1°C/min. Excess staple strands were removed using 100 kDa MWCO 0.5 mL 
Amicon centrifugal filters (Merck Millipore). Briefly, a filter was pre-wetted with 500 µL 
reaction buffer (10 mM Tris, 1 mM EDTA, 10 mM MgOAc, 100 mM NaOAc, pH 8.0). The folding 
mixture was diluted to 500 µL with reaction buffer, added to the filter and centrifuged at 20°C 
for 5 min at 5,000 g. This step was repeated for a total of three washing steps. The concentrate 
was recovered by inverting the filter and spinning for 2 min at 1,000 g. Samples were stored in 
DNA LoBind tubes at 4°C for next day use or at -30°C. The DNA origami concentration was 
determined by measuring the absorption at 260 nm, assuming an extinction coefficient of 
1.24×108 M-1 cm-1 66,67. 

Preparation of supramolecular fibers and incorporation onto DNA origami 
Discotic stock solutions were prepared by dissolving in DNase/RNase-free water to a final 
concentration of 200 μM, annealed for 5 min at 65°C, and stored at -30°C. Dilutions were made 
fresh prior to every measurement. Multicomponent supramolecular fibers were prepared by 
mixing stock solutions of discotic derivatives in the desired ratio at a total discotic 
concentration of 10 μM. The solutions were annealed for 5 minutes at 65°C and subsequently 
incubated for at least 1 hr at room temperature to ensure full mixing of components. For 
incorporation onto DNA nanostructures, a 10 µL reaction mixture was prepared in reaction 
buffer (10 mM Tris, 10 mM MgOAc, 100 mM NaOAc, pH 8.0) containing 4 nM purified DNA 
origami and a 2.5 µM discotic mixture containing 5% DNA-disc 4, corresponding to a two-fold 
molar excess per handle, unless stated otherwise. The reaction mixture was incubated for 1 hr 
at 18°C and subsequently used without further purification. 

AFM imaging 
Topographic AFM images were acquired in AC mode at room temperature under liquid 
conditions using an MFP-3D AFM (Asylum Research) and V-shaped Si3N4 cantilevers with 
sharpened pyramidal tip and a nominal spring constant of 0.04 N/m (OTR4, Bruker AFM 
Probes). Circular mica substrates (Ted Pella) were glued to Teflon (VWR) using epoxy-based 
mounting glue before use. DNA nanostructure solutions were first diluted to 2 nM in imaging 
buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, pH 8.0) and then 10 µL was incubated for 30 s 
on a freshly-cleaved mica surface. Subsequently, 50 µL of imaging buffer was used to rinse the 
sample twice and finally 100 µL of imaging buffer was added to perform the AFM imaging. 
Topographic images of 1.0×1.0 µm² (512×512 px) were acquired in various regions of the mica 
substrate, using drive amplitudes within the range of 0.6-1.0 V, optimizing the scanning and 
feedback parameters for each image. Image processing was performed with Gwyddion (v2.51) 
software. 

Gel electrophoresis 
Agarose gel electrophoresis was used for analysis of functionalized DNA origami 
nanostructures. In short, 1.5% agarose gels were cast in gel buffer (1× TAE, 10 mM MgCl2, pH 
8.0), and supplemented with SYBR Safe if necessary. Gels were run in gel buffer for 90 min at 
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65 V in an ice bath. DNA origami samples were diluted just before loading to a final 
concentration of 4 nM and Ficoll-400 (final concentration 1.5% (w/v)) was added. Gel 
extraction was performed by excising the correct band from the gel upon completion. The band 
was cut into small pieces and loaded onto a Freeze ‘N’ Squeeze column (Bio-Rad). After 
centrifugation for 2 min at 2,000 g, the supernatant was collected and stored on ice for further 
processing. Imaging was performed on an ImageQuant 400 Digital Imager (GE Healthcare) and 
analyzed with ImageJ. 

Preparation of DNA-functionalized gold nanoparticles 
Functionalization of 10-nm diameter gold nanoparticles (AuNPs) with oligonucleotides was 
performed using the Cytodiagnostics NHS-Activated Gold Nanoparticle Conjugation kit 
(Sigma-Aldrich), according to the manufacturer’s instructions. In short, the ODN a4 
(Supplementary Table 7.1) was diluted with the kit’s resuspension buffer to 20 µM and reacted 
with NHS-activated AuNPs for 2 hr at room temperature under continuous shaking at 600 rpm. 
Excess ODN was removed using 100 kDa MWCO 0.5 mL Amicon centrifugal filters, as described 
for DNA origami purification. AuNP concentration was determined by measuring the 
absorption at 520 nm, assuming an extinction coefficient of 1.01×108 M-1 cm-1. The purified DNA-
functionalized AuNPs were stored at 4°C until use. 
 

