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CHAPTER 1



Abstract
Compartmentalization is one of the main characteristics that define living systems. Creating a 
physically separated microenvironment allows nature a better control over biological processes, 
as is clearly specified by the role of organelles in living cells. Inspired by this phenomenon, 
researchers have developed a range of different approaches to create artificial organelles; 
compartments with catalytic activity that add new functions to living cells. In this chapter, two 
lines of investigation toward engineering protein-based artificial organelles are discussed. The 
first approach involves the usage of premade hybrid nanoreactors which show transient function 
when taken up by living cells. The second approach utilizes mostly genetic engineering methods 
to create bio-based structures that can be ultimately integrated with the cell’s genome to make 
them constitutively active. The current state of the art and the scope and limitations of the field 
will be highlighted with selected examples from the two approaches. We will end our discussion 
with an overview of how these approaches are applied in the research that is described in this 
thesis.

Parts of this chapter have been published as:
R. A. J. F. Oerlemans*, S. B. P. E. Timmermans* and J. C. M. van Hest. Artificial organelles: 
Towards adding or restoring intracellular activity. ChemBioChem, 2021, 22, 12, 2051-2078 
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1

1.1 Introduction
Organelles are essential compartments in living cells. The presence of a physical boundary 
between the inner and outer environment of an organelle allows nature a higher level of control 
over a range of crucial biological processes. Organelles provide protection of fragile components, 
they enable the creation of local microenvironments or chemical gradients and they contribute 
to positional assembly and enrichment of catalytic species to ensure that processes proceed with 
greater efficacy. Organelles, such as the cell nucleus and mitochondria, are traditionally thought 
to be composed of (multiple) lipid bilayer membranes, and are ubiquitous in eukaryotic cells. 
The similarity in membrane structure between organelles and the cell membrane has been the 
basis for the theory of endosymbiosis, popularized by Lynn Margulis.1 According to this theory, 
the microbial ancestors of mitochondria and chloroplasts have been internalized by other 
microbes to ensure the symbiont an autonomous energy supply. This theory has been further 
strengthened by the discovery of the presence of mitochondrial DNA, which indicates that this 
organelle originated from an independent life form. 

Our classification of organelles has been extended in recent years. First of all, it has been shown 
that membrane-less compartments are present in eukaryotes, which are formed via coacervation 
of intrinsically disordered proteins, leading to the enrichment of specific biomolecules in this 
compartment.2,3 Furthermore, organelles are not only to be found in eukaryotes. Prokaryotes 
also contain organelles, of which the compartment structure is often protein-based, such as is 
the case with carboxysomes and the 1,2-propanediol utilization (Pdu) microcompartment.4,5

Besides these organelle structures, nature also employs other methods to attain control 
over biological processes. The formation of catalytically active protein complexes such as the 
non-ribosomal peptide synthetase, or the usage of scaffolding proteins are approaches often 
encountered in cells.6,7 It allows different proteins to be arranged in a spatially well-defined 
manner, which facilitates regulatory mechanisms and even offers control over the sequence of 
reaction steps. This approach has also been elegantly used by synthetic biologists by constructing 
in cellulo artificial hubs, based on proteins with multiple binding motifs or by using DNA 
origami scaffolds.8 This work will however not be discussed in detail in this chapter, as it lacks 
the confinement aspects characteristic for organelles.

The interesting features of organelles and their importance in biology have inspired many 
scientists to construct synthetic analogs.9–12 Artificial organelle research is directed to the 
construction of, mostly, catalytically active nano-sized compartments that can be integrated with 
living cells. The purpose of this integration is to either replace or correct dysfunctional processes 
or to add novel, orthogonal functionalities to living cells. The former line of application is closely 
related to the field of nanomedicine, in which a more sophisticated form of enzyme replacement 
therapy is envisaged, in particular to treat metabolic diseases. Artificial organelles are also used 
to activate compounds (prodrugs) in targeted cells, to realize a very selective treatment modality. 
This approach is mainly employed in anticancer therapy.13

The addition of novel function to living cells is less explored and also more challenging, 
as functional orthogonality and compatibility are far from trivial to be achieved inside the 
complex cellular medium. Two approaches can be distinguished; in one approach organelles 
are transplanted from one organism to the other. This is for example achieved by incorporating 
chloroplasts into mammalian cells.14 In a second approach a fully artificial organelle, both with 
respect to membrane structure and catalytic function is created and integrated within the 
cellular environment. Both approaches, but in particular the former, can be regarded as a form 
of artificial endosymbiosis. 

In this chapter, we will report on protein-based artificial organelles to add novel functionality 
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to living cells (Figure 1.1). We will first shortly discuss hybrid artificial organelles that are 
constructed in vitro and then incorporated into living cells via for example endocytosis. This 
makes this class of artificial organelles also transient in nature: function will be lost and cannot 
be restored by the cell itself. We will then continue our discussion by taking artificial organelles 
into account that are genetically encoded and can thus be produced in cellulo. In that case, the 
artificial organelles will become a constitutive part of the cellular makeup. Rather than trying to 
be comprehensive, we would like to show the most recent accomplishments in research and we 
will also highlight the different types of challenges that are still ahead for these nanoreactors, 
demonstrating their scope and limitations.

1.2 In vitro produced protein-based artificial 
organelles
Although protein-based systems can in principle be produced in cellulo, for the incorporation 
of certain catalysts, such as metal ions or complexes, it is more convenient to perform the 
encapsulation in vitro (Figure 1.2). In addition, the in vitro generation of protein-based artificial 
organelles allows for the incorporation of catalysts that would not be feasible in cellulo. In this 
context, we describe in this section nanoreactors based on ferritin and chaperonin protein cages. 

1.2.1 Ferritin-based nanoreactors

Many protein-based cage structures can be used for artificial organelle development. For 
example, due to their natural capacity to store iron, ferritins can be engineered into metal-catalyst 
containing nanoreactors.15,16 As ferritins are hollow spheres that naturally can accommodate up 
to 4500 iron atoms, their 8 nm inner diameter provides sufficient space to incorporate other 
metal ions and complexes as well. Moreover, re-engineering of key subunit interfaces has led 
to the development of slightly smaller17 and larger18 ferritin cages, indicating that the size can 

Nanoreactor assembly In vitro activity

Native catalytic activity Disrupted catalytic activity

+

Artificial organelle

Addition of 
new function

In vitro production of artificial organelles In vivo artificial organelle production

In vivo self-assembly and cargo loading

Catalyst 
production

Capsule
production

Correction of 
dysfunctional

 process

Native catalyst

Novel or restored product

Native product

Substrate

Non-native catalyst

Dysfunctional catalyst

Capsule material

Figure	1.1	 |	 Schematic	 overview	of	 the	different	 strategies	 used	 for	 artificial	 organelle	 production	 and	
integration	with	 living	 systems.	Artificial organelles that are (partially) composed of synthetic components 
(top left) cannot be produced biosynthetically and are thus produced in vitro and then introduced to living cells. 
These organelles will be discussed in section 1.2. The second class of artificial organelles (top right) consists of 
building blocks that can be genetically encoded and can thus be produced in cellulo or in vivo. This class of artificial 
organelles will be reviewed in section 1.3.
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1
be tuned to accommodate a variety of cargoes optimally. As such, ferritins were used for the 
templated formation of manganese oxide from Mn2+ and MnO4

-,19 gold nanoparticles from 
various gold complexes,20 and palladium nanoparticles from Pd2+-salts,21 of which the latter 
could be used in vitro to catalyze the oxidation of primary and secondary alcohols in aqueous 
solutions. More importantly, ferritins loaded with CeO2 nanoparticles were used as Super Oxide 
Dismutase (SOD) mimic in a live-cell system.22 Not only was the apoferritin-CeO2 complex 3.5 
times more active as a scavenger of reactive oxygen species (ROS) in vitro than a control SOD, but 
encapsulation by ferritin also increased the intracellular uptake of the nano-CeO2 as well as the 
oxidative stress relief of the cells. 

Besides metal catalysts, also enzymes have been encapsulated into ferritins. For example, 
Hilvert and coworkers developed an efficient cargo-loading strategy based on electrostatic 
interactions with the anionic core of the Archaeoglobus fulgidus ferritin by fusing positively 
supercharged green fluorescent protein (GFP) tags to various enzymes.23 It was demonstrated 
that the enzymes retained high activity in vitro and were protected against proteolysis and 
heat. Via the same strategy, Kostiainen and coworkers have encapsulated a lysozyme inside the 
Thermotoga maritima ferritin cage.24 Most interestingly, this enzyme encapsulation method was 
reversible in vitro under mild conditions and in addition, the enzyme-loaded ferritins could form 
three-dimensional arrays with gold nanoparticles. Such developments indicate a great future for 
ferritins in the generation of adaptive and responsive systems, for example in responsive artificial 
organelle development. Demonstrating the application of ferritins as artificial organelles even 
further are recent reports of therapeutic use of enzyme-loaded ferritins. SOD-loaded ferritins 
have been delivered to caveolae where they ended up in the endosomes of endothelial cells.25 
In a mouse model, the artificial organelles provided an anti-inflammatory effect due to the 
SOD activity. In another study, a cytochrome C-loaded ferritin has been delivered to the Acute 
Promyelocytic Leukemia NB4 cell line in vitro.26 In this system, the activity of cytochrome C 
induced apoptosis of the cancer cells, indicating that ferritin-based artificial organelles could be 
used in the future for therapeutic applications. 

1.2.2 Chaperonin-based nanoreactors

Chaperonins are another class of protein nanocages that are used in nanoreactor development. 
For example, the thermosome (THS) has been used to encapsulate a Cu2+-catalyst27 or horseradish 
peroxidase (HRP)28 to catalyze atom-transfer radical polymerization reactions yielding very 
monodisperse polymers. These reactions benefited from the capability of THS to use ATP in 
order to cycle between open and closed states, allowing macromolecules, e.g. polymers, to leave 
the cage interior. In addition, by coating the two cavities of THS with dendritic poly(amidoamine) 
very monodisperse gold nanoparticles could be biomineralized with diameters of 4.0 ± 1.5 nm 
and 2.4 ± 1.0 nm.29 These examples demonstrate that the THS cavities are compatible with both 

Nanoreactor 
assembly

Nanoreactor Intracellular activity

+

Cage proteins Metal catalysts

Cellular
uptake

Figure	1.2	 |	 Schematic	 representation	 of	 a	 strategy	 leading	 towards	 the	 in vitro	 production	 of	 semi-
synthetic	protein-based	artificial	organelles.	Protein cages can be loaded with enzymes or metal catalysts in 
vitro. After cellular uptake, these semi-synthetic artificial organelles demonstrate transient intracellular activity.
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metals and enzymes, which could be useful for the further development of these nanoreactors 
into various artificial organelles. 

The barrel-shaped interior of another chaperone, GroEL, was also used for such applications 
since it can accommodate iron catalysts in a hemin form.30–32 The peroxidase mimicking activity 
of the resulting nanoreactors has been used for the colorimetric30 and chromogenic31 detection 
of H2O2, glucose, and catechol, but also for the oxidation of homovanillic acid,32 which is perhaps 
more interesting from an artificial organelle point of view. 

1.3 In vivo produced protein-based artificial 
organelles
The usage of protein-based nanoreactors offers another exciting prospect for the field of artificial 
organelles. Instead of incorporating premade nanoreactors, which will display transient activity, 
artificial organelles can be made in situ by employing the cell’s own protein expression capacity. 
For this approach to be feasible, both the capsule material and the cargo need to be produced 
by the cell and assembled together into an organelle with a clearly distinguishable functionality, 
for example, catalytic activity. Preferably the reaction that is catalyzed is orthogonal to the cell 
or restores or improves a native function. This in vivo approach requires the cell to produce all 
components, which has as a major benefit that the acquired functionality is inheritable and can 
be passed on to further generations. This however makes it of course also more challenging than 
in vitro approaches, as our current understanding of cell engineering towards the production 
of exogenous compounds is limited. Although in principle DNA-origami enzyme-carriers33,34 
could be further developed into this direction as well, the biggest advancements in this strategy 
are made with protein-based systems (Figure 1.3), as protein engineering is well-established, 
as will be described here in further detail. We will focus on those systems in which the most 
developments towards in vivo production of artificial organelles have been made and the progress 
towards in cellulo self-assembly, cargo loading, and catalytic activity will be described. Where it 
is applicable, we will discuss the added value that the artificial organelle (precursor) brings to 
cells or the catalytic process. 

1.3.1 ELP-based organelles: protein-based organelles that 
mimic lipid vesicles

The protein-based structures that perhaps mimic the classical amphiphilic lipid-membrane 
structure the most are based on elastin-like polypeptides (ELPs) (Figure 1.3A). As the name of 
these proteinaceous domains indicates, ELPs are derived from elastin, more precisely from its 
hydrophobic domains.35 It has been established that repetitions of the VPGVG sequence present 
in these hydrophobic regions have stimulus-responsive coacervation behavior and can thus be 
reversibly switched between a water-soluble state below their lower critical solution temperature 
(LCST) and a hydrophobic state above the LCST.36 Most interestingly, this behavior can be tuned 
by ionic strength, length of the ELP domain, or by altering the fourth residue (guest residue) of 
the pentapeptide repeat. By constructing a diblock co-polypeptide in which the guest residues 
in the pentapeptide repeats were modified in such a way that a hydrophobic and a hydrophilic 
block were obtained, amphiphilic behavior was introduced that, under specific conditions, led 
to the in vitro self-assembly of the amphiphilic ELPs into several spherical micellar or vesicular 
particles.37-41

These ELP particles have been further developed into artificial organelle- or cell-like 
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1

structures in vitro. For example, Schiller and coworkers have demonstrated that one set of 
assembly conditions can trigger the self-assembly of different ELP building blocks into protein 
membrane-based compartments (PMBCs) with tunable physicochemical properties.42 Although 
these assembly conditions were not cell-like, such a strategy could work very well inside the 
cytosol where it is perhaps more difficult to trigger assembly based on changing conditions than 
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Figure	1.3	|	Schematic	representation	of	strategies	leading	towards	the	in vivo	production	of	protein-based	
artificial	organelles.	A) By tuning the properties of elastin-like polypeptides (ELPs) protein-based vesicles can be 
formed that can self-assemble intracellularly or can encapsulate enzymes in vivo. By combining both strategies in 
vivo artificial organelle production could be achieved in the future. B) Proteinaceous organelles (encapsulins) are 
engineered to allow for the in vivo formation and activity of artificial organelles. This can be done by attaching native 
cargo-sorting sequences to non-native cargo enzymes. C) Cage-like enzymes (lumazine synthases) are engineered 
into in vivo artificial organelles either by attaching the native cargo-sorting signal to non-native enzymes or by 
expansion of the protein cage and loading of (multiple) enzymes via several in vitro and in vivo cargo-loading 
strategies. D) After removal of the genome from viral cages, these protein-based compartments can be loaded 
with (multiple) non-native enzymes via diverse engineered cargo-loading strategies. After further improvements 
of the self-assembly dynamics, in vivo cargo-loading, and the stability of the protein cage in the absence of the viral 
genome, in vivo artificial organelle production can be achieved. E) By computational de novo protein design novel 
artificial organelles with optimal features for specific catalytic applications are being developed in a bottom-up 
approach. 
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in an in vitro setting. Interestingly, it was demonstrated that the ELP membranes of these PMBCs 
can fuse with lipid membranes, forming protein-lipid hybrid membranes.43 This could be very 
interesting for exchange between artificial and natural organelles or for mimicking vesicular 
transport. Furthermore, it was demonstrated that a wide variety of cargo molecules and proteins 
could be incorporated into the PMBCs,42 which was utilized in the development of ELP-based 
protocells.44 A T4 DNA ligase was encapsulated to mimic anabolic enzymatic reactions and a 
TEV protease was encapsulated or genetically fused to the amphiphilic membrane ELP as an 
example of catabolic activity. Adding to this in vitro functionality, Pirzer and coworkers have 
developed synthetic cells based on amphiphilic ELPs that were able to produce a functional RNA 
and protein and, most interestingly, to grow in an autonomous manner.45 Hereto, a cell-free 
transcription-translation system was encapsulated together with the DNA template encoding for 
an RNA aptamer, a fluorescent protein, and the amphiphilic ELP. The incorporation of this ELP 
into the existing membrane allowed for vesicle growth. Such self-forming functionality could be 
a great advancement towards artificial organelles that can replicate together with their host cells.

Although most work described above is focused on creating ELP-based synthetic cells, ELP-
based particles have also been employed inside E. coli cells (Figure 1.4).46 Amphiphilic ELPs that 
were expressed in E. coli formed in situ organelle-like compartments with a membrane thickness 
of around 9 nm and a size that could be tuned between 40 nm and several hundred nanometers. 
In addition, the incorporation of the noncanonical amino acid p-azido-L-phenylalanine into the 
ELP sequence allowed for the in vivo functionalization of these compartments with for example 
a rhodamine dye. Furthermore, it was demonstrated that the ELP membranes interacted with 
the cellular membrane, which is again very promising for exchange and communication of the 
artificial organelle with the native system. Although no in vivo activity has been established yet, 
the protein-encapsulation approaches used to generate ELP-based synthetic cells44 could be used 
to incorporate active enzymes during self-assembly of the ELP compartments inside cells. Thus, 
their tunable properties, promising in vitro catalytic activity, and dynamic exchange behavior in 
vivo make ELP-based particles great candidates for further development into artificial organelles.
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protein domain
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Figure	1.4	|	Overview	of	in vivo	produced	ELP	compartments.	A) Schematic representation of the production 
of a compartment (green) from plasmid DNA in E. coli. B) Schematic representation of the amphiphilic protein 
containing an N-terminal fluorescent domain and hydrophobic and hydrophilic ELP domains. C) Epifluorescence 
microscopy (left) and transmission electron microscopy (right) images of E. coli containing the ELP compartments 
as bright fluorescent spots (left) and clear regions (right). Figure adapted with permission from Ref. 46. Copyright 
2014 Springer Nature.
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1

1.3.2 Encapsulins: engineering natural proteinaceous 
compartments into artificial organelles

In contrast to the ELP compartments described above, some protein-based compartments 
are already naturally existing in prokaryotes such as encapsulins, carboxysomes, and the Pdu 
microcompartment.4,5 Such compartments can be experimentally adapted to incorporate new 
functions or to be functional in higher-order organisms. Although some engineering into 
artificial organelles has been done with carboxysomes,47,48 most of the developments in this field 
have been made with encapsulins (Figure 1.3B). As such, these will be discussed here in further 
detail.

Encapsulins are proteinaceous nanocompartments of 20 – 32 nm in size and are present in 
a great variety of bacteria and archaea as organelles that are involved in iron mineralization, 
oxidative, and nitrosative stress resistance, and anaerobic ammonium oxidation.49 As such, a large 
number of cargo proteins are being targeted into the encapsulin core in nature. Quite recently, 
Sutter and coworkers discovered that this cargo sorting is being facilitated by a short C-terminal 
polypeptide tag on the cargo protein that can be recognized by a binding site on the interior 
of the encapsulin compartment.50 This discovery revealed the potential for targeted sorting of 
exogenous cargoes inside these nanocompartments, making encapsulins great candidates for a 
plethora of applications in nanotechnology.51 A variety of promising biomedical advancements 
have been made, such as the generation of iron-sequestering encapsulins that could function as 
electron microscopy gene reporters,52 the formation of antimicrobial encapsulins that contain 
silver nanoparticles53 or enhance the production of antimicrobial peptides,54 and the modification 
of the encapsulin surface with photo-switchable fluorophores55 or protection groups against 
protease degradation.56 However, the focus below will be on developments that are beneficial for 
artificial organelle fabrication.

As encapsulins are protein-based nanocompartments that are naturally produced, there has 
not been a great necessity for capsid engineering in order to make them suitable for artificial 
organelle development. However, as the pores of native encapsulins are generally quite small, 
they might limit the diffusion of substrates and products. Therefore, the pores of the Thermotoga 
maritima encapsulin have been enlarged from 3 Å to 11 Å by redesign of the pore-forming 
sequence.57 Such an approach could be used to enhance the mass transport through other 
encapsulins as well and could thus be very fundamental for proper artificial organelle function.

Another approach to increase the catalytic possibilities of encapsulins is to diversify the 
cargoes that can be encapsulated. Various research groups have achieved this by creating genetic 
fusions of the specific sorting peptide and the cargo of interest and this has led to encapsulins 
that were loaded with various fluorescent or bioluminescent proteins in vivo58–60 and in vitro.60 
Besides these model protein cargoes, also more functional proteins have been incorporated into 
encapsulins and even their in vivo functionality has been established. For example, it has been 
shown that teal fluorescent protein-loaded encapsulins can be taken up by macrophages, which 
demonstrates that encapsulins can be used to deliver cargo proteins to cells.61 Most interestingly, 
encapsulin artificial organelle functionality has been described in both yeast62 and mammalian 
cells,63 demonstrating that these bacterial organelles can be used in higher-order organisms as 
well (Figure 1.5). For the yeast system, Silver and coworkers expressed the Myxococcus xanthus 
encapsulin (EncMx) in Saccharomyces cerevisiae together with various cargo proteins that were 
tagged with sorting peptides (Figure 1.5A).62 They demonstrated that cargo proteins could be 
selectively encapsulated in vivo, which provided stabilization of a destabilized mNeonGreen 
protein against proteolytic degradation and allowed for the activation of a split-Venus 
fluorescent protein upon colocalization in the encapsulin core. Furthermore, an encapsulated 
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Aro10p enzyme was catalytically active in vitro. Independently, Westmeyer and coworkers have 
used the same EncMx for the generation of synthetic compartments in HEK293T cells (Figure 
1.5B).63 Again, selective in vivo encapsulation of heterologous cargo proteins was demonstrated 
as well as stabilization of a destabilized mEos4b fluorescent protein and colocalization of a split-
PAmCherry-1. In addition, the enzymatic activities of a split-luciferase and a tyrosinase, and iron 
biomineralization were established in cellulo. Thus, these encapsulin systems display many of 
the properties that are essential for further artificial organelle development.

1.3.3 Lumazine synthases: engineering intracellular protein 
cages into artificial organelles

Besides encapsulins, many other protein-based cage structures can be used for artificial organelle 
development. Another protein cage that has been exploited extensively, also in vivo, is lumazine 
synthase (LS) (Figure 1.3C). Naturally, this enzyme is found in plants and many microorganisms, 
where it is involved in the biosynthesis of riboflavin.64 Most interestingly, in some organisms 
this enzyme does not only function in the catalytic pathway by providing catalytic activity, but 
also by encapsulating the subsequent riboflavin synthase (RS) and thereby enhancing the overall 
reaction rate. This cage-like property of certain LS variants has been used to develop versatile 
nanoreactors.65–71 For example, the LS from Bacillus subtilis (BsLS) has been loaded with non-
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Figure	1.5	 |	Overview	of	encapsulin-based	artificial	organelles.	A) M. xanthus encapsulin engineering into 
artificial organelles in S. Cerevisiae. Attachment of the encapsulin targeting peptide to cargo proteins results in 
encapsulation in vivo and thus the formation of artificial organelles that are catalytically active, bring multiple 
enzymes in close proximity and protect cargo enzymes from proteases.62 B) M. xanthus encapsulin engineering 
into artificial organelles in HEK293T cells. Heterologous protein expression results in the formation of the bacterial 
encapsulin loaded with its native cargo proteins in mammalian cells (middle panel). By attaching the encapsulation 
sequences of the native cargo proteins to non-native proteins, artificial organelles can be formed. These can be applied 
for in vivo stabilization of loaded proteins (top left), reconstitution of split-fluorescent and split-bioluminescent 
proteins (top right), iron biomineralization (bottom right), and even the formation of a melanosome that converts 
tyrosine into melanin (bottom left).63 Figures adapted with permission from Ref. 62, 63. Copyright 2018 Lau et al. 
and Sigmund et al..
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1native proteins and enzymes via specific recognition tags.65 These tags were derived from the 
C-terminal domain of the native guest RS and allowed cargo sorting during cargo and capsid 
protein coproduction in E. coli. In addition, after purification of the loaded BsLS capsids, subtle 
pH and buffer changes allowed cargo dissociation and subsequent expansion of the BsLS capsid 
resulting in cargo release, which is promising for future responsive in vivo cargo-release systems. 
Another in vitro cargo release system was generated by the genetic incorporation of a cysteine into 
the interior of the Aquifex aeolicus LS (AaLS).66 Small molecule cargoes were loaded via disulfide 
bonding and later released by reduction of the disulfide bond. Although such responsive release 
is very interesting for drug delivery approaches as the reducing environment of the cytosol would 
result in cargo release, it is not very beneficial for in vivo artificial organelle development as it 
could hamper encapsulation in cellulo. 

The AaLS protein cage has been extensively engineered by Donald Hilvert and coworkers.64 
For example, the size of the capsid has been expanded greatly from an external diameter of 
15 nm to 39 nm by the introduction of negatively charged residues on the luminal surface.67,72 
As the internal volume increased 58 times by this size increase, such enlargement allows for 
the incorporation of larger proteins or increased numbers of cargo, which could enhance the 
enzymatic load of artificial organelles. Besides increasing the size of the AaLS nanocage, Hilvert 
and coworkers have focused on finding ways to tailor the morphology of assembled structures.73 

Hereto, they made circularly permuted variants of the native AaLS protein that could self-
assemble into tubular or spherical structures in E. coli. In addition, the modified AaLS proteins 
could coassemble together with the wild-type or other modified AaLS proteins, allowing for a 
high degree of control over the final properties of the capsid. This could be great for tailoring 
capsid properties to optimize catalytic functions of artificial organelles.

In addition to these structural improvements, a very efficient cargo-loading strategy has also 
been developed, similar to what has been described for ferritin in section 1.2.1. Hereto, the anionic 
residues on the interior face of the AaLS-13 capsid were employed as they can facilitate the in 
vitro encapsulation of oppositely charged cargo proteins, which for example, led to up to 100 
complementary charged GFP(36+) molecules per capsid.67 These charge interactions were further 
used to encapsulate two fluorescent proteins at once,68 or to (co-)encapsulate active enzymes by 
creating a genetic fusion between the positively charged GFP(36+) and the specific enzyme(s).66–71 
While this charge-based encapsulation approach led to the encapsulation of approximately 45 
enzymes per capsid, the confined environment of the AaLS cages did not increase the enzyme 
activity.69,70 The same trend was found for a dual-enzyme AaLS-based carboxysome mimic (Figure 
1.6), as co-encapsulation of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and 
carbonic anhydrase (CA) did not enhance the catalytic efficiency of the pathway.71 Nonetheless, 
enzyme function can be improved by encapsulation inside the AaLS nanocage as a result of 

Figure	1.6	|	Schematic	representation	of	an	AaLS-based	carboxysome	mimic.	The CA and RuBisCO enzymes 
are tagged with two different supercharged fluorescent proteins and encapsulated into the AaLS-13 protein cage via 
electrostatic interactions, yielding nanoreactors with CO2 fixating activity as demonstrated by the conversion of 
hydrogen carbonate and ribulose-1,5-bisphosphate into 2 molecules of 3-phosphoglycerate. Figure reproduced with 
permission from Ref. 71. Copyright 2016 American Chemical Society.
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protein protection against degradation. In addition, the charge complementarity was even used 
to create capsid-in-capsid structures where positively supercharged ferritins were encapsulated 
inside the AaLS-13 cavity.74 This could be useful for creating new artificial organelle architectures, 
possibly similar to mitochondria with a luminal and intermembrane compartment. Furthermore, 
the encapsulation approach based on complementary charges could be feasible for in vivo capsid 
loading as a similar strategy employing deca-arginine (R10) tags instead of the GFP(36+) tag was 
already successful in E. coli.75

Most interestingly, this R10 tag system was used in E. coli to increase the loading of AaLS 
capsids with the cytoplasmically toxic HIV protease via directed evolution of the AaLS capsid 
protein.76 Not only does this work demonstrate that in cellulo loading with an active enzyme is 
possible, but also that engineering approaches can increase the loading capacity further, possibly 
for each specific enzyme. Altogether, the modifications that have been made in the AaLS capsid 
illustrate how protein cages with a specific function in nature can be modified to adopt a new 
function. Such findings are of importance for future artificial organelle development both from 
AaLS capsids and from other protein cages. 

1.3.4 Virus capsids: repurposing protein cages into artificial 
organelles

Virus capsids, the sturdy protein shells of viruses and bacteriophages, comprise another class 
of protein-based nanocompartments that are abundant in nature and are being applied for 
nanoreactor engineering.15,77 In large contrast to encapsulins, virus capsids don’t already have a 
function as organelles, but are instead well-equipped to protect their viral genome and infect a 
particular host. Nonetheless, they form robust protein cages in a predictable manner, making 
them great for engineering into artificial organelles (Figure 1.3D). The focus in this field has been 
on controlling the stability and assembly of the capsids, cargo incorporation mechanisms, and 
more recently even on the incorporation of these systems inside living cells.

In 2007, the first nanoreactor was created from a virus by loading cowpea chlorotic mottle 
virus (CCMV) capsids with HRP.78 As this viral capsid can be reversibly assembled by a pH switch, 
the cargo enzyme could be incorporated by mixing it with disassembled coat proteins in vitro 
and subsequently lowering the pH to 5.0 to trigger assembly into 28 nm capsids with T = 3 
icosahedral symmetry. Since then, the focus in the CCMV field has been on the development 
of more specific and efficient cargo incorporation strategies,79–82 as well as on improving capsid 
assembly and stability under in vivo conditions.83–85 Enzyme loading into CCMV capsids has been 
improved by the use of peptide coiled-coil interactions,79,80 genetic fusion,80 covalent attachment 
of cargo to the capsid interior by a Sortase A enzyme,81 and single-stranded DNA tags.82 In most of 
these strategies the N-terminus of the CCMV coat protein, which is located on the capsid interior 
and normally interacts with the viral RNA, was modified to enable more specific and efficient 
cargo loading. Although none of the described cargo-loading methods have been employed in 
vivo yet, the modularity of the used systems allows for great flexibility once encapsulation is 
achieved in vivo. 

Besides the in vitro capsid loading strategies described above, important steps have been 
taken towards the in vivo use of CCMV nanoreactors by improving capsid assembly and stability 
under physiological conditions. Hereto, a protein block copolymer consisting of the CCMV coat 
protein and an N-terminally fused ELP domain was generated.83 By making use of the stimulus-
responsive behavior of the incorporated ELP, assembly of 18 nm CCMV capsids with T = 1 
icosahedral symmetry was achieved above a certain temperature or ionic strength at physiological 
pH, without affecting the natural pH-induced capsid self-assembly. Further optimization of the 
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ELP sequence allowed for capsid assembly at nearly-physiological conditions84 and enhanced 
stability of the resulting capsids.85 Most importantly, one of the ELP-CCMV variants could be 
isolated from E. coli in a self-assembled state, indicating that the ELP domain stabilizes empty 
CCMV capsids to such an extent that self-assembly in vivo could be possible. In addition, 
although CCMV nanoreactors have not yet been used as artificial organelles in vivo, promising 
developments towards the therapeutic use of these capsids86 indicate that in vivo use is feasible. 
Hence, combining the discussed enzyme loading and cargo-independent capsid stabilization 
strategies could lead to CCMV-based artificial organelles in the future. 

In addition to the plant virus CCMV, several bacteriophages have been engineered into 
artificial organelle (precursors). Since these are already present and stable inside bacteria, the 
focus of engineering of these cages has been mostly on finding methods to incorporate useful 
cargo enzymes. For example, the bacteriophage Qβ was loaded by the attachment of RNA 
tags to cargo enzymes.87 These RNA tags consisted of the Qβ genome packaging hairpin that 
interacted with the interior of the Qβ capsid and an α-Rev aptamer that could bind to a Rev-
tag attached to the cargo enzyme. By co-expression of the Qβ coat protein, the RNA tag, and 
the Rev-tagged enzyme, cargo loading was achieved in vivo. More importantly, encapsulation 
of aspartate dipeptidase E (PepE) enhanced the enzyme’s thermostability and the PepE enzyme 
was protected from proteases. Furthermore, the modularity of this strategy allowed for the 
incorporation of a wide variety of cargo enzymes88,89 and consequently their stabilization against 
a number of denaturing conditions89 as well as for the combination of this approach with existing 
surface tagging methods90, which makes it feasible for the development of artificial organelles 
with a range of different functions.