Supplementary figures and tables 
Supplementary Table 7.1 | Anti-handles used in this chapter. Sequences were based on 
literature with minimal secondary structure and melting temperatures >40°C68. All sequences 
were tested with NUPACK to detect any possible undesired interactions69. IDT modifications 
/5AzideN/, /5Cy3/, and /5AmMC6/ were used, respectively. Underlined thymine nucleotides 
were added as a spacer. 

ID Use Sequence (5’ to 3’) MW (g mol-1) 

a1 conjugation to disc 4 N3-CAGTCAGTCAGTCAGTCAGT 6435.3 

a2 fluorophore for FRET studies Cy3-CCCTAGAGTGAGTCGTATGA 6636.6 

a3 conjugation to disc 5 N3-TTTTCATACGACTCACTC 5702.9 

a4 conjugation to AuNP H2N-TTTTTGAGTGAGTCGTATGA 6372.2 
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Supplementary Figure 7.1 | Schematic overview of the modular DNA origami rectangle 
design used in this chapter. The scaffold strand is shown in light blue and unmodified staple 
strands in red. Staples used for DNA-disc 4 incorporation are shown in green (p1-p16), for AuNP 
incorporation in black (g1-g6), and for fluorophore incorporation at 6 nm and 39 nm in blue (f1-
f16) and gray (c1-c16), respectively (Supplementary Table 7.2). Base-pair deletions to correct 
for global twist of the structure are indicated by crosses and 3’ ends of DNA strands are indicated 
by arrows. Numbers on left and right indicate the reference helix number, while numbers on 
top and bottom indicate reference nucleotide position. 

Supplementary Table 7.2 | Handle-extended staple strands. To incorporate functional 
molecules onto DNA origami nanostructures, unmodified staple pools were replaced by staples 
extended at the 5’ end with a handle sequence. Handle-extended staple strands p1-p16 are 
complementary to anti-handle a1 and were used for DNA-disc 4 incorporation in all 
experiments. Strands f1-f16 and c1-c16 are complementary to a2 and were used for Cy3 
incorporation in the experiments for Figure 7.6. Strands g1-g6 are complementary to a4 and 
were used for AuNP incorporation in Figure 7.7. Underlined thymine nucleotides were added 
as a spacer. Unmodified staple IDs refer to staples used in Supplementary Table 2.5. Colors 
correspond to the ones used in Supplementary Figure 7.1. 

ID Unmodified staple IDs Handle sequence (5’ to 3’) Color 

p1-p16 11,23,35,47,59,71,83,95,107,119,131,143,155,167,179 staple-TACTGACTGACTGACTGACTG green 

f1-f16 16,28,40,52,64,76,88,100,112,124,136,148,160,172,184 staple-TTTCATACGACTCACTC blue 

c1-c16 13,25,37,49,61,73,85,97,109,121,133,145,157,169,181 staple-TTTCATACGACTCACTC gray 

g1-g6 19,25,37,151,169,181 staple-TTCATACGACTCACTCTAGGG black 
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Supplementary Figure 7.2 | Agarose gel analysis of 10-nm AuNP incorporation onto DNA 
nanostructures. The DNA origami nanostructure was designed with binding sites for 
incorporation of DNA-functionalized AuNPs at two corners of the structure. Each binding site 
contains three handles to increase the incorporation efficiency, but for clarity only a single 
handle strand per binding site is displayed. Image of a 1.5% agarose gel (stained for DNA with 
SYBR Safe) of 4 nM DNA origami incubated with varying concentrations of DNA-functionalized 
AuNP for 1 hr at 18°C. Gel analysis indicated mainly single AuNP incorporation up to 4 nM, 
while at 8 nM predominantly two AuNP per nanostructure were observed. For TEM analysis, 
purification of 2×AuNP-functionalized DNA nanostructures was performed by gel extraction 
from the region indicated by the dashed rectangle. Gel electrophoresis and extraction was 
performed as described. Labels: la, reference DNA ladder; s, ssDNA scaffold. 
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Summary 

DNA origami-based biomolecular organizing platforms 
 

A single human body consists of roughly 1013 cells. These micrometer-sized structures 

form the fundamental structural and functional unit of life, and perform highly 

specialized tasks depending on the location in the body. Communication with the 

environment is essential, and at the cellular level this implies a constant sending and 

receiving of molecular signals. To control this flow of molecular information, 

dedicated signaling pathways manage receiving, processing, distributing, and 

responding to a wide variety of intracellular and extracellular cues and patterns. 