Another bacteriophage that is being used for nanoreactor engineering is MS2. Enzyme 
incorporation into this 27 nm icosahedral protein cage has been achieved via charge interactions 
of the RNA-binding motif of the MS2 capsid protein with a DNA or polyanionic tag attached 
to the cargo enzyme.91 In addition, the potential to regulate the inflow of substrates and the 
outflow of products by modification of the pore structure has been established.92 Although these 
examples illustrate the great potential of MS2 engineering for nanoreactor development, the 
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Figure	1.7	 |	Schematic	overview	of	MS2	based	artificial	organelles.	A) In vivo cargo loading strategy based 
on the introduction of a SpyTag in the MS2 interior and attachment of a SpyCatcher moiety to the cargo protein. 
B) Epifluorescence (top) and transmission electron (bottom) microscopy images of E. coli expressing MS2 
compartments represented by bright fluorescent spots (top, mNeongreen) or arrows (bottom). C) MS2 organelles 
loaded with tryptophanase TnaA and (NADPH)-dependent flavin-containing monooxygenase catalyze the 
formation of indigo from L-tryptophan in vivo. Figures reproduced with permission from Ref. 93. Copyright 2016 
Wiley-VCH.
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power of the MS2 capsid for artificial organelle production was actually demonstrated in a more 
recent report in which in vivo cargo loading and self-assembly of this protein cage were discussed 
(Figure 1.7).93 In this work the SpyTag-SpyCatcher system94 was employed to allow for specific 
cargo protein encapsulation. Genetic fusion of the SpyCatcher protein to two different cargo 
enzymes and of the SpyTag to an unstructured loop of the MS2 coat protein allowed for the 
formation of a covalent linkage between the cargo enzymes and the capsid interior in E. coli and 
subsequent loading of the capsids with a two-enzyme catalytic cascade.93 This highly selective 
strategy led to an increase of the stability of the enzymes in vitro and more importantly enhanced 
the enzymatic activity of the full cascade with 60 % in vivo. 

Lastly, the bacteriophage P22 is being extensively studied for development into nanoreactors. 
The self-assembly of this capsid is slightly different than for the other virus-like particles 
(VLPs) discussed above, since the assembly of the 420 identical coat proteins is templated 
around 100 to 330 copies of a specific scaffold protein (SP) and results in the formation of a 
58 nm procapsid with T = 7 icosahedral symmetry.95,96 Interestingly, only a small portion of 
the scaffold protein is essential for templating capsid formation and the genetic fusion of this 
short domain to a variety of enzymes has resulted in the generation of a range of nanoreactors 
with assorted functionalities.95–100 A very interesting nanoreactor among these was loaded with 
a three-enzyme cascade, stressing the power of the P22 capsid for bringing enzymes together 
in a confined environment.99 An alternative approach that has been applied in order to achieve 
co-encapsulation employs genetic fusions of the individual enzymes to scaffold proteins, which 
was successful for a two-subunit enzyme97 and co-incorporation of a ferritin cage together with 
an enzyme.101 These examples demonstrate the potential of the P22 capsid for artificial organelle 
development as specific cargo encapsulation can be achieved in E. coli and different strategies 
have been developed to bring catalysts or pathways together. Nevertheless, enzyme activity has 
not yet been studied in vivo.

The focus of P22 research has not only been on cargo encapsulation, but the dynamics 
and stability of the assembled capsids95,96,102,103 as well as in vitro cargo retention, release, and 
incorporation104–106 have been extensively studied as well. Interestingly, the isolated P22 capsid 
can undergo several rearrangements leading to cargo release upon temperature triggers.95,96 
Treatment with sodium dodecyl sulfate102 or guanidine hydrochloride104 can trigger the release 
from SP as well. Via these approaches, the packaging density of the P22 capsids can be varied 
and the catalytic properties of an alcohol dehydrogenase (AdhD) have been controlled.106 
Although the demonstrated control over P22 dynamics and interior density can be quite easily 
translated into control over catalytic activity under in vitro conditions, the requirement for high 
temperatures and high chemical concentrations does not quite work for in vivo studies. A recent 
report on the controlled release of cargo and SP from P22 capsids has focused on factors that are 
more feasible in vivo.105 In this report, it was demonstrated that cargo release or retention from 
P22 capsids is dependent on a combination of electrostatic interactions and compatibility of 
cargo size and pore size. Therefore, by tuning the ionic strength, cargo pI, SP size, and P22 pore 
size, conditions were found to favor cargo retention or release. Such a strategy could possibly be 
translated into an in vivo approach in which P22 artificial organelles can be assembled inside 
cells and subsequently their activity can be tuned.

Altogether, these results with viral cages demonstrate the engineering potential that has been 
employed to reprogram natural protein cages into artificial organelles. Although every VLP has 
its own advantages, such as the reversible self-assembly of CCMV and the great thermostability of 
Qβ, and challenges, such as the stabilization of CCMV in vivo and the enhancement of dynamics 
of P22, some engineering approaches can be applied for multiple VLPs. For example, the in vivo 
cargo loading approach established for MS293 could be adopted to other VLPs as well. Moreover, 
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the ELP-stabilization method used for CCMV83–85 could be employed to make the self-assembly 
of other VLPs more tunable. One challenge that remains for VLP-based artificial organelles in 
general is the lack of knowledge on the advantage of enzyme encapsulation inside these protein 
cages in vivo compared to free enzymes. Therefore, future research should focus on establishing in 
vivo catalytic activity of the new artificial organelles. Thus, by combining the already established 
engineering strategies with new approaches to overcome common challenges, artificial organelle 
development from viral capsids can be advanced greatly in the future. 

1.3.5 Designed protein cages: building protein-based 
artificial organelles completely from the bottom up

In addition to engineering already existing organelles or protein cages into artificial organelles, 
one can also consider designing and constructing completely new organelles (Figure 1.3E). Even 
though this approach requires a considerable understanding of the factors involved in protein 
self-assembly into complex structures107 as well as tremendous computing power, recent advances 
in computer-aided de novo protein design108 have paved the road for the development of protein 
cages from scratch.109–113 Although most of the progress in this research field has been focused 
on assembly and stability of the protein cage itself, promising developments have led to the 
introduction of catalytic activity or to the production of designed protein cages in vivo.

Initially, Yeates and coworkers established that symmetry and geometry are two essential 
parameters in the design of self-assembling protein cages.110,114 They established the formation 
of a tetrahedral protein cage by creating a genetic fusion of two multimeric proteins that were 
connected by an α-helical domain. In this system, the multimeric proteins determine the 
symmetry, while the rigidity of the α-helix provides the geometrical control necessary to favor 
a tetrahedral cage structure. Further improvements of this system, focusing on computer-aided 
design by the Yeates and Baker labs, have led to the design and formation of various additional 
protein cages109,113,115,116 and more recently to the formation of two megadalton scale protein cages 
with two112 or three117 symmetry elements. This is a great achievement as these cages are of similar 
size as the viral cages described above and it stresses the importance of combining computer 
power and an extensive understanding of the biochemistry involved. In a slightly different 
approach, March and coworkers have used (combinations of multimeric proteins and) multimeric 
α-helical coiled-coil peptides to design and build novel protein cages.118–122 Such an approach 
can be beneficial as coiled-coil engineering can be used to create more different symmetry axes 
and it is not limited to oligomerization domains that nature provides us with. In general, these 
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Figure	1.8	|	Schematic	representation	of	a	self-assembling	de novo	designed	octahedral	protein	cage.	Self-
assembly is based on a trimeric esterase and tetrameric coiled-coil peptides that are genetically fused via flexible 
spacers. Esterase activity is maintained in vitro upon self-assembly as demonstrated by hydrolysis of p-nitrophenyl 
acetate. Figure reproduced with permission from Ref. 120. Copyright 2016 National Academy of Sciences.
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developments in the designed protein cages field hold great promise for artificial organelle 
development as it might in the future become possible to tailor-make protein cages for specific 
catalytic purposes. Furthermore, protein cages can be optimized to have beneficial self-assembly 
dynamics inside a specific cell type. Although there are still some challenges such as solubility 
issues to overcome,113 and most of the above-mentioned reports are mainly focused on the design 
of protein cages, there have already been a few promising results regarding the functionalization 
of these designed cages.109,111,120,123,124 For example, the model protein green fluorescent protein 
(GFP) has been incorporated into a designed icosahedron by genetic fusion to the cage 
monomers.109 Interestingly, the size of the entrance and exit channels of this designed cage could 
be controlled by the addition of a designed protein pentamer, which could be used in the future 
to modulate the influx and efflux of substrates and products, respectively. Another designed cage 
contained esterase activity as a trimeric esterase was employed as one of the symmetry-inducing 
components (Figure 1.8).120 Although the specific activity was slightly reduced compared to the 
free esterase, the fact that activity was maintained indicates that the esterase tertiary structure 
is not altered during assembly into the cage structure. In another striking example, designed 
protein cages have been used as a scaffold to bring two cellulase enzymes together, enhancing 
the overall speed of cellulose degradation.123 This work could be easily extended to bring other 
combinations of enzymes together and enhance the overall activity of their catalytic pathway. 

Most interestingly, designed protein cages have already been used in vivo. These so-called 
protein-origami cages (Figure 1.9A) have been produced by using one single protein chain 
containing coiled-coil staple regions124,125 in a similar fashion as for DNA origami.126 Although 
this self-assembly approach is somewhat different from most protein cage systems, e.g. in 
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Figure	1.9	|	A	self-assembling	de novo	designed	tetrahedral	protein	cage in vivo.	A) The protein-origami cage 
(TET12SN) design is based on a single protein strand containing coiled-coil regions. B) The two halves of a split-
luciferase are attached to both ends of the protein origami strands, allowing for reconstitution of bioluminescence 
upon formation of the protein cage (TET12Ssplit-reporter). As a negative control the sequence of the protein 
origami strand is scrambled (Tet12SScrsplit-reporter) to prevent protein cage formation and reconstitution of 
bioluminescence. Hydrodynamic delivery of plasmids allows for expression of the artificial organelle in the liver, 
which can be monitored by the luciferase activity. C) In vivo imaging based on split-luciferase reconstitution 
demonstrating bioluminescent activity in the liver only when the plasmid for the correctly folding TET12S cage was 
delivered. Figure reproduced with permission from Ref. 124. Copyright 2017 Springer Nature.
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that it is not the product of self-assembly of identical building blocks, it is very promising for 
further development because of the lesser importance of symmetry and thus more freedom in 
the design. Moreover, a split fluorescent protein, as well as an activatable split-luciferase, were 
incorporated into the coiled-coil protein origami (CCPO) cages, demonstrating the feasibility 
of protein encapsulation and functional assembly within these structures.124 Another important 
feature that makes these CCPOs great candidates for artificial organelle development is the 
fact that they can self-assemble in both bacterial and mammalian cells as well as in living mice 
(Figure 1.9B,C), while maintaining luciferase activity and without introducing any toxicity.

Therefore, although this is still an emerging field, designed protein cages can be very 
instrumental in artificial organelle development. Especially the plethora of design features that 
can be included is very promising. For example, protein cages can be designed in a scalable127 
or adaptable128 manner by incorporating split inteins or disulfide interactions, respectively. 
Alternatively, capsid assembly can be controlled allosterically129 or via chemical, thermal, and 
redox control over metal coordination.130 By using and exploring all of these features, our 
understanding of these strategies grows and the road towards designed artificial organelles is 
paved. In addition, this knowledge can be potentially used to engineer existing protein cages in 
order to achieve optimal properties for a specific artificial organelle. The extent of expertise that 
has been developed on the design of self-assembling proteins can be instrumental for gaining 
control over the specific properties of protein cages in such a way that researchers are no longer 
limited to the features that nature provides us with. Together with, for example, developments 
in de novo design of enzymes,131,132 designer protein cages could allow for the development of 
completely new organelles perfectly optimized for their specific function.

1.4 Aim and outline of the thesis
As discussed above, compartmentalization is one of the main strategies by which nature allows 
for control over many biological processes. As such, organelles are essential for the proper 
functioning of living cells. Researchers have been inspired by nature to construct artificial 
organelles to either add new functionalities or to correct dysfunctional processes in living cells. 
This can be done by either using synthetic components to produce artificial organelles in vitro 
or in situ by using components that can be produced within a cell. The latter approach requires 
the biosynthesis of the artificial organelle compartments. As such, protein-based nanocages are 
excellent candidates for engineering towards this end. We thus hypothesized that a previously 
engineered variant of the plant virus CCMV that is fused to a stabilizing ELP domain could be 
employed in the manufacturing of artificial organelles.

The research described in this thesis is aimed at developing ELP-CCMV capsids into artificial 
organelles that can be used for expanding the functionality of cells (Figure 1.10). In this context, 
we have determined several requirements for the engineering of empty capsids into catalytically 
active nanoreactors that can be employed to induce an intracellular response. That is, the stability 
of the nanocage under physiological conditions should be sufficient to remain assembled. Then, 
it should be possible to introduce cargo proteins into the capsids and in the case of enzymes, 
these should remain catalytically active while encapsulated. Finally, the enzymatic activity 
should allow for the induction of a beneficial cellular response.

In chapter	2, we present studies aimed at further investigating the potential of the engineered 
hybrid ELP-CCMV capsids as compartments for in vivo artificial organelle development, by 
studying the self-assembly behavior and stability of three different ELP-CCMV variants in 
physiologically relevant conditions. To this end, we thoroughly studied the assembly state with 
dynamic light scattering (DLS) and the protein stability with UV-vis spectrometry. We aimed 
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at finding a protein nanocage that can self-assemble under physiological conditions and is 
sufficiently stable to remain assembled for extended time periods. The most hydrophobic VW1-
VW8 ELP-CCMV variant was found to be most suitable for development into artificial organelles 
as it remained stably assembled into capsids in all conditions tested.
Chapter	 3 describes the evaluation of the self-assembly dynamics of the promising VW1-

VW8 ELP-CCMV variant during capsid size changes. Hereto, we first developed a protocol 
for experimentally evaluating the capsid dynamics and change in size upon pH decrease and 
increase with size exclusion chromatography (SEC). We then studied the capsid size over 
prolonged time periods to evaluate at what time scale(s) capsids underwent a size change. We 
observed that, although the capsids did not completely disassemble, a size shift was still possible, 
with capsids increasing in size upon a pH decrease and undergoing a size reduction induced by 
pH increase. Finally, our experimental results were described with a mathematical model based 
on the classical nucleation theory (CNT) of virus capsids in order to comprehend the possible 
underlying mechanisms via which the VW1-VW8 ELP-CCMV capsids change in size dynamically. 
Combined, these results indicate that the capsids are still dynamic and can interact with their 
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Figure	1.10	 |	Overview	of	the	research	towards	artificial	organelles	based	on	the	ELP-CCMV	capsid	that	
is	described	in	this	thesis.	Chapter 2 focuses on the in vitro self-assembly behavior and stability of stabilized 
ELP-CCMV variants in physiologically relevant conditions. In chapter 3 in vitro capsid polymorphisms of the VW1-
VW8 ELP-CCMV variant are discussed. Chapter 4 describes the development of cargo loading strategies for the 
VW1-VW8 ELP-CCMV variant. In chapter 5 an in vivo cargo loading strategy is employed to produce nanoreactors 
which catalytic activity can induce an intracellular response. Chapter 6 reports on our progress towards generating 
in cellulo systems that allow for protection of a destabilized cargo protein.
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environment, which is promising for the development of responsive or adaptive artificial 
organelle systems.

In chapter	4 we report on the development of strategies aimed at efficiently loading VW1-
VW8 ELP-CCMV capsids with cargo proteins. Although cargo loading has already been achieved 
with CCMV capsids before, most of the current strategies are either dependent on the disassembly 
into dimers or not feasible in vivo. Therefore, those approaches are not compatible with our VW1-
VW8 ELP-CCMV capsid or artificial organelle systems. Hence, we focus on alternative cargo 
encapsulation strategies. We first explored two methods that facilitate in vitro cargo loading. To 
this end, we re-engineered a Sortase A-mediated functionalization strategy and demonstrated 
that the model protein mEGFP could be loaded in vitro by mixing empty VW1-VW8 ELP-CCMV 
capsids with mEGFP-fused VW1-VW8 ELP-CCMV protein, which cannot form capsids by itself. 
We then continued to develop an in vivo cargo-loading method, which would allow for in situ 
organelle formation. Hereto, we co-expressed VW1-VW8 ELP-CCMV and mEGFP-VW1-VW8 
ELP-CCMV in E. coli, which resulted in mEGFP-containing capsids after purification.