Signaling pathways are interconnected molecular networks that depend on the 

specific interactions between a large number of components, including receptor 

proteins in the cell membrane, catalytically active signaling proteins, and regulatory 

proteins. Control over the interactions between all components is a formidable 

challenge considering the fact that one cell contains approximately 109 individual 

proteins. 

Efficient signal transduction in the crowded intracellular environment can only be 

achieved by organizing relevant components in the right location at the right time. 

Spatiotemporal clustering of components occurs in every part of the pathway and has 

been shown to result in complex response behavior, including signal amplification, 

positive and negative feedback loops, and ultrasensitivity. The cell is equipped with 

various mechanisms for the organization of its contents, including 

compartmentalization in micrometer-sized vesicles and recruitment to the cell 

membrane. However, recent work indicates that the nanoscale organization of 
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signaling proteins and the interactions between them is paramount for obtaining and 

regulating efficient signal transduction. Specifically, multiprotein scaffolding 

complexes function as supramolecular organizing centers, recruiting functionally 

related proteins and facilitating proximity-driven protein-protein interactions with 

precise control over the relative position of individual components.  

 In this thesis, we have investigated multiple aspects of nanoscale spatial 

organization related to cell signaling using a DNA-based synthetic biology approach. 

Specifically, we employed the DNA origami method to construct a modular, 75×100-

nm2 DNA nanostructure as a synthetic organizing platform. The central aim was 

construction of a synthetic DNA origami-based apoptosome for the nanoscale 

organization of the human apoptosis-related caspase-9 protein, whose proximity-

induced activation plays an essential role in cell death. In addition, we investigated a 

synthesis method for the nanoscale assembly of antibodies and proteins involved in 

cell receptor binding, and studied nanoscale templating of a synthetic supramolecular 

polymer to understand the dynamic nature of molecular systems defined by non-

covalent interactions. 

Supporting the research findings in this thesis, we reviewed in Chapter 1 relevant 

literature in the fields of cell biology and synthetic biology concerning nanoscale 

spatial organization in cell signaling. Next, we provided a comprehensive introduction 

to the DNA origami method in Chapter 2 by discussing key advances in the literature 

and presenting a detailed experimental workflow for the design, production and 

characterization of well-defined DNA origami nano-objects. The DNA origami 

method entails folding of a long single-stranded scaffold into a pre-programmed 

shape by use of ~200 short synthetic staple strands with unique sequences. Nanoscale 

addressability across the entire platform arises from extension of specific staples with 

single-stranded handles that protrude from the DNA origami surface. Hybridization 

with complementary oligonucleotides covalently coupled to the molecule of 

interest—such as a protein—then results in site-specific recruitment to the DNA 

origami platform. 

Investigating the delicate interactions involved in caspase-9 activation requires the 

synthesis of a well-defined caspase-9 DNA-protein conjugate. Chapter 3 describes a 

site-specific conjugation strategy involving genetic incorporation of the unnatural 

amino acid p-azidophenylalanine and functionalization with DNA using copper-free 

click chemistry. High conjugation yields were obtained for the robust model enhanced 

green fluorescent protein, whereas conjugation and purification of caspase-9 required 
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extensive optimization. Importantly, activity assays demonstrated that DNA-

functionalized caspase-9 retains its innate enzymatic activity after conjugation. 

In the intrinsic apoptotic pathway, a sevenfold-symmetric multiprotein complex 

called the apoptosome recruits and activates caspase-9, initiating a cascade of 

proteolytic activity that eventually leads to programmed cell death. The apoptosome 

recruits up to four caspase-9 monomers, after which dimerization leads to a dramatic 

increase in enzyme activity. In a systematic approach, we employed the rectangular 

DNA nanostructure as a modular organizing platform for the nanoscale organization 

of caspase-9 monomers, and investigated the extent of enzyme activation as a function 

of the number of tethered proteins and their relative geometry. In Chapter 4, we 

constructed DNA nanostructures carrying two caspase-9 monomers and varied the 

distance between the enzymes from 6 nm to 36 nm. Kinetic measurements supported 

by a mathematical model based on effective concentration confirmed that enzyme 

activity is driven by proximity-induced homodimerization, and that the activity profile 

is strongly distance dependent. Additionally, genetically mutated inactive caspase-9 

variants were used to provide direct evidence that caspase-9 activation proceeds via 

an asymmetric, half-of-sites mechanism. 

This approach was extended in Chapter 5, in which we constructed synthetic 

variants of the apoptosome with multiple (>2) caspase-9 monomers in various 

configurations. Experimental characterization revealed that enzyme activity is 

substantially enhanced in oligomers of three and four enzymes, even though results 

by us and others indicated that homodimerization is sufficient for enzyme activation. 

A detailed thermodynamic model established that co-localization of multiple 

dimerizing caspase-9 monomers results in a statistical increase in the number of 

tethered dimers on the DNA origami platform, and a concomitant increase in activity 

without changing the intrinsic properties of the enzyme. These findings could 

represent a general regulatory principle for the clustered organization of catalytically 

active proteins, including proteases such as caspase-9. 

The small size of caspase-9 permits genetic incorporation of an unnatural amino 

acid for the synthesis of well-defined DNA-protein conjugates. For most proteins 

involved in cell signaling, such as antibodies, cell receptors, and multi-domain 

regulatory proteins, this is not a feasible option. Chapter 6 highlights the 

development of a universal DNA conjugation strategy for complex native proteins 

without genetic re-engineering. A photocrosslinkable protein G variant was used as 

an adapter protein to covalently conjugate an oligonucleotide to the constant Fc 
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region of antibodies and an Fc-fusion protein of the CD40 ligand. We demonstrated 

that the DNA-functionalized antibodies retain native antigen binding affinity, and 

that straightforward incorporation onto DNA origami nanostructures results in 

precisely defined antibody nano-assemblies for receptor targeting. 

Finally, in Chapter 7 DNA origami nanostructures were utilized as a platform for 

studying the self-assembly of one-dimensional synthetic supramolecular polymers. 

Multicomponent supramolecular aggregates were site-selectively incorporated onto 

the DNA origami surface while retaining their dynamic nature. Kinetic 

characterization confirmed that supramolecular fibers can be templated by the DNA-

based platform and that dynamic exchange of individual monomers with different 

functionalities and molecular cargo is possible.  

The results presented in this thesis illustrate that a modular, synthetic organizing 

platform based on DNA origami enables the bottom-up examination of biomolecular 

processes related to cell signaling. Using various approaches, we have employed the 

DNA origami nanostructure as a platform for (1) distance-dependent and multivalent 

enzyme activation, (2) protein heterodimerization and inhibition, (3) nanoscale 

protein patterning, and (4) dynamic non-covalent assembly. Evidently, not every 

molecular detail involved in the nanoscale protein interactions in native assemblies 

can be captured or recreated. However, we strongly argue that a modular synthetic 

biology approach like the one presented in this work can help isolate key molecular 

determinants and uncover important regulatory principles governing cellular 

processes. 
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Het is half negen ’s ochtends. Goed, het is half tien en dat kostte nog behoorlijk wat moeite. Ik 
bliep het fietsenhok open, parkeer opa’s fiets links in het hoekje en wandel Helix binnen. Ik neem 
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Opruim-Turf-Systeem zijn nog zichtbaar. Lenny, we leerden elkaar een beetje kennen in Santa 
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broek open – waarbij je je voeten nog net niet op mijn stoel legde. Die drie Karmeliet waarmee 
je aankwam toen we om vier uur ’s nachts vroegen om een klein biertje om mee af te sluiten. Jij 
en ik later in onze eigen club, met twee komkommers en een bus slagroom in onze handen. 
Wat ben jij een fijne gast, en wat was het een eer om je als paranimf een beetje in je onderbroek 
te zetten. Later voegde Roy zich bij ons, wat direct resulteerde in een astronomische stijging in 
kwalitatief hoogstaande woordgrappen en het stichten van de enige Limburgse exclave in 
Brabant. Ik wens je veel succes met je nieuwe baan en liefde in jullie nieuwe huis. Ik wens Sylvia, 
Auke, en Bingbing succes in hun onderzoek en het hebben van mij als kantoorgenoot, inclusief 
rijstwafels en blikken cola, voor nog een jaar. 