We continued in chapter	 5 by repeating the co-expression procedure to incorporate an 
enzyme, PylD, into the VW1-VW8 ELP-CCMV capsids, thereby creating active nanoreactors. 
Our goal was to couple VW1-VW8 ELP-CCMV nanoreactor activity to the activation of an 
intracellular response. The incorporated PylD enzyme catalyzes the final step in the biosynthesis 
of pyrrolysine, a noncanonical amino acid (ncAA). We incorporated this enzyme into the 
VW1-VW8 ELP-CCMV capsids and evaluated the activity of the resulting nanoreactors for the 
production of an ncAA in vitro. We then continued to study the incorporation of the produced 
ncAA into amber-tagged EGFP co-translationally and site-specifically in a previously established 
E. coli system, thereby demonstrating how our artificial organelle precursors could be employed 
towards the induction of an intracellular response.

In chapter	6 we attempted to employ our artificial organelle system to induce intracellular 
functionality. We hereto introduced N-terminal degradation domains in order to express a 
destabilized mEGFP-VW1-VW8 ELP-CCMV protein, which is quickly degraded by proteases 
after its expression. We hypothesized that by inducing the co-expression of the VW1-VW8 
ELP-CCMV capsid protein and mEGFP-VW1-VW8 ELP-CCMV the formation of capsids would 
be achieved, which would lead to stabilization of the mEGFP-VW1-VW8 ELP-CCMV protein, 
thus demonstrating the added advantage of an artificial organelle system. We have tested this 
hypothesis both in E. coli and a mammalian cell line, HEK293T.

Together, the results that are described in this thesis, demonstrate the progress we have made 
towards the development of ELP-CCMV nanoparticles into functional artificial organelles. These 
results could form the basis for further research focusing on successful implementation of these 
artificial organelles in in cellulo conditions.
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Self-assembly and stabilization 
of hybrid cowpea chlorotic 

mottle virus particles under 
nearly physiological conditions

CHAPTER 2



Abstract
Capsids of the cowpea chlorotic mottle virus (CCMV) hold great promise for use as nanocarriers 
in vivo. A major drawback, however, is the lack of stability of the empty wild-type virus particles 
under physiological conditions. In this chapter, we report on the assembly behavior and stability 
under nearly-physiological conditions of protein-based block copolymers composed of the 
CCMV capsid protein and two hydrophobic elastin-like polypeptides. UV-vis spectrometric 
studies, dynamic light scattering analysis, and transmission electron microscopy measurements 
demonstrate that both hybrid variants form stable capsids at pH 7.5, physiological NaCl 
concentration and 37 °C. The more hydrophobic variant also remains stable in a cell culture 
medium. These engineered hybrid CCMV capsid particles can therefore be regarded as suitable 
candidates for in vivo applications, such as artificial organelle development.

This chapter has been published as:
S. B. P. E. Timmermans*, D. F. M. Vervoort*, L. Schoonen, R. J. M. Nolte and J. C. M. van Hest. 
Self-assembly and stabilization of hybrid cowpea chlorotic mottle virus particles under nearly 
physiological conditions. Chemistry - An Asian Journal, 2018, 13, 22, 3518-3525 
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2.1 Introduction
As discussed in the previous chapter, protein-based nanocages are very promising for in vivo 
artificial organelle development, since their protein building blocks can be produced by cells. 
Evidently, solely protein expression is not sufficient for in vivo formation of an organelle, since 
the capsule structure should also be able to self-assemble and to remain stable inside the cellular 
environment. In addition, adaptive stimulus-responsive behavior of the protein nanocage could 
be an interesting feature allowing for interactions between the artificial organelle and other 
intracellular compartments or components. As such, the cowpea chlorotic mottle virus (CCMV) 
capsid is a very interesting candidate for artificial organelle development. This virus-like particle 
(VLP) distinguishes itself from other viral nanocages through its reversible assembly behavior. At 
neutral pH, capsid protein dimers exist in solution, which spontaneously assemble into 28 nm 
sized capsids with a triangulation number T = 3 upon lowering the pH to 5.0.1,2 This process is 
completely reversible, and, remarkably, can take place without the viral RNA being present. This 
allows facile loading of a cargo into the capsids, which is essential for the application of CCMV 
capsids as nanocarriers.3 Cargo encapsulation can be achieved in two ways: (i) in a statistical 
fashion, i.e. the cargo is added to the capsid protein dimers and the pH of the solution is lowered 
to 5.0 to induce capsid formation and simultaneous cargo encapsulation;4,5 or (ii) through the 
(non-)covalent attachment of a cargo to the capsid protein N-termini. In this way the cargo ends 
up on the inside of the capsid after assembly.6,7 A major disadvantage of the wild-type CCMV VLP 
is that it is not stable under physiological conditions: at neutral pH the capsids disassemble again 
into capsid protein dimers. Nevertheless, successful in vitro and in vivo studies with CCMV have 
been reported.8–10 These studies, however, involved stabilized capsids, i.e. capsids encapsulating 
the viral RNA or a negatively charged synthetic polymer mimicking the nucleic acid. Although 
these polymers offer the required stabilization at physiological conditions, the dependence of 
capsid assembly on the addition of these components makes this approach unfeasible under in 
vivo conditions. In addition, the presence of the stabilizing components could interfere with the 
encapsulation of an additional cargo enzyme. Therefore, we are interested in tuning the stability 
of the capsid proteins such, that no additional compound, e.g. a negatively-charged polymer, is 
required to keep the capsids stable at physiological conditions.

Previously, a variant of the CCMV capsid protein was developed in our laboratory, which 
involved the substitution of the cationic nucleic acid-binding domain at the N-terminus by 
a short elastin-like polypeptide (ELP).11 ELPs are stimulus-responsive peptides, consisting 
of repeating VPGXG pentapeptides (where the guest residue X can be any amino acid except 
proline). These peptides can be reversibly switched from a water-soluble state to an insoluble, 
hydrophobic state, upon changes in the environmental conditions, such as the temperature or 
salt concentration.12 In addition, ELP phase transitions are dependent on the hydrophobicity 
of the guest residues, the number of repeats, and the ELP concentration. The introduction of 
this stimulus-responsive peptide to the CCMV capsid proteins yielded the native ELP-CCMV 
variant with expanded self-assembly properties: upon an increase of the temperature or salt 
concentration, spontaneous assembly into smaller T = 1 particles of roughly 18 nm was achieved 
at pH 7.5.11 Although 2 M NaCl was still needed to achieve assembly, this assembly could at least 
be realized at a physiologically relevant pH. 

In order to create ELP-CCMV variants with higher stability at lower salt concentrations, 
hydrophobic residues were introduced in the ELP-domain of the ELP-CCMV capsid protein. 
Hereto, the native ELP-CCMV construct containing a hexahistidine tag (His6-ELP-CCMV(ΔN26)) 
was used as the initial variant. This ELP sequence, VPGVG-VPGLG-VPGVG-VPGLG-VPGVG-
VPGLG-VPGGG-VPGVG-VPGLG, contains as guest residues (the fourth amino acid of each 
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pentapeptide repeat) four times a valine, four times a leucine, and once a glycine. This species 
can also be described by the general notation ELP[V4L4G1-9], where the ratio of the guest residues 
is mentioned, followed by the number of pentapeptide repeats. It was shown that changing 
only one or two out of the nine guest residues in the ELP fragment was enough to observe a 
significant decrease in the so-called ‘transition salt concentration’.13 The two most promising 
hydrophobic ELP-CCMV variants, VY1-VY8 ELP-CCMV (ELP[Y2V2L4G1-9]) and VW1-VW8 
ELP-CCMV (ELP[W2V2L4G1-9]) were developed by introducing valine to tyrosine and valine to 
tryptophan mutations, respectively, at the guest-residue of the first and eighth ELP pentapeptide. 
These variants remarkably assembled at 150 mM NaCl, which is close to the physiological salt 
concentration, indicating the potential of these ELP modified CCMV capsids as nanocarriers for 
in vivo studies.

In this chapter, we present a systematic investigation aimed to elucidate the potential of these 
two ELP-CCMV variants as compartments for in vivo artificial organelle development. To this end, 
we thoroughly studied the assembly behavior of these capsid proteins under nearly physiological 
conditions. We aimed at finding a protein nanocage that can self-assemble under physiological 
conditions and is sufficiently stable to remain assembled for extended time periods. Particular 
attention will therefore be given to the aspects of assembly state and capsid stability.

2.2 Results and Discussion

2.2.1 Assembly behavior of the ELP-CCMV variants

In order to investigate the assembly behavior and stability of the hydrophobic ELP-CCMV 
variants, the pH-induced, hollow T = 3 particles were either diluted in a pH 5.0 buffer or spin-
filtrated to a pH 7.5 buffer with NaCl concentrations ranging from 150 to 2500 mM and a final 
protein concentration of 20 µM. The stability of the ELP-CCMV variants in the pH 7.5 buffer 
was of interest for in vivo applications, while the experiments in the pH 5.0 buffer allowed for a 
comparison of the stability of the ELP-induced particles with that of the pH-induced particles. 
The assembly behavior and stability were followed over time by dynamic light scattering (DLS) 
and UV-vis spectroscopy. The DLS measurements were used to assess the amounts of capsids and 
dimers that were present in the protein solution, thus indicating the assembly behavior of the 
capsid proteins. The stability of the proteins in solution was assessed with UV-vis spectroscopy. 
When protein aggregation occurred, the samples became considerably turbid. The soluble 
protein concentration (remaining protein) was measured at several time points by determining 
the absorbance at 280 nm after removal of the precipitated protein. 

In a first series of experiments the assembly behavior and stability of the native ELP-CCMV 
variant were determined in several buffers (Figure 2.1). Interestingly, this native ELP-CCMV 
showed surprisingly high stability up to 50 °C in pH 5.0 buffer (T = 3 particles by pH-induced 
assembly), as indicated by the DLS and UV-vis spectroscopy results. However, over an extended 
incubation period in these conditions a large fraction of the protein aggregated. In pH 7.5 buffer 
containing 2.5 M NaCl (T = 1 particles by ELP-induced assembly) the protein also demonstrated 
high stability, however at more physiological relevant salt concentrations (500 mM NaCl) capsid 
assembly did not occur, as indicated by the DLS results. This had been reported previously, and 
indicates the need for more hydrophobic variants.13 

Next, the assembly behavior of both hydrophobic variants was determined (Figure 2.2). 
DLS experiments showed that the capsids of these variants remained assembled in pH 5.0 
buffer. Interestingly, in pH 7.5 buffer containing 500 mM NaCl the capsids did not completely 
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disassemble, indicating the higher stability of these hydrophobic variants compared to the native 
ELP-CCMV (Figure 2.2, middle panel). Since ELP-CCMV assembly behavior and stability are 
dependent on many variables, i.e. salt, capsid protein concentration, pH, temperature, and time,12 
a more extensive dialysis was performed overnight at 4 °C to evaluate the resistance of these more 
hydrophobic variants towards full capsid disassembly. Although the native and VY1-VY8 ELP-
CCMV showed complete disassembly into dimeric capsid proteins after this extended protocol, 
the VW1-VW8 ELP-CCMV capsid proteins remained fully assembled (Figure 2.2, right panel). 
Additional experiments showed that disassembly of the VW1-VW8 ELP-CCMV variant was not 
even achieved after further reducing the NaCl, MgCl2, and protein concentration to 0 µM, 0 µM 
and 5 µM, respectively (Figure 2.3A). Even more interestingly, DLS measurements showed that 
capsids of the VW1-VW8 ELP-CCMV variant were already present during protein purification 

Figure	2.1	|	Overview	of	the	assembly	states	of	native	ELP-CCMV.	Native ELP-CCMV was incubated in various 
buffers for 1 hour at the indicated temperatures. The particle size was determined by DLS (A), while the remaining 
soluble protein fraction (in either dimer or particle form) was determined by UV-vis spectroscopy (B). The DLS 
and UV-vis data were combined in a phase diagram (C) where the protein stability is highlighted with colors (red = 
0 %-24 % and green = 75 %-100 % remaining protein) and the particle size is shown in the panels as pH-induced 
particles (pH 5.0, left), ELP-induced particles (pH 7.5 middle), dimers and aggregates (pH 7.5, right). 
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Figure	2.2	|	Assembly	behavior	of	ELP-CCMV	variants.	DLS number distributions of native, VY1-VY8 and VW1-
VW8 ELP-CCMV (20 µM) after dilution in pH 5.0 buffer measured at 21 °C (left), after spin-filtration to pH 7.5, 500 
mM NaCl measured at 4 °C (middle) and after overnight dialysis to pH 7.5, 100 mM NaCl measured at 4 °C (right).
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steps (Figure 2.3B), indicating that self-assembly can take place either already in the bacteria 
during protein expression or very rapidly during or after cell lysis. These latter findings make 
especially the VW1-VW8 ELP-CCMV variant very interesting for artificial organelle development 
based on the assembly behavior of the coat proteins.  

2.2.2 Optimization of capsid assembly in nearly-
physiological buffer

Although it was observed before that pre-formed VY1-VY8 ELP-CCMV capsids could remain 
assembled at 150 mM NaCl in pH 7.5 buffer,13 we observed that self-assembly after complete 
disassembly into dimers was not feasible under these conditions (Figure 2.4, method 1). 
Instead, severe protein aggregation occurred in this buffer. As we were interested in assessing 
the suitability of both hydrophobic ELP-CCMV variants for artificial organelle development 
based on the stability of their capsids under nearly-physiological conditions we attempted to 
improve the stability of the VY1-VY8 ELP-CCMV variant. Our initial data suggested (Figure 
2.4) that aggregation of the VY1-VY8 ELP-CCMV coat protein occurred quicker than capsid 
assembly at a 20 µM concentration in pH 7.5 buffer with 150 mM NaCl. Therefore, we opted to 
find a procedure that reduced aggregation and at the same time accelerated capsid formation. 
At physiological pH, the assembly of VY1-VY8 ELP-CCMV capsids is driven by the N-terminal 
ELP domain11 and is thus a kinetic process dependent on e.g. protein and NaCl concentration, 
and temperature12, as opposed to thermodynamically driven self-assembly known for other 
peptide domains.14 Accordingly, we initially adapted the existing protocol by adding a gradual 
temperature increase to 37 °C before incubating the protein solution at this temperature (Figure 
2.4, method 2). The rationale behind this approach was to allow the capsid proteins to slowly 
undergo temperature-induced changes at temperatures that are suitable for capsid assembly but 
do not induce aggregation. Although this approach indeed reduced the degree of aggregation, 
capsid assembly was not improved sufficiently. Therefore, we focused on the other factors that 
can influence ELP self-assembly and increased the initial protein and NaCl concentrations to 
100 µM and 500 mM, respectively, in order to further promote capsid formation. In addition, 
we allowed the VY1-VY8 ELP-CCMV coat protein to self-assemble at 21 °C or 30 °C, temperatures 
that did not induce protein aggregation, before dilution to 20 µM VY1-VY8 ELP-CCMV and 150 
mM NaCl and subsequent incubation at 37 °C (Figure 2.4, method 3). This approach resulted 
in the formation of capsids that remained assembled at 37 °C for at least 2 hours, while protein 
aggregation was minimized. A further change in the procedure, i.e. by introducing a gradual 
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temperature increase after capsid formation, right before incubation at 37 °C, did not improve 
capsid self-assembly or stability further (Figure 2.4, method 4), indicating that VY1-VY8 ELP-
CCMV capsids are less sensitive to temperature changes than coat protein dimers or intermediate 
assemblies.