Wiggert, je was als Masterstudent een van de oprichters van de legendarische Origami 
Squad. Ondertussen doe je het prima in je eigen promotie-onderzoek. Toch draait het bij ons 
voornamelijk om muziek, en dan het liefst die van de complexere soort. Het uitvogelen van 
polyritmes onder werktijd was een van mijn favoriete tijdverdrijven tijdens mijn promotie. 
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kantoor was aan de vieze kant, maar we deden echt ons best om het netjes te houden. Marjo en 
Tanja, bedankt voor het beantwoorden van al mijn rare of veel te makkelijke vragen. Ik ben niet 
zo goed met regels en organiseren. Maarten, bedankt voor de samenwerkingen aan het begin 
van mijn promotie en je interesse in mijn onderzoek. Door een merkwaardige maar prettige 
samenloop van omstandigheden kan ik nu zeggen dat ik me verheug om als postdoc de 
komende twee jaar in je groep aan de slag te gaan.  

Ik bedank alle ouden en alle nieuwen aan zowel de korte als lange kant van de derde in 
Helix-Oost en daarbuiten voor de fijne sfeer in zowel kantoor als laboratorium. Ik waag me niet 
aan het opnoemen van een boel mensen om dan iemand te vergeten. Ik waag me ook niet aan 
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is dat alles door elkaar loopt en dat daardoor samenwerkingen en vriendschappen ontstaan. 
Zorg er goed voor dat dat in de toekomst zo blijft. 

Ik heb het nooit echt onder de knie gekregen stipt om twaalf uur honger te hebben. Meestal iets 
later. Meestal ben ik niet de enige. We halen de bakjes uit de koelkast in 3.28, en volgen de 
mengelmoes van eetgeuren die ons vanaf de vierde tegemoetkomt. De rij voor de magnetrons is 
aanzienlijk, dus we discussiëren over nieuwe Netflix-series en hoe lucht in paprika’s terechtkomt. 
Daarna eten en de tijd vergeten. Het alarm op mijn telefoon dwingt me om terug te gaan, ik moet 
echt door met mijn experimenten. 

Those extended lunch sessions—some might call them microwave-fueled matinees—typically 
started with you popping your head around the corner of my office holding your Tupper and 
asking “lunch?”. Eva, your laugh may be strong, but your drive to finish this PhD beast is even 
stronger. I like to believe that sharing those last months together at least slightly reduced both 
of our stress levels. Let’s not talk about the first conversation that the two of us had and instead 
focus on finishing our joint caspase-discotic project, leaving massive double disc-struction in 
our wake! Over uit de hand gelopen pauzes gesproken: Jurgen, jongen, wat hebben wij veel 
gezeten, gehangen, gekeken, gedronken, gefilosofeerd, geouwehoerd, gelachen. Weet je nog 
toen het begon? Met z’n vieren in college, die twee Franse meiden, jij en ik? Sindsdien vielen 
we voor het Spaanse schoon, vergaten we een handtekening aan Arjen te vragen, kreeg je mij 
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aan de YouTube-techno terwijl je zelf een kleine waardering voor woordgrappen ontwikkelde, 
en bespraken we vrijwel alles. Ik ben trots op ons vrijdagmiddagexperiment dat na hard werken 
een hoofdstuk in beide proefschriften opleverde. En ik ben blij dat je er bent om je mening te 
geven en met me te discussiëren, en om me regelmatig met slap gezwets weer op de aarde te 
zetten.  

Ik vergeet niet de andere stamgasten aan Henks tafel, waaronder Jolanda, Maarten, Gijs, 
Peter-Paul, Wouter – bedankt voor je hulp bij alles wat met DNA te maken had – en Sjors – ik 
denk met plezier terug aan die drie vierkante meter kelder-zonder-raam op Park Drive in 
Boston tijdens onze stages. Sebastian, je was niet zo van het lunchen op de vierde, maar vrijdag 
was de dag dat we op pad gingen. Eerst naar de currydames in het Auditorium, daarna was een 
lunchdate in Luna de vaste prik voor iedereen die mee wilde. Het is bijzonder aangenaam als jij 
er bent, want meestal breng je je eetsmaak en je muzieksmaak mee. Voeg een dikke portie 
humor toe en absoluut geen stress en het komt helemaal goed. Bedankt dat je voor heel wat 
relativering zorgde en dat wij het meestal totaal niet over wetenschap hadden. Dan Jing, dankzij 
jou heb ik ontdekt dat ik heel graag over wetenschap vertel aan iedereen die wil luisteren. Wat 
hebben we hard gelachen om die Instagram-stories waarin we onszelf vooral heel erg grappig 
vonden. Ik heb vooral genoten van Expeditie NEXT in Rotterdam. De hele dag als gouden duo 
proefjes doen voor honderden kinderen, tussendoor een lezing en een interview, en ’s nachts 
met die houten constructie in je autootje naar huis. Dankjewel dat je me steeds meesleurt bij 
verzoeken voor praatjes en evenementen, zonder jou was dat nooit gelukt en daarnaast zou het 
een stuk minder leuk geweest zijn. 

Zes minuten voor twee. Als ik nu vertrek, haal ik het net. Blauw notitieboekje mee en een kauwgom 
voor de smaak. In snelwandelpas vertrek ik naar Ceres en net als altijd kom ik een bekende tegen 
die met evenveel haast de omgekeerde route aflegt. De grote deur zwaait, tot mijn opluchting, in 
één keer open. Ik kom er vrijwel iedere dag sinds de opening in 2012, eerst als bewoner, later voor 
vergaderingen, kussen, en koffie. Ik pak de trap tussen het lab en de magnetron, want die andere 
loopt niet zo lekker. Een minuutje te laat, volgende keer toch iets eerder gaan. 

Vergaderingen in Ceres zijn meestal met jou, Tom. Je bent er al bij sinds de start van mijn 
afstudeerproject, en de afgelopen vijf jaar als mijn eerste promotor. Ik weet niet meer precies 
hoe we bij elkaar terecht zijn gekomen bij het ICMS, maar jij gaf me de juiste energie. Beter dan 
het kiezen van een passend onderwerp, is het kiezen van de juiste begeleider. Ik wil je bedanken 
voor je inzet, voor je motivatie, en voor je gigantische intrinsieke nieuwsgierigheid. En ook voor 
je voortdurende digitale bereikbaarheid en je directe manier van kritiek en feedback uitdelen 
en incasseren. Voor alle discussies over voetbal en je Fifa-sterrenteam, en over hoe je zorgt dat 
je mannetjes in World of Warcraft goed blijven. Over je kinderen en dan vooral als de tweeling 
iets of elkaar sloopt. Ik waardeer je geduld met mij en dat verdraaide caspase-project. Ik heb 
veel geleerd over mezelf en over de wetenschap, en daar speelde jij een belangrijke rol in.  

De meeste meetings met mijn tweede promotor waren niet in Ceres maar op jouw kantoor 
in Helix, Luc. Als ik het een beetje mag inschatten, vind je jouw aandeel in dit geheel wel 
meevallen. Ik vind van niet. Het was in het begin van belang die twee enthousiaste, ongeleide 
projectielen wat wetenschappelijke sturing te geven. Je voorzag al dat eiwit-DNA-conjugatie 
niet per se vlotjes zou verlopen, en achteraf klopte dat redelijk. Bedankt voor de goede sfeer die 
je creëert, je ongezouten mening, je bereidheid om te allen tijde een vraag te beantwoorden, en 
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het af en toe binnenwippen om te polsen hoe het ervoor staat. Je inzet voor de groep die steeds 
groter groeit, voor alle studenten, en voor de faculteit in het geheel is bewonderenswaardig.  

Ik bedank graag de overige leden van mijn promotiecommissie. Professoren Claessens en 
Cornelissen, Mireille en Jeroen, bedankt voor het afreizen vanuit Twente en het bestuderen van 
mijn proefschrift. Christian, bedankt voor het lezen van mijn proefschrift en je aanwezigheid 
tijdens mijn verdediging, maar ook voor het aanhoren van al mijn DNA-origami-verhalen 
tijdens onze groepsvergaderingen. Peter, bedankt voor de kritische blik op al die documenten 
die ik langsbracht, je interesse in ons laboratoriumwerk, en je hulp bij het begeleiden van 
studenten. Lorenzo, I really appreciate you being part of my defense committee. One of my very 
first experiences in science was when I came to you to discuss a potential Master’s project in 
2011. Later, we crossed paths many times as residents of Ceres, where you often gave me small 
but helpful pieces of scientific advice. You established an Eindhoven-Barcelona connection and 
later I did the same. Kind of. Thank you for your insights and inspiration over the years. 