2.2.3 Stability of hydrophobic ELP-CCMV capsids in nearly-
physiological buffer

After having established that we can stabilize both VY1-VY8 ELP-CCMV and VW1-VW8 ELP-
CCMV capsids under nearly-physiological conditions, we were interested in determining the fate 
of these capsids during prolonged incubation. Hereto, we first assembled capsids via method 3a 
(Figure 2.4) and then incubated these particles at temperatures ranging from 4 °C to 50 °C for 
up to 24 hours. Capsid assembly state and protein stability were evaluated by employing DLS 
and UV-vis spectroscopy, respectively. In order to get a better understanding of what factors 
are important in determining the protein stability and assembly state, we compared the fate of 
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the solution is diluted to 20 µM VY1-VY8 ELP-CCMV and 150 mM NaCl and incubated at 37 °C. In method 4 the 
temperature is slowly increased with 1 °C per min. after dilution of the capsid solution to 20 µM protein and 150 mM 
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VY1-VY8 ELP-CCMV capsids with the nanocages formed by the more hydrophobic VW1-VW8 
ELP-CCMV variant and the less hydrophobic native ELP-CCMV. We discovered that the capsids 
formed by VY1-VY8 ELP-CCMV coat proteins remained assembled at temperatures above 21 °C 
in the buffer that mimics physiological conditions, while at 4 °C no capsids could be observed 
by DLS (Figure 2.5A). In addition, the protein demonstrated remarkable stability at 30 °C for at 
least 24 h. More importantly, even at 37 °C, it was quite stable in the considered time period, with 
the protein concentration gradually decreasing over time (Figure 2.5C). Transmission electron 
microscopy (TEM) analysis (Figure 2.6, Table 2.1) confirmed that capsids were present at 37 °C 
during the complete 24 hour incubation period. 

Interestingly, the VW1-VW8 ELP-CCMV coat protein, containing two more hydrophobic 
tryptophan residues instead of tyrosines in its ELP domain, remained assembled into capsids 
even at 4 °C in the same buffer conditions (Figure 2.5B), indicating the importance of capsid 
stabilization by ELP assembly. More importantly, while the protein sequences of the VY1-VY8 
ELP-CCMV and VW1-VW8 ELP-CCMV coat proteins only differ by the two tyrosine or tryptophan 
residues in the ELP domain, the VW1-VW8 ELP-CCMV protein is much more stable at 37 °C and 
50 °C than the VY1-VY8 ELP-CCMV variant (Figure 2.5B,D). This suggests that the increased 
hydrophobicity of the ELP domain further enhances capsid stability at elevated temperatures. 
These indications are further supported by comparison with the less hydrophobic native ELP-
CCMV variant. This variant, lacking the two hydrophobic tyrosine or tryptophan residues in 
its ELP domain, did not remain assembled in the same buffer conditions (Figure 2.7), again 
indicating the importance of capsid stabilization by ELP assembly. More importantly, while 
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Figure	2.5	 |	 Capsid	 assembly	 state	 and	 protein	 stability	 of	 hydrophobic	 ELP-CCMV	variants	 in	 nearly-
physiological	buffer	as	a	 function	of	 temperature.	The ability to remain self-assembled and the stability of 
20 µM VY1-VY8 ELP-CCMV (A and C) and VW1-VW8 ELP-CCMV (B and D) were evaluated in pH 7.5 buffer 
with 150 mM NaCl after initial capsid self-assembly at 100 µM coat protein, 500 mM NaCl and 21 °C. Number 
distributions (A, B) were determined by DLS after 1 h, 4 h, 7 h, and 24 h of incubation at the indicated temperatures. 
Example intensity distributions corresponding to figure B are depicted in Figure S2.1. The remaining soluble protein 
percentage (C, D) was determined by UV-vis spectroscopy and is plotted against the incubation time. Example 
absorbance spectra on which the remaining protein concentrations in figure D are based are depicted in Figure S2.2.
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Figure	2.6	|	TEM	analysis	of	hydrophobic	ELP-CCMV	variants	in	nearly-physiological	buffer.	Samples were 
taken after the indicated incubation time at 37 °C and negatively stained with uranyl acetate. Scale bars correspond 
to 200 nm.
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Figure	2.7	|	Capsid	assembly	state	and	protein	stability	of	native	ELP-CCMV	in	nearly-physiological	buffer	
as	a	function	of	temperature.	The ability to remain self-assembled and the stability of 20 µM native ELP-CCMV 
were evaluated in pH 7.5 buffer with 150 mM NaCl after initial capsid self-assembly at 100 µM coat protein, 500 mM 
NaCl and 21 °C. Number distributions (A) were determined by DLS after 1 h, 4 h, 7 h, and 24 h of incubation at the 
indicated temperatures. The remaining soluble protein percentage (B) was determined by UV-vis spectroscopy and 
is plotted against the incubation time.
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CCMV protein is much less stable at 37 °C and 50 °C than the more hydrophobic variants. This 
indicates that the formation of capsids increases the stability of the ELP-CCMV coat proteins 
even at elevated temperatures.

2.2.4 Assembly and stability of hydrophobic ELP-CCMV 
capsids in cell culture medium

With both the VY1-VY8 ELP-CCMV and VW1-VW8 ELP-CCMV variants demonstrating 
promising stability in the nearly physiological buffer, we evaluated whether capsids would also 
remain intact in a cell culture medium (Dulbecco’s Modified Eagle Medium, DMEM), which 
resembles in vivo conditions even closer. Hereto, it was first attempted to assemble VY1-VY8 ELP-
CCMV capsids in DMEM by incubating a 100 µM protein solution in this buffer for 30 minutes 
at 21 °C, in a procedure very similar to the optimized capsid assembly protocol described above. 
However, no capsid assembly was observed in this way (data not shown). Therefore, the assembly 
protocol was further optimized by increasing the VY1-VY8 ELP-CCMV concentration to 200 
µM, the assembly temperature to 25 °C, and the induction time to 1 hour. These conditions 
provided a balance between fast capsid formation, which was accelerated by the increased coat 
protein concentration and elevated temperature, and reduction of temperature-induced protein 
aggregation. In addition, the prolonged incubation time ensured that capsids remained stable 
upon dilution to 20 µM.

We employed the optimized protocol for the evaluation of the stability of VY1-VY8 ELP-CCMV 
in DMEM at temperatures ranging from 4 °C to 50 °C. DLS analysis was performed in order to 
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Figure	2.8	|	Capsid	assembly	state	and	protein	stability	of	hydrophobic	ELP-CCMV	variants	in	cell	culture	
medium.	The ability to remain self-assembled and the stability of 20 µM VY1-VY8 ELP-CCMV (A and C) and 
VW1-VW8 ELP-CCMV (B and D) were evaluated in DMEM after initial capsid self-assembly at 200 µM VY1-
VY8 ELP-CCMV and 25 °C. Number distributions (A, B) were determined by DLS after 1 h, 4 h, 7 h, and 24 h of 
incubation at the indicated temperatures. The remaining soluble protein percentage (C, D) was determined by UV-
vis spectroscopy and is plotted against the incubation time.
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determine the assembly state, while the protein concentration in solution was monitored by UV-
vis spectroscopy. Initially, UV-vis measurements in DMEM were troublesome, as light-induced 
degradation of components in the DMEM solution interfered with our measurements, as also 
observed previously in the literature.15 We could minimize the occurrence of these artifacts by 
protecting the DMEM and protein solutions therein from light irradiation during all steps of the 
procedure.

When we compare the results in DMEM with those in the nearly-physiological buffer we see 
similar trends, although the overall stability of the hydrophobic VY1-VY8 ELP-CCMV variant was 
reduced (Figure 2.8). The VY1-VY8 ELP-CCMV variant only remained assembled into capsids at 
temperatures from 30 °C and above, while the coat protein itself was very stable at 4 °C and 21 
°C (Figure 2.8A,C). Most of the protein was lost within 1 hour at 37 °C and 50 °C. TEM analysis 
confirmed these findings (Figure 2.9, Table 2.1). It is most likely that some of the components in 
the DMEM solution have a destabilizing effect on ELP-CCMV capsid assembly since we ruled out 
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Figure	2.9	|	TEM	analysis	of	hydrophobic	ELP-CCMV	variants	in	cell	culture	medium.	Samples were taken 
after the indicated incubation time at 30 °C or 37 °C and negatively stained with uranyl acetate. Scale bars correspond 
to 200 nm.

Table	2.1	|	Overview	of	particle	sizes	as	determined	by	TEM	analysis.	The ELP-CCMV variants were incubated 
in either pH 7.5 buffer with 150 mM NaCl (called Buffer) or DMEM at 37 °C for the indicated time period prior to 
TEM sample preparation.

ELP-CCMV
variant

Buffer,	1	h Buffer,	24	h DMEM,	1	h DMEM,	24	h

Native
ELP-CCMV

No particles No particles Not determined Not determined

VY1-VY8
ELP-CCMV

22.8 ± 2.4 nm 23.1 ± 2.1 nm 21.7 ± 1.8 nm[a] No particles[a]

VW1-VW8
ELP-CCMV

26.3 ± 2.0 nm 25.5 ± 2.0 nm 24.0 ± 2.2 nm No particles

[a] incubated at 30 °C, as no particles were found to be present at 37 °C.
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the possibility that the NaCl concentration is the limiting factor (data not shown) and the ionic 
strengths of the nearly-physiological buffers and DMEM formulation are comparable. Therefore, 
the VY1-VY8 ELP-CCMV variant appears to be not very suitable for in vivo artificial organelle 
development based on its stability in DMEM. 

The VW1-VW8 ELP-CCMV again displayed more favorable characteristics. When we 
incubated capsids formed by this variant in DMEM, we found them to be more stable than the 
ones formed by the less hydrophobic VY1-VY8 ELP-CCMV variant. The VW1-VW8 ELP-CCMV 
protein remained assembled into capsids at all temperatures that were tested and was very stable 
at temperatures up to 30 °C (Figure 2.8B,D). However, at 50 °C it quickly degraded, while at 37 °C 
it degraded gradually over a time course of 7 hours, which allows sufficient time for short-term in 
vivo studies. Thus, with its increased stability compared to VY1-VY8 ELP-CCMV, the VW1-VW8 
variant is more suitable for in vivo applications where especially a stable protein cage is required. 

Combined, our findings in nearly-physiological buffer and DMEM demonstrate the 
importance of stabilization of the ELP-CCMV capsids in order to increase the resistance of 
the protein nanocage to elevated temperatures. Between 21 °C and 30 °C, the coat protein is 
sufficiently stable by itself, but above this temperature range, capsid assembly is required to 
prevent uncontrolled protein aggregation. Furthermore, we demonstrated that by making subtle 
adjustments in the assembly conditions we could induce striking changes in capsid stability. In 
general, the introduction of hydrophobic residues in the ELP domain greatly increases capsid 
stability, with especially the VW1-VW8 ELP-CCMV demonstrating very promising stability for in 
vivo artificial organelle development. In addition, it is likely that a crowded environment such as 
the cell interior will further stabilize ELP-CCMV capsids by physically hampering disassembly.

2.3 Conclusions
We have extensively studied the assembly behavior and stability of two ELP-CCMV variants, 
which are promising for in vivo studies. As we demonstrated, the VY1-VY8 ELP-CCMV protein 
can be reversibly assembled and disassembled, which is advantageous for in vitro cargo 
encapsulation prior to in vivo studies. However, this variant did not easily self-assemble into 
capsids under nearly physiological conditions, which could be problematic for in vivo artificial 
organelle development. After optimization of the assembly protocol, capsids of this variant 
were stable in pH 7.5, 150 mM NaCl buffer at 37 °C for 7 hours and in DMEM for around 1 h. 
Capsids assembled from the VW1-VW8 ELP-CCMV protein were more stable, as they remained 
assembled for at least 24 h in pH 7.5, 150 mM NaCl buffer at 37 °C, and for 4-7 hours in DMEM. 
Moreover, capsids of this variant were already present during protein purification and, so far, we 
did not succeed in fully disassembling capsids formed by this more hydrophobic variant. This 
may be problematic for in vitro cargo loading but does not pose a threat for artificial organelle 
applications where in vivo cargo loading during capsid protein expression can be employed. 
This is already common practice for nanoreactor generation with several other VLPs that cannot 
be easily disassembled.16,17 Therefore, the VW1-VW8 ELP-CCMV variant is a very promising 
compartment for development into an artificial organelle. 
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2.5 Experimental Section

2.5.1 Materials

Ampicillin, chloramphenicol, yeast extract, and peptone were purchased from Sigma-Aldrich/
Merck. Isopropyl-β-D-thiogalactopyranoside (IPTG) was obtained from PanReac AppliChem via 
VWR. Ni-NTA agarose beads were obtained from Qiagen.

2.5.2 Buffers 

The buffers used in this chapter are listed in Table 2.2.

All buffers were filtered over a 0.2 micron filter prior to use.

2.5.3 UV-vis absorbance measurements

When determining the stability of the ELP-CCMV protein variants, the absorbance was 
measured on a V-750 UV-Visible spectrophotometer using a quartz cuvette with a path length of 
10 mm. The remaining protein concentration was determined by measuring the UV-vis spectrum 
between 240 and 330 nm after which the absorbance at 280 nm was used for further analysis. 
Background at 330 nm was subtracted from the spectra and A280 values were normalized at t = 0 
hours. Samples were centrifuged (12.100 x g, 60 seconds) twice prior to analysis. 

In order to determine the protein concentrations during experiments, the absorbance at 280 
nm was measured with a spectrophotometer ND-1000 and the concentrations were subsequently 
calculated using the theoretical extinction coefficients.18 

2.5.4 Mass spectrometry

Protein mass characterization was performed using a High Resolution LC-MS system consisting 
of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 
(Q-ToF). The system consisted of a Binary Solvent Manager and a Sample Manager with Fixed-
Loop (SM-FL). Proteins were separated (0.3 mL/min) on the column (Polaris C18A reverse 
phase column, 2.0 x 100 mm, Agilent) using an acetonitrile gradient in water (15 % to 75 %, 
v/v) supplemented with formic acid (0.1 %, v/v) before analysis in positive mode in the mass 

Buffer	name Composition

pH 5.0 capsid buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0

pH 7.5 62.5 mM NaCl buffer 50 mM Tris·HCl, 62.5 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 100 mM NaCl buffer 50 mM Tris·HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 150 mM NaCl buffer 50 mM Tris·HCl, 150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 500 mM NaCl buffer 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 2500 mM NaCl buffer 50 mM Tris·HCl, 2500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

Table	2.2	|	Composition	of	buffers
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spectrometer. Deconvoluted mass spectra were obtained using the MaxENT1 algorithm in the 
Masslynx v4.1 (SCN862) software. Isotopically averaged molecular weights were calculated using 
the ‘Protein Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by 
spin-filtration with MilliQ prior to measurement.

2.5.5 Size exclusion chromatography (SEC)

SEC analysis was performed on a Superose 6 increase 10/300 GL column (GE Healthcare Life 
Sciences). Analytical measurements were executed on an Agilent 1260 bio-inert HPLC. Samples 
with a protein concentration of 1.0 mg/mL were separated on the column with a flow rate of 0.5 
mL/min. 

2.5.6 Transmission electron microscopy (TEM)

TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington 206 carbon coater 
and power unit. Protein samples (0.2 mg/mL, 5 µL) were applied on the glow-discharged grids 
and incubated for 1 min. The samples were carefully removed using a filter paper and the grid 
was allowed to dry for at least 15 minutes. Then, the grid was negatively stained by applying 2 % 
uranyl acetate in water (5 µL). The staining solution was removed after 15 seconds and the grid 
was allowed to dry for at least 15 minutes. The samples were studied on a JEOL JEM-1010 TEM or 
a FEI Tecnai 20 (type Sphera) (operated at 200 kV, equipped with a LaB6 filament and a 1k × 1k 
Gatan CCD camera).

2.5.7 Dynamic light scattering (DLS) measurements

DLS measurements were performed on a Malvern Zetasizer Nano ZSP at 21 °C, unless stated 
otherwise. Dimer tests were measured at 4 °C and capsid tests at the pre-incubation temperature. 
Samples (20 µM, unless stated otherwise) were centrifuged twice prior to analysis. Buffers 
were filtered prior to use. All measurements were done in triplo, and the average of the triplo 
measurements was plotted.

2.5.8 General protocol for the expression of His6-ELP-CCMV 
variants

The pET-15b-His6-ELP-CCMV(ΔN26), pET-15b-His6-VY1-VY8 ELP-CCMV(ΔN26) and pET-15b-
His6-VW1-VW8 ELP-CCMV(ΔN26) vectors encoding for the three ELP-CCMV variants used in 
this chapter were previously constructed.11,13 E.coli BLR(DE3)pLysS glycerol stocks containing any 
of these vectors were cultured overnight at 37 °C in LB medium (50 mL), containing ampicillin 
(100 mg/L) and chloramphenicol (50 mg/L). The overnight culture was used to inoculate 2xTY 
medium (1 L), containing ampicillin (100 mg/L) and grown at 37 °C till an optical density (OD600) 
between 0.4 and 0.6 was reached. Protein expression was then induced by addition of IPTG (1 
mM) and the culture was incubated at 30 °C for 6 hours. Cells were harvested by centrifugation 
(2700 x g, 15 min, and 4 °C) and pellets were stored overnight at -20 °C. 