En dan de rest van de bewoners van Ceres. I’d like to start with the guys and girl from that 
office downstairs, the stars of the De Greef group. Because my office was in Helix, I wasn’t 
around that much. Still, I want to thank you all for being open for a discussion or a question or 
for bringing another envelope of DNA over to the other side. Anna and Maarten, I really enjoyed 
the subgroup meetings we had together with Glenn in Tom’s office and hearing about your 
research, but also the discussions that were completely off-topic. Bas, Bas hier. Wanneer ga je 
werk maken van de gepersonaliseerde elektroforese-spullen? Emma, I’m happy with how my 
thesis cover turned out. Thank you for taking the time to take silly pictures of a folded sheet of 
paper clumsily attached to an orange coffee table with two pieces of sticky tape. Koen, bedankt 
voor je hulp bij het ontwerpen van de kaft van mijn proefschrift, en ook voor het maken van de 
plaatjes van DNA en eiwitten voor de ChemComm van Glenn en mij. Die stijl beviel me zo goed 
dat-ie nu door heel mijn proefschrift terug te vinden is. 

Bart, onze afspraken vonden meestal plaats in Ceres, al was ik ook regelmatig te vinden in 
je kantoor in Gemini. Ik wil je bedanken voor al je hulp tijdens mijn promotie op het gebied van 
modellen en simulaties, maar net zo goed bij het interpreteren van mijn experimentele 
resultaten. Jouw kennis en betrokkenheid heeft het caspase-project naar een ander niveau 
getild. Job, jij was net zo’n onmisbare schakel in onze zoektocht naar wat er nu in hemelsnaam 
gebeurde met die eiwitten. Bedankt voor het doen van al die simulaties, en dat je al mijn vage 
vragen geduldig beantwoordde. Hulan, I was pleasantly surprised when you sent me an email 
asking for help with a DNA origami-related project you wanted to start in the Physics 
department. I am happy I can transfer a bit of my knowledge and excitement to you. Thank you 
for your interest, and for the nice coffees we shared talking about experiments, science in 
general, and a lot of other, totally unrelated stuff. 

De tussendeuren vallen met een harde knal dicht en niet veel later gaat het ventilatiesysteem uit. 
Vanaf zes uur is het stil. Iemand wacht op een gelletje dat nog staat te schudden in het lab, een 
ander kan zich eindelijk gaan concentreren op een avondschrijfsessie of kijkt nog even de 
presentatie van morgen door. Ik ga snel langs de wok of de Spar voor wat snelle calorieën en een 
colaatje light, en dan kunnen we beginnen. Pas als het donker is gaan in mijn hoofd de lichten aan. 

Ik was meestal niet alleen ‘s avonds. Er is er altijd eentje die in plaats van één gelletje er nog drie 
heeft lopen, terwijl hij ook nog de FACS moet afsluiten én effe snel een kolommetje aan moet 
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zetten. Glenn, de brute kracht waarmee jij je experimentele werk verzet is ongekend. En 
daarnaast: altijd enthousiast, altijd op zoek naar nieuwe dingen, en altijd de juiste mensen 
weten bij wie je het vragen moet. Lekker direct ook. Die moeten we hebben, zeiden Tom en ik 
tegen elkaar. De klik tussen ons was er vrij snel en die duurt nog altijd voort. Je bent degene die 
me op het werk het beste kent, misschien omdat we in veel opzichten zo op elkaar lijken. En 
daarom sta je naast me op het belangrijkste moment van mijn promotie. Bedankt voor het met 
elkaar oneens zijn en dat prima vinden, voor de vele gesprekken over de zin en onzin in 
wetenschap, voor Gesprek 1 en Gesprek 2, en voor alle andere nonsens daaromheen. 
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beneden strompelden, en buiten kort onze schrijfstress bespraken. Het was geruststellend voor 
mij om iemand te hebben die snapt hoe het is en hoe het zit in dat rare laatste jaar. En daarom 
sta je naast me op het belangrijkste moment van mijn promotie. Ik bewonder je werklust en je 
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