The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0; 25 mL). Cell lysis was performed by ultrasonic disruption (7-10 times 30 
seconds, 70 % amplitude, Branson Sonifier 150). Cell lysate was then centrifuged (16.000 x g, 
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15 min, 4 °C) to remove bacterial debris. The supernatant was incubated with Ni-NTA agarose 
beads (3 mL) for 1 hour at 4 °C, followed by column loading. The flow-through was collected 
and the column was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, pH 8.0; 20 mL). The proteins of interest were eluted from the column with elution 
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 1 time 0.5 mL, 7 times 1.5 
mL) and fractions containing histidine-tagged ELP-CCMV were combined and dialyzed against 
pH 7.5 dimer buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5; 
3 times 30-60 minutes using a 12-14 kDa tubing). Proteins were dialyzed against pH 5.0 capsid 
buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0; 2 times 30-
60 minutes, followed by overnight dialysis using a 12-14 kDa tubing) for stable storage at 4 °C. 
The purity and characteristics of the protein were verified and determined by SDS-PAGE, SEC, 
Q-TOF, DLS and TEM. The protein yields after purification and the Q-TOF results are listed in 
Table 2.3. The amino acid sequences of the three ELP-CCMV variants are listed in Table 2.4.

2.5.9 General protocol for the assembly and stability 
assays

For a typical assembly and stability assay, an ELP-CCMV variant (100 µM) was dialyzed overnight 

Name Yield	(mg/L) Q-TOF	results

Calculated	MW
(Da)

Observed	MW
(Da)

Native ELP-CCMV 10-48 22253.4 22253.4

VY1-VY8 ELP-CCMV 32-58 22381.5 22381.7

VW1-VW8 ELP-CCMV 22-34 22427.6 22427.2

Table	2.3	|	Expression	yields	and	Q-TOF	results	of	the	ELP-CCMV	variants

Name Sequence

Native ELP-CCMV GHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVP-
GLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEH-
VRPTFDDSFTPVY

VY1-VY8 ELP-CCMV GHHHHHHVPGYGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGYGVP-
GLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEH-
VRPTFDDSFTPVY

VW1-VW8 ELP-CCMV GHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

Table	2.4	|	Amino	acid	sequences	of	the	ELP-CCMV	variants
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to a pH 7.5, 100 mM NaCl buffer (12-14 kDa MWCO, 2 x 30 min + o.n., 4 °C). A DLS dimer test 
was performed to confirm disassembly of capsids and subsequently the protein was spin-filtered 
to either pH 7.5 buffer, 500mM NaCl (buffer experiments) or DMEM (DMEM experiments) (10 
kDa MWCO, 3 x 10 min, 4 °C). For the buffer experiments, a pre-incubation solution of 100 µM 
ELP-CCMV variant was prepared, heated to 21 °C with 1 °C/min and incubated for 30 minutes 
at this temperature to allow capsid assembly. For the DMEM experiments, the pre-incubation 
solution contained 200 µM of the ELP-CCMV variant and was heated to 25 °C with 1 °C/min 
before incubation at the final temperature for 1 hour to induce self-assembly into capsids. In 
both the buffer and DMEM experiments a DLS capsid test was performed to confirm capsid 
formation. The protein solutions were then diluted with pH 7.5, 62.5 mM NaCl buffer (for the 
buffer experiments) or DMEM (for the DMEM experiments) to a final concentration of 20 µM 
ELP-CCMV variant and incubated at temperatures ranging from 4 °C to 50 °C for up to 24 h. 
After 0, 1, 4, 7 and 24h samples were taken for DLS and UV-vis analysis to assess assembly state 
and stability of the ELP-CCMV variant respectively. All samples were centrifuged twice prior to 
analysis. 

2.6 References
1. D. L. D. Caspar and A. Klug. Cold Spring Harb. Symp. Quant. Biol. 1962, 27, 1–24.

2. J. A. Speir, S. Munshi, G. Wang, T. S. Baker and J. E. Johnson. Structure 1995, 3, 63–78.

3. A. Zlotnick, R. Aldrich, J. M. Johnson, P. Ceres and M. J. Young. Virology 2000, 277, 450–456.

4. M. Comellas-Aragonès, H. Engelkamp, V. I. Claessen, N. A. J. M. Sommerdijk, A. E. Rowan, P. C. M. Christianen, J. C. 

Maan, B. J. M. Verduin, J. J. L. M. Cornelissen and R. J. M. Nolte. Nat. Nanotechnol. 2007, 2, 635–639.

5. R. D. Cadena-Nava, Y. Hu, R. F. Garmann, B. Ng, A. N. Zelikin, C. M. Knobler and W. M. Gelbart. J. Phys. Chem. B 

2011, 115, 2386–2391.

6. W. F. Rurup, F. Verbij, M. S. T. Koay, C. Blum, V. Subramaniam and J. J. L. M. Cornelissen. Biomacromolecules 2014, 

15, 558–563.

7. L. Schoonen, J. Pille, A. Borrmann, R. J. M. Nolte and J. C. M. van Hest. Bioconjug. Chem. 2015, 26, 2429–2434.

8. C. R. Kaiser, M. L. Flenniken, E. Gillitzer, A. G. A. L. Harmsen, A. G. A. L. Harmsen, M. A. Jutila, T. Douglas and M. J. 

Young. Int. J. Nanomedicine 2007, 2, 715–733.

9. O. Azizgolshani, R. F. Garmann, R. Cadena-Nava, C. M. Knobler and W. M. Gelbart. Virology 2013, 441, 12–17.

10. J. Mikkilä, A.-P. Eskelinen, E. H. Niemelä, V. Linko, M. J. Frilander, P. Törmä and M. a Kostiainen. Nano Lett. 2014, 

14, 2196–2200.

11. M. B. Van Eldijk, J. C.-Y. Wang, I. J. Minten, C. Li, A. Zlotnick, R. J. M. Nolte, J. J. L. M. Cornelissen and J. C. M. Van 

Hest. J. Am. Chem. Soc. 2012, 134, 18506–18509.

12. D. W. Urry. J. Phys. Chem. B 1997, 101, 11007–11028.

13. L. Schoonen, R. J. M. Maas, R. J. M. Nolte and J. C. M. van Hest. Tetrahedron 2017, 73, 4968–4971.

14. J. Wang, K. Liu, R. Xing and X. Yan. Chem. Soc. Rev. 2016, 45, 5589–5604.

15. S. Yen, S. Sokolenko, B. Manocha, E. J. M. Blondeel, M. G. Aucoin, A. Patras, F. Daynouri-Pancino and M. Sasges. 

Biotechnol. Prog. 2014, 30, 1190–1195.

16. T. W. Giessen and P. A. Silver. J. Mol. Biol. 2016, 428, 916–927.

17. T. W. Giessen and P. A. Silver. ChemBioChem 2016, 17, 1931–1935.

18. S. C. Gill and P. H. von Hippel. Anal. Biochem. 1989, 182, 319–326.

Chapter 2

50



2

2.7 Supplementary figures
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Figure	S2.1	|DLS	intensity	(A)	and	number	(B)	distributions	of	VW1-VW8	ELP-CCMV	that	was	incubated	at	
a	20	µM	concentration	in	pH	7.5	buffer	containing	150	mM	NaCl	for	up	to	24	h	and	at	temperatures	ranging	
from	4	°C	to	50	°C.	Prior to incubation, the VW1-VW8 ELP-CCMV protein was dialyzed overnight to pH 7.5 buffer 
containing 100 mM NaCl. Subsequently, the protein solution was spin-filtrated to pH 7.5 buffer containing 500 mM 
NaCl and then diluted to 100 µM in this buffer. Capsid assembly was induced by heating the protein solution from 
4 °C to 21 °C with 1 °C/min and incubating the solution at 21 °C for 30 minutes. Then, the solution was diluted to 20 
µM VW1-VW8 ELP-CCMV and 150 mM NaCl and incubated at the indicated temperatures.
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Figure	S2.2	|	UV-vis	spectroscopy	of	VW1-VW8	ELP-CCMV	that	was	incubated	at	a	20	µM	concentration	in	
pH	7.5	buffer	containing	150	mM	NaCl	for	up	to	24	h	and	at	temperatures	ranging	from	4	°C	to	50	°C.	Prior 
to incubation, the VW1-VW8 ELP-CCMV protein was dialyzed overnight to pH 7.5 buffer containing 100 mM NaCl. 
Subsequently, the protein solution was spin-filtrated to pH 7.5 buffer containing 500 mM NaCl and then diluted 
to 100 µM in this buffer. Capsid assembly was induced by heating the protein solution from 4 °C to 21 °C with 1 °C/
min and incubating the solution at 21 °C for 30 minutes. Then, the solution was diluted to 20 µM VW1-VW8 ELP-
CCMV and 150 mM NaCl and incubated at the indicated temperatures. Figure F depicts the normalized absorbance 
at 280 nm based on the measured UV-vis spectra between 240 and 330 nm per temperature depicted in figures A-E.
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Dynamics of hybrid cowpea 
chlorotic mottle virus particles 

during capsid size changes

CHAPTER 3



Abstract
Protein nanocages composed of the VW1-VW8 ELP-CCMV coat protein are very stable under 
physiologically relevant conditions. Although they cannot easily be disassembled into coat 
protein dimers, changes in the size of the capsids upon pH triggers have been previously observed. 
In order to shed light on the mechanisms by which these size changes occur, we studied the self-
assembly dynamics of VW1-VW8 ELP-CCMV capsids in more detail. Hereto, we developed a 
protocol to experimentally evaluate the capsid dynamics during size reduction and expansion 
upon pH changes with size exclusion chromatography and transmission electron microscopy. By 
making use of the optimized protocol, it was demonstrated that, although the capsids did not 
completely disassemble, a size shift was still possible, with capsids increasing in size upon a pH 
decrease and a size reduction induced by pH increase over the course of two months. Finally, 
our experimental results were described with a mathematical model based on the classical 
nucleation theory of virus capsids in order to comprehend the possible underlying mechanisms 
via which the VW1-VW8 ELP-CCMV capsids change in size dynamically. Combined, these results 
indicate that the capsids are still dynamic and can interact with their environment, which is 
promising for the development of responsive or adaptive artificial organelle systems.

Manuscript in preparation:
S. B. P. E. Timmermans*, A. Ramezani*, T. Montalvo, M. Nguyen, P. van der Schoot, J. C. M. van 
Hest and R. Zandi. T number conversion dynamics in virus capsid assembly. 

Polymorphism dynamics
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3.1 Introduction
In the previous chapter, we have established that the capsids of the VW1-VW8 ELP-CCMV 
variant are very stable under physiological conditions and are in fact very hard to completely 
disassemble into dimers. Interestingly, we however, did observe an increase in size when the pH 
was decreased, indicating that these stable capsids are actually still dynamic.1 Studies on CCMV 
and other viruses have described polymorphisms in capsid assemblies.2–11 The concentration of the 
viral coat protein and ionic strength of the protein solution can determine the ratios of different 
polymorphisms.3,11 However, often the polymorphisms are controlled by an encapsulated genetic 
material4–6 or cargo,8 or the change from one capsid size into the other requires full disassembly 
to the dimer state prior to self-assembly into capsids.2,7,9 Based on the results we have obtained so 
far with our empty VW1-VW8 ELP-CCMV capsids, we have not found any evidence for complete 
disassembly. Therefore, a more elaborate evaluation of the dynamics during capsid size changes 
is very interesting from a fundamental perspective. 

In addition, when approached from an artificial organelle point of view, getting more insight 
into the dynamics of the VW1-VW8 ELP-CCMV capsids could be advantageous for engineering 
a system in which the artificial organelles can interact with the cellular environment, mimicking 
many dynamic processes in nature. Such responsiveness was already engineered in several 
synthetic nanoreactor or artificial organelle systems where various stimuli were employed to 
control the properties and behavior of the compartment and catalytic species.12 For example, 
pH triggers have been used to regulate the size13 and permeability of polymeric nanoreactors,14 
thereby controlling their activity. Furthermore, redox-responsive polymeric artificial organelles 
were employed in vivo.15 In this system, changes in the cellular microenvironment controlled 
the enzymatic activity, demonstrating the potential of stimulus-responsive artificial organelles 
to interact with their host cells. Therefore, knowing and understanding the dynamics of our 
artificial organelle system could tell us whether it is feasible to engineer such responsive systems 
with these VW1-VW8 ELP-CCMV protein cages.

Previous studies of wild-type CCMV demonstrated that RNA-containing capsids 
spontaneously disassemble at high pH and ionic strength.16,17 This is also the case for other model 
viruses, such as Brome Mosaic Virus (BMV), and is thought to be caused by a reduction of the 
strength of electrostatic interactions between the negatively charged RNA and the positively 
charged interior of the capsids.17,18 Moreover, these observations indicate that the hydrophobic 
and other interactions between coat proteins (CPs) are not sufficiently strong to hold the viral 
capsid together under physiological conditions. As such, with the empty shells of the wild-
type CCMV not being stable, it is not trivial to distinguish between the contribution of CP-CP 
interactions and RNA-CP interactions in the disassembly process.

In contrast, the VW1-VW8 ELP-CCMV variant that we have developed in our group is 
stabilized at physiological pH. That is, it can assemble into empty capsids under conditions that 
the wild-type CCMV cannot. The hydrophobic ELP domain that is fused to the N-terminus of the 
CCMV coat protein can switch from a water-soluble state to a hydrophobic state upon changes 
in the solution conditions, such as pH, temperature, and ionic strength.19 At low pH the ELP 
interactions are weak, allowing the assembly of the VW1-VW8 ELP-CCMV into T = 3 capsids 
based on interactions in the coat protein domain, similar to the wild-type.20 At physiological 
pH, the ELPs switch from a molecularly dissolved state to a coacervate phase and hydrophobic 
interactions between ELP domains induce the assembly of the VW1-VW8 ELP-CCMV capsids into 
smaller T = 1 capsids. As such, empty capsids can be obtained both at acidic pH and physiological 
pH. Thus, the VW1-VW8 ELP-CCMV system allows for an evaluation of the impact of CP-CP 
interactions on the (dis)assembly processes of CCMV capsids.
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In this chapter, we report the findings of a study of the self-assembly dynamics of VW1-
VW8 ELP-CCMV particles during capsid size changes. Hereto, we first developed a protocol for 
experimentally evaluating the capsid dynamics and size change upon pH decrease and increase, 
respectively. We then studied the capsid size over prolonged time periods to evaluate at what 
time scale(s) capsids underwent a size change. Finally, the experimental results were coupled to 
a mathematical model based on the classical nucleation theory (CNT) of virus capsids in order 
to apprehend the possible underlying mechanisms via which the VW1-VW8 ELP-CCMV capsids 
change in size dynamically. 

3.2 Results and Discussion
As indicated in the introduction, it has been reported before that complete disassembly of capsids 
of the VW1-VW8 ELP-CCMV variant is much harder to achieve than for capsids of any of the 
other (ELP-)CCMV variants.1 As a results, we have thus far not succeeded in finding conditions 
that allow for disassembly of VW1-VW8 ELP-CCMV capsids into dimers. Rearrangement of 
T = 1 particles into capsids with a T = 3 geometry and vice versa was, however, demonstrated 
to be possible by decreasing or increasing the pH respectively. In order to understand how 
these rearrangements occur, we have opted to study the reassembly process over time with 
size exclusion chromatography (SEC) and transmission electron microscopy (TEM). We have 
furthermore described the experimental data with a mathematical model based on CNT of viral 
capsids in order to shed light on the underlying mechanisms that cause the dynamic behavior of 
VW1-VW8 ELP-CCMV capsids.

3.2.1 Optimization of conditions to allow for optimal 
dynamics

In order to study VW1-VW8 ELP-CCMV capsid size shifts, we first attempted to find conditions 
that would allow for the dynamic behavior of the capsids. As is discussed in the previous chapter, 
in preliminary results we observed a size shift from T = 1 capsids to T = 3 capsids during overnight 
dialysis from pH 7.5 to pH 5.0 at 4 °C (Figure 3.1). We, therefore, evaluated with SEC whether 
the reverse size shift would also take place. As with SEC protein mixtures can be separated based 
on the sizes of their components, with large components eluting before the smaller ones, it 
allows for a quantitative analysis of the amounts of T = 1 and T = 3 capsids in VW1-VW8 ELP-
CCMV solutions. The protein absorbance at 280 nm can be used to detect the assemblies that 
are present in the VW1-VW8 ELP-CCMV solution upon their elution from the column. By 
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Figure	3.1	 |	Overview	of	 the	assembly	states	of	VW1-VW8	ELP-CCMV	capsids	 in	various	buffers.	A) DLS 
number distributions of VW1-VW8 ELP-CCMV solutions (20 µM) prepared in pH 5.0 buffer, in pH 7.5 buffer with 
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employing this SEC approach, we observed that only a partial shift from T = 3 to T = 1 capsids 
took place during the overnight dialysis from pH 5.0 buffer with 500 mM NaCl to pH 7.5 buffer 
with 100 mM NaCl (Figure 3.2A,B first two chromatograms in each panel). We then proceeded 
by investigating whether a second overnight dialysis step back to pH 5.0 would induce a re-shift 
back to T = 3 capsids as well. Interestingly, this was the case only when the dialysis was performed 
at 4 °C (Figure 3.2B), while at 21 °C no size shift was observed. This indicates that at 21 °C the 
capsids are much less dynamic than at 4 °C. Although this seems contra-intuitive at first, this 
observation can be explained by the interactions between the hydrophobic ELP-domains which 
are much stronger at 21 °C than at 4 °C. A similar effect was described for the hepatitis B virus, 
where the strength of the hydrophobic interactions between the coat proteins was proposed to 
be temperature dependent.21 Therefore, it is highly likely that these interactions between VW1-
VW8 ELP-CCMV coat proteins hamper rearrangements in the capsid shell, which are necessary 
for a size shift.

Another factor that was thought to influence the capsid dynamics as a result of altering ELP 
interactions, is the ionic strength of the buffers used. Previously, we used a pH 7.5 buffer with 100 
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mM NaCl to completely disassemble other ELP-CCMV variants. Therefore, we hypothesized that 
this ionic strength would also allow for dynamics within capsids of our more hydrophobic VW1-
VW8 ELP-CCMV variant. As, ideally, we wanted to study the capsid size shifts while varying as 
few factors as possible, preferably only the pH, we attempted to store T = 3 capsids in pH 5.0 buffer 
with 100 mM NaCl instead of 500 mM NaCl. However, this, unfortunately, led to the aggregation 
of the protein already within 16 hours (data not shown). We, therefore, evaluated whether VW1-
VW8 ELP-CCMV exhibited dynamic behavior when dialyzed from pH 5.0 buffer with 500 mM 
NaCl to pH 7.5 buffer with 500 mM NaCl, thus only changing the pH. Unfortunately, only a very 
small part of the capsids appeared to be shifted in size after 24 hours (Figure 3.2C) as compared 
to dialysis to pH 7.5 buffer with 100 mM NaCl (Figure 3.2D), which can again be explained by 
hydrophobic interactions between ELP domains hampering capsid dynamics at 500 mM NaCl. 
We, therefore, decided to use a shift from pH 5.0 with 500 mM NaCl to pH 7.5 with 100 mM 
NaCl and vice versa to study the dynamics during VW1-VW8 ELP-CCMV capsid size decrease 
and increase respectively. 

3.2.2 Optimization of dialysis conditions

As described in the previous section, it is necessary to change both the pH and NaCl concentration 
in order to study size shifts of VW1-VW8 ELP-CCMV capsids. If only the pH would have to be 
adjusted, this could have been done by adding either HCl or NaOH to the buffer. However, to 
also adjust the NaCl concentration a buffer exchange step is necessary. Although spin-filtration 
would be the quickest option and would allow for evaluation of the capsid size upon change of 
the conditions very quickly, it would also introduce changes in the protein concentration, which 
could affect the capsid assembly state. As this could complicate our evaluation of capsid size 
changes as a function of pH, we decided to perform dialysis in order to change the pH and NaCl 
concentration, despite being a slower process than spin-filtration.   

During initial experiments, it was observed that there is a strong dependence of capsid 
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dynamics on dialysis time while incubation periods at 4 °C were kept constant (Figure 3.3A). 
When a T = 3 capsid solution was dialyzed to pH 7.5 buffer with 100 mM NaCl, a large shift to T 
= 1 capsids was only observed during SEC analysis when the total dialysis time was more than 30 
minutes. This indicated that either the pH or the NaCl concentration changed more slowly during 
dialysis than anticipated. As the pH switch during dialysis takes place within minutes (data not 
shown), it was suspected that the other variable during dialysis, the NaCl concentration, changed 
more slowly. The amount of NaCl that is dissolved in an aqueous solution affects the conductivity 
of that solution, thus conductivity measurements were performed to follow the change of the 
NaCl concentration during dialysis. Hereto, a mock dialysis with the same ratio between the 
volume inside the dialysis bag and the solvent volume was performed and the conductivity was 
monitored over a time course of 4 hours (Figure 3.3B). A dialysis time of around 2 hours was 
necessary to fully convert the NaCl concentration from 500 mM to 100 mM NaCl in the dialysis 
bag, which explains why dialysis time is such an important determinant of capsid dynamics. 

3.2.3 Optimization of the SEC protocol for studying the self-
assembly dynamics during size reduction

As during initial dynamics experiments large quantities of dimers were observed in the SEC 
chromatograms when pH 7.5 buffer with 100 mM NaCl was the eluent, while these were not 
observed with SEC for VW1-VW8 ELP-CCMV before, the origin of these dimers was evaluated. 
Hereto, a 100 µM VW1-VW8 ELP-CCMV coat protein solution in pH 5.0 buffer was dialyzed 
(MWCO 12-14 kDa) to pH 7.5 buffer with 100 mM NaCl at 4 °C overnight and subsequently 
spiked with known amounts of native ELP-CCMV dimers in the same buffer. DLS and native 
PAGE were employed to analyze the capsid-dimer mixtures. In contrast to SEC, in which a sample 
is injected on a column and diluted over the volume of the column bed, these techniques do not 
require dilution of the samples during analysis. Therefore, the orthogonal DLS and native PAGE 
analyses could be employed to shed light on the origin of the high numbers of dimers that were 
observed in SEC analyses. From the DLS results in Figure 3.4A and B, it becomes clear, that DLS 
is not sensitive enough to detect dimers in capsid-dimer mixtures, as dimers could not always be 
distinguished in samples in which they were known to be present. This could be explained by 
the high scattering of the capsids overpowering any light scattering caused by the much smaller 
dimers. Therefore, although no dimers are detected with DLS in the dialyzed capsid solution, 
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this does not confirm that indeed no dimers are present. We therefore focused on native PAGE 
analysis, which entails the separation of protein assemblies on a gel based on their size and thus 
allows for the separation of capsids and dimers in VW1-VW8 ELP-CCMV solutions. From the 
results in Figure 3.4C, it can be appreciated that capsids and dimers can be easily distinguished 
from each other. Furthermore, based on the band intensities on the gel it can be stated that in the 
VW1-VW8 ELP-CCMV capsid solution less than 5 % dimers are present. This indicates that the 
large fractions of dimers that are observed in the SEC chromatogram are not arising during the 
dynamics incubation period. It is therefore most likely that some disassembly of VW1-VW8 ELP-
CCMV capsids takes place during SEC analysis, which might be caused by the extreme dilution 
(240 times) taking place during the chromatographic procedure. 

As for data analysis purposes, the SEC chromatograms should provide the best representation 
of the assembly state of VW1-VW8 ELP-CCMV during dynamics, a protocol was developed for 
inhibiting capsid dynamics prior to SEC analysis. It was previously reported that interactions 
between N-terminal hexahistidine tags, which end up in the interior of capsids, and Ni2+ ions can 
be employed to stabilize CCMV capsids.22 We thus opted to apply this strategy for the inhibition 
of the dynamics of VW1-VW8 ELP-CCMV capsids. Hereto, a 100 µM VW1-VW8 ELP-CCMV 
solution in pH 5.0 buffer was dialyzed (MWCO 12-14 kDa) to pH 7.5 buffer with 100 mM NaCl 
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at 4 °C overnight and subsequently incubated with various amounts of NiCl2 for 50 minutes (the 
duration of one SEC run) at room temperature.From the results in Figure 3.5A and B, it can be 
observed that the addition of at least 0.2 equivalents Ni2+ (relative to the VW1-VW8 ELP-CCMV 
coat protein concentration; 1 equivalent corresponds to 100 µM NiCl2) successfully reduces 
the number of dimers that are observed in the SEC chromatograms, without affecting the T 
= 3 : T = 1 ratios. However, with increasing amounts of Ni2+ also some higher-order structures 
became visible on the SEC chromatograms (around 7 mL), indicating that high amounts of Ni2+ 
alter the protein fractions in the VW1-VW8 ELP-CCMV solution. Therefore, the addition of 0.2 
equivalents of Ni2+ was found to be most suitable to reduce the number of dimers introduced 
due to dilution on the SEC column while not affecting the protein fractions. To confirm that the 
addition of this amount of Ni2+ effectively stops any dynamics, a sample that was dialyzed for 
30 minutes was subjected to SEC analysis after 50 minutes or 7 hours of incubation with Ni2+ 
(Figure 3.5C,D). The resulting SEC traces and protein fractions were very similar, indicating that 
the addition of 0.2 equivalents of Ni2+ effectively stops the dynamics and stabilizes the samples 
for prolonged storage prior to SEC analysis.

3.2.4 Analysis of capsid dynamics during a shift from T = 3 
to T = 1 particles  

After optimizing the dialysis and analytical protocols, we evaluated the capsid dynamics with 
SEC during a size shift from T = 3 to T = 1 particles. Initial results revealed that this reassembly 
process is very much dependent on the NaCl concentration in the buffer (Figure 3.2, Figure 3.3), 
indicating a dependence on the strongly stimulus-responsive ELP-domains. The dynamics of the 
assembly were therefore studied during dialysis at 4 °C of a 100 µM solution of empty VW1-VW8 
ELP-CCMV T = 3 capsids in a pH 5.0 buffer with 500 mM NaCl to a pH 7.5 buffer with 100 mM 
NaCl, thus simultaneously increasing the pH and decreasing the ionic strength of the buffer 
environment. The capsid assembly state was monitored by SEC measurements (Figure 3.6A), 
which indicated that after a short lag time, on the same time scale as needed for the equilibration 
of the NaCl concentration during dialysis (Figure 3.3B), the shift from T = 3 to T = 1 capsids 
took place via an initial quick mechanism, followed by a more gradual process (Figure 3.6B). 
In addition, the data revealed that the complete capsid size shift occurred on a time scale of 
months. Further evaluation with TEM (Figure 3.7) revealed that already after 45 minutes capsids 
with  a size around 18 nm could be identified between the 28 nm-sized T = 3 particles, which 
confirmed the quick emergence of T = 1 particles. Furthermore, after 2 months mostly T = 1 
capsids were observed, indicating that the size shift was almost at full completion. In this sample 
the empty core occupied by the staining solution was clearly visible.

In order to gain more insight into the mechanism(s) via which this size shift proceeds, we 
developed a theoretical model describing the change in the concentration of free VW1-VW8 
ELP-CCMV coat proteins as one capsid type disassembles and the other one assembles (Section 
3.6). The model is based on the CNT and the statistical theory of the self-assembly of closed 
shells. The underlying principle of our model is that capsid shells in solution can only form or 
disintegrate by absorbing or shedding coat proteins from and to the solution. According to CNT, 
the capsid assembly and disassembly rates are dependent on the height of the energy barrier 
between assembled and disassembled states, which is a function of the free energy penalty 
associated with incomplete capsids and the critical free coat protein concentration (c*) for the 
two capsid types. In incomplete capsids, coat proteins at the rim have fewer neighbors and hence 
fewer favorable CP-CP interactions than the proteins further away from the rim. Furthermore, 
below the c* the concentration of capsids is almost zero as the number of subunits in the capsids 
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is quite large.
By applying this theory to the reassembly of VW1-VW8 ELP-CCMV T = 3 capsids into T = 

1 particles we can explain the experimental results well (Figure 3.6C) and identify a potential 
underlying mechanism of this size shift (Figure 3.6D). As the T = 3 shells disassemble, the 
concentration of free dimers increases, and, at some point, it reaches the value of c* for T = 

Figure	3.7	|	TEM	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	3	to	T =	1	particles	in	
pH	7.5	buffer	with	100	mM	NaCl.	Samples were taken after the indicated dialysis times at 4 °C and negatively 
stained with uranyl acetate. T = 1 capsids in the 45 minutes image are indicated with arrows. Scale bars correspond 
to 20 nm. Overview images and additional time points are depicted in Figure S3.4.
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1 capsids. At this point, T = 1 shells start forming, thereby consuming free dimers. While the 
disassembly process of the T = 3 capsids continues, the free dimer concentration increases 
further, and the disassembly rate of the T = 3 shells decreases while the assembly rate of T = 1 
capsids increases. This explains the shape of the disassembly and assembly curves in Figure 3.6C. 
However, fairly quickly, the free dimer concentration remains more or less constant because the 
disassembly of T = 3 capsids produces dimers that are depleted by the formation of T = 1 shells. 
This is in agreement with our experimental data, as we don’t observe large quantities of dimers 
in the protein solutions during the dynamics incubation period (Figure 3.4C), and thus indicates 
that it is likely that the changes in protein fraction in the capsids are due to the disassembly 
of T = 3 and assembly of T = 1 capsids. An alternative reassembly mechanism such as partial 
disassembly of the T = 3 particles and subsequent rearrangement into T = 1 particles is less 
probable as intermediate capsids were not observed experimentally. Therefore, the experimental 
results and the theory lead to the hypothesis that T = 3 particles rearrange into T = 1 particles 
upon an increase in pH and a drop in ionic strength via shedding of dimers and the subsequent 
self-assembly of the free building blocks into the new capsid type. 

3.2.5 Analysis of capsid dynamics during a shift from T = 1 
to T = 3 particles  

The opposite size shift was also studied. Hereto, a 100 µM solution of empty VW1-VW8 ELP-
CCMV T = 1 capsids in a pH 7.5 buffer with 500 mM NaCl was dialyzed to a pH 5.0 buffer 
with 500 mM NaCl at 4 °C, during which the capsid assembly state was monitored with SEC 
measurements (Figure 3.8). From these results, it became clear that T = 1 particles disappear over 
time, while T = 3 particles appear (Figure 3.8A). The whole process proceeded more gradually 
than the opposite size shift and took around 2 months to go to full completion (Figure 3.8B). The 
dynamic process was further monitored with TEM (Figure 3.9) which confirmed that gradually 
more T = 3 particles are formed and that at the endpoint this is the only particle type present. 

We have applied the same theory as described above in Section 3.2.4 to identify a possible 
mechanism for the reassembly of VW1-VW8 ELP-CCMV T = 1 capsids into T = 3 particles (Figure 
3.8C,D). In this case, T = 1 capsids disassemble, thereby increasing the free dimer concentration. 
When the c* for T = 3 capsids is reached, the assembly of proteins into this larger capsid type 
starts. Thus again, the free dimer concentration remains more or less constant during the whole 
process, as is in agreement with our experimental findings. Interestingly, the size shift from T 
= 1 capsids to T = 3 capsids was experimentally demonstrated to be slower than the opposite 
process, indicating that dissociation of T = 3 capsids readily takes place at pH 7.5, whereas the 
disassembly of T = 1 capsids at pH 5.0 is much slower. This is to be expected as the interaction 
between ELPs is still strong at pH 5.0. In our calculations, we observe that if the disassembly of 
T = 1 is fast, the production of free dimers quickly approaches the value of c* for T = 1 capsids, 
leading to a slowdown of the disassembly of this capsid type. At pH 5.0, the c* for T = 1 capsids 
is larger than that of T = 3 capsids, indicating that the formation of T = 3 shells is energetically 
favorable. However, the reassembly of dimers into T = 1 capsids slows down their disassembly, 
thereby impeding the assembly of T = 3 capsids. Alternative reassembly mechanisms, such 
as partial disassembly of the T = 1 particles and subsequent incorporation of coat proteins or 
other partially disassembled T = 1 particles to result in larger T = 3 particles, are less probable as 
intermediate capsids were not observed experimentally. Therefore, the experimental results and 
the theory lead to the hypothesis that T = 1 particles rearrange into T = 3 particles upon a drop 
in pH via shedding of dimers and the subsequent self-assembly of these building blocks into the 
new capsid type. 
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3.3 Conclusions
We have experimentally and theoretically studied the self-assembly dynamics of a stabilized 
variant of the CCMV viral capsid, VW1-VW8 ELP-CCMV. The unique design of this virus-like 
particle allowed for an evaluation of the contribution of CP-CP interactions in the (dis)assembly 

Figure	3.9	|	TEM	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	1	to	T =	3	particles	
in	pH	5.0	buffer.	Samples were taken after the indicated dialysis times at 4 °C and negatively stained with uranyl 
acetate. T = 3 capsids in the 0.5 hour image are indicated with arrows. Scale bars correspond to 20 nm. Overview 
images and additional time points are depicted in Figure S3.8.
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Figure	3.8	 |	SEC	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	 1	 to	T =	3	particles	
in	pH	5.0	buffer.	A) SEC chromatograms measured after indicated dialysis times to pH 5.0 buffer with 500 mM 
NaCl at 4 °C. B and C) Protein fractions as T = 1 (blue circles) and T = 3 (yellow squares) capsids as determined by 
integration of the SEC chromatograms. The whole 2 month time course is displayed in B), while the first 240 hours 
are presented in C) together with curve fits (solid lines) of a numerical solution based on our theoretical model. 
Individual SEC chromatograms are depicted in Figure S3.5 and a comparison with a second dataset is made in Figure 
S3.6 and Figure S3.7. D) Schematic overview of the proposed reassembly mechanism during size increase, where T 
= 3 capsids are energetically most favorable under the buffer conditions used.
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Buffer	name Composition

pH 5.0 buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0

pH 5.0 no EDTA buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, pH 5.0

pH 7.5 100 mM NaCl buffer 50 mM Tris·HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 100 mM NaCl no EDTA 
buffer

50 mM Tris·HCl, 100 mM NaCl, 10 mM MgCl2, pH 7.5.

pH 7.5 500 mM NaCl buffer 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

4x native PAGE loading buffer 248 mM Tris·HCl, 40 % glycerol (v/v), 0.02 % bromophenol blue (w/v)

Native PAGE running buffer 25 mM Tris·HCl, 192 mM glycine

Table	3.1	|	Composition	of	buffers

process, which is not trivial for viral capsids. It was demonstrated experimentally that a decrease 
in the pH from 5.0 to 7.5 induces a size change from T = 3 capsids to T = 1 capsids which goes 
to full completion within 2 months. The initial shift in size was fast and our theoretical model 
revealed that a probable mechanism is the dissociation of coat proteins from the T = 3 capsids, 
which quickly reach the critical concentration to form T = 1 capsids and reassemble into this 
capsid type. The opposite size change from the smaller T = 1 capsids to T = 3 capsids was induced 
by a pH decrease to pH 5.0 and proceeded more gradually than the size reduction. Again, the 
process was completed within 2 months. In this case, our theoretical model predicted that the 
disassembly of the T = 1 capsids is slowed down by the small size of this capsid type and the 
strength of the ELP interactions. The demonstrated dynamic behavior of the VW1-VW8 ELP-
CCMV capsids indicates that these protein cages can interact with their environment, which is 
promising for the development of responsive or adaptive artificial organelle systems.
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their great input during the many discussions we had. Loai Abdelmohsen is kindly acknowledged 
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3.5 Experimental Section

3.5.1 Materials

Ampicillin, chloramphenicol, yeast extract, and peptone were purchased from Sigma-Aldrich/
Merck. Isopropyl-β-D-thiogalactopyranoside (IPTG) was obtained from PanReac AppliChem via 
VWR. Ni-NTA agarose beads were obtained from Qiagen.

3.5.2 Buffers

The buffers used in this chapter are listed in Table 3.1.
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All buffers were filtered over a 0.2 micron filter prior to use.

3.5.3 UV-vis absorbance measurements

In order to determine the protein concentrations during experiments, the absorbance at 280 nm 
was measured with a spectrophotometer ND-1000 and the concentrations were subsequently 
calculated using the theoretical extinction coefficients.23 

3.5.4 Mass spectrometry

Protein mass characterization was performed using a High Resolution LC-MS system consisting 
of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 
(Q-ToF). The system consisted of a Binary Solvent Manager and a Sample Manager with Fixed-
Loop (SM-FL). Proteins were separated (0.3 mL/min) on the column (Polaris C18A reverse 
phase column, 2.0 x 100 mm, Agilent) using an acetonitrile gradient in water (15 % to 75 %, 
v/v) supplemented with formic acid (0.1 %, v/v) before analysis in positive mode in the mass 
spectrometer. Deconvoluted mass spectra were obtained using the MaxENT1 algorithm in the 
Masslynx v4.1 (SCN862) software. Isotopically averaged molecular weights were calculated using 
the ‘Protein Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by 
spin-filtration with MilliQ prior to measurement.

3.5.5 Size exclusion chromatography (SEC)

SEC analysis was performed on a Superose 6 increase 10/300 GL column (GE Healthcare Life 
Sciences). Analytical measurements were executed on an Agilent 1260 bio-inert HPLC. Samples 
with a protein concentration of 100 µM were separated on the column at 21 °C with a flow rate of 
0.5 mL/min. Running buffer was pH 7.5, 100 mM NaCl no EDTA buffer for T = 3 to T = 1 shift and 
pH 5.0 buffer for T = 1 to T = 3 shift.

3.5.6 Transmission electron microscopy (TEM)

TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington	206 carbon coater 
and power unit. Protein samples (10 µM, 5 µL) were applied on the glow-discharged grids and 
incubated for 1 min. The samples were carefully removed using a filter paper. Then, the grid was 
negatively stained by applying 2 % uranyl acetate in water (5 µL). The staining solution was 
removed after 15 seconds and the grid was allowed to dry for at least 15 minutes. The samples were 
studied on a FEI Tecnai 20 (type Sphera) (operated at 200 kV, equipped with a LaB6 filament and 
a FEI BM‐Ceta CCD camera).

3.5.7 Dynamic light scattering (DLS) measurements

DLS measurements were performed on a Malvern Zetasizer Nano ZSP at 21 °C, unless stated 
otherwise. Samples (100 µM, unless stated otherwise) were centrifuged twice prior to analysis. 
Buffers were filtered prior to use. All measurements were done in triplo, and the average of the 
triplo measurements was plotted. 
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3.5.8 Conductivity measurements

Conductivity measurements were performed using a Mettler Toledo SevenGo Duo Pro pH/
conductivity meter SG78 that was calibrated with a 1413 µS/cm @ 25 °C standard (VWR, 
84135.260). In order to assess the NaCl concentration during dialysis, a standard curve was 
prepared by measuring the conductivity of a series of pH 7.5 buffers with NaCl concentrations 
ranging from 0 M to 1 M (with 100 mM intervals). As such, the following formula was used: 

C(mS/cm) = 0.076 x [NaCl](mM) + 6.1536    (R2 = 0.9991) 

3.5.9 Native PAGE

Samples were prepared by mixing 7.5 µL of a 100 µM protein solution and 2.5 µL of 4x native 
PAGE loading buffer. 2.67 µL of the samples were loaded on a 4-20 % gel (Bio-Rad, Mini-
PROTEAN TGX Precast Gels cat# 456-1096). The gel was run at 4 °C with pre-cooled native 
PAGE running buffer containing a cooling pack for 3 hours at 100 V. The gel was washed for 5 
minutes in demineralized water and then stained with coomassie blue staining solution (Bio-
Rad, cat# 161-0786). Subsequently, the gel was destained in demineralized water and visualized 
with an ImageQuant 350 gel imager with ImageQuant 350 Capture software.

3.5.10 General protocol for the expression of His6-ELP-CCMV 
variants

The pET-15b-His6-ELP-CCMV(ΔN26) and pET-15b-His6-VW1-VW8 ELP-CCMV(ΔN26) vectors 
encoding for the two ELP-CCMV variants used in this chapter were previously constructed.20,24

The native ELP-CCMV and VW1-VW8 ELP-CCMV capsid protein variants were expressed 
according to a standard expression procedure.  24,25 E.coli BLR(DE3)pLysS glycerol stocks 
containing one of the pET-15b vectors were cultured overnight at 37 °C in LB medium (50 mL), 
containing ampicillin (100 mg/L) and chloramphenicol (50 mg/L). The overnight culture was 
used to inoculate 2xTY medium (1 L), containing ampicillin (100 mg/L), and grown at 37 °C 
till an optical density (OD600) between 0.4 and 0.6 was reached. Protein expression was then 
induced by the addition of IPTG (1 mM) and the culture was incubated at 30 °C for 6 hours. Cells 
were harvested by centrifugation (2700 x g, 15 min, and 4 °C) and pellets were stored overnight 
at -20 °C. 

The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0; 25 mL). Cell lysis was performed by ultrasonic disruption (7-10 times 30 
seconds, 70 % amplitude, Branson Sonifier 150). Cell lysate was then centrifuged (16.000 x g, 
15 min, 4 °C) to remove bacterial debris. The supernatant was incubated with Ni-NTA agarose 
beads (3 mL) for 1 hour at 4 °C, followed by column loading. The flow-through was collected 
and the column was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, pH 8.0; 20 mL). The proteins of interest were eluted from the column with elution 
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 1 time 0.5 mL, 7 times 
1.5 mL) and fractions containing histidine-tagged VW1-VW8 ELP-CCMV were combined and 
dialyzed against pH 7.5 dimer buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM 
EDTA, pH 7.5; 3 times 30-60 minutes using a 12-14 kDa tubing). The protein was then dialyzed 
against pH 5.0 capsid buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 
pH 5.0; 2 times 30-60 minutes, followed by overnight dialysis using a 12-14 kDa tubing) for 
stable storage at 4 °C. The purity and characteristics of the protein were verified and determined 
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by SDS-PAGE, SEC, Q-TOF, DLS, and TEM. The protein yields after purification and the Q-TOF 
results are listed in Table 3.2. The amino acid sequences of the two ELP-CCMV variants are listed 
in Table 3.3.

3.5.11 General protocol for measuring the self-assembly 
dynamics during size reduction

For a typical dynamics experiment a 100 µM VW1-VW8 ELP-CCMV coat protein solution (150 
µL – 1200 µL) in pH 5.0 buffer was prepared and dialyzed to pH 5.0 no EDTA buffer at 4 °C 
o.n. (12-14 kDa MWCO) with dialysis buffer (150 mL – 200 mL) changes after 30 minutes and 
60 minutes. Subsequently, the protein solution was dialyzed to pH 7.5 buffer, 100 mM NaCl 
no EDTA at 4 °C (12-14 kDa MWCO) with dialysis buffer (150 mL – 200 mL) changes after 30 
minutes and 60 minutes. At different time points during dialysis, 110 µL samples were retrieved 
from the dialysis membrane and incubated with 0.2 eq. of NiCl2 (20 µM) for 50 minutes at room 
temperature. Subsequently, samples were spun down for 1 minute at 12.100 x g and subjected to 
SEC analysis. In addition, 5 µL samples were retrieved from the dialysis membrane, spun down 
for 1 minute at v, and subjected to TEM analysis.

3.5.12 General protocol for measuring the self-assembly 
dynamics during size increase

For a typical dynamics experiment a 100 µM VW1-VW8 ELP-CCMV coat protein solution (150 
µL – 1200 µL) in pH 7.5 buffer, 500 mM NaCl was prepared and dialyzed to pH 5.0 buffer at 4 
°C (12-14 kDa MWCO) with dialysis buffer (150 mL – 200 mL) changes after 30 minutes and 60 

Name Yield	(mg/L) Q-TOF	results

Calculated	MW
(Da)

Observed	MW
(Da)

Native ELP-CCMV 10-48 22253.4 22253.4

VW1-VW8 ELP-CCMV 22-34 22427.6 22427.2

Table	3.2	|	Expression	yields	and	Q-TOF	results	of	the	ELP-CCMV	variants

Name Sequence

Native ELP-CCMV GHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVP-
GLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEH-
VRPTFDDSFTPVY

VW1-VW8 ELP-CCMV GHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

Table	3.3	|	Amino	acid	sequences	of	the	ELP-CCMV	variants
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minutes. At different time points during dialysis, 110 µL and/or 5 µL samples were retrieved from 
the dialysis membrane, spun down for 1 minute at 12.100 x g, and subjected to SEC analysis and/
or TEM analysis respectively.

3.6 Derivation of the theoretical model
In collaboration with Prof. dr. Paul van der Schoot, Prof. dr. Roya Zandi and Alireza Ramezani, 
we developed a theoretical model based on the classical nucleation theory (CNT) to derive the 
mechanism(s) of (dis)assembly of VW1-VW8 ELP-CCMV T = 1 and T = 3 capsids during size 
changes. We hereto accounted for the change in the concentration of free capsid protein during 
assembly and disassembly of the two capsid types. 

3.6.1 Method

Based on previous experimental, theoretical and computer simulation results, we hypothesized 
that nucleation is the underlying mechanism for capsid assembly. To this end, we combined the 
statistical theory of the self-assembly of closed shells and CNT to calculate the rate of assembly 
and disassembly of capsids, which we later compared with our experimental results. To obtain 
the thermodynamic parameters for our kinetic theory, we wrote the free energy of an aqueous 
solution in which only free VW1-VW8 ELP-CCMV subunits and the fully formed capsids exist. 
We ignored the intermediate states as previous experiments and the ones presented in this 
chapter clearly showed that they are undetectable and short-lived. Our nucleation theory does 
implicitly describe the presence of intermediate states but we only kept track of the three species 
mentioned. Within a mean-field approximation, the free energy f per solvent molecule of a 
dilute, aqueous solution, in which the mole fraction of VW1-VW8 ELP-CCMV subunits is xs and 
that of the fully formed capsids x1 for the T = 1 and x3 for T = 3 species, can be written as

βf = xslnxs - xs + x1lnx1 - x1 + q1x1g1 + x3lnx3 - x3 + q3x3g3 (1)

where β = 1/kBT is the reciprocal of the thermal energy with kB Boltzmann’s constant and T the 
absolute temperature. See reference 26 for the derivation of Equation 1. The effective binding 
free energies between VW1-VW8 ELP-CCMV subunits in T = 1 and T = 3 capsids are represented 
by g1 and g3, both in units of thermal energy kBT. We assume that they are averaged over all 
subunits of a fully formed capsid.

An important quantity in the development of our classical nucleation theory for virus capsids, 
is the difference between the chemical potential of free protein subunits in the metastable 
solution and bound proteins in the capsids. Using Equation 1, the chemical potentials of free 
protein subunits in solution are

(2)βµs = = lnxs 
∂βf
∂xs

and similarly, the chemical potential of a capsid is

(3)βµi = = lnxi + qigi,
∂βf
∂xi

where i can be 1 or 3 depending on the T number of the capsid, and qi represents the corresponding 
number of subunits that make up the capsid. The equilibrium distribution of proteins over the 
free proteins and different types of capsid can be obtained by minimizing Equation 1, subject to 
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the condition of conversation of mass, cs = xs + q1x1 + q3x3 with cs the total dimensionless protein 
concentration in solution (their mole fraction). Note that the reference chemical potentials are 
tacitly absorbed in the binding free energies gi.

The resulting mass-action equations are

x1 = (xse-g1)q1 (4)

x3 = (xse-g3)q3 (5)

Since x1 and x3 are always (much) less than unity, both xse
−g1 and xse

−g3 should also be less than 
unity, i.e., xs can never exceed c∗1 = eg1 or c∗3 = eg3. Thus for each type of capsid, there is a critical 
free protein concentration c∗ below which the concentration of capsids is almost zero as the 
number of subunits in the capsids, qi, is large. For CCMV, the basic protein units are dimers, so q1 
= 30 for the T = 1 and q3 = 90 for the T = 3 capsid.

Using the equilibrium theory described above, we can now set up the kinetic theory of capsid 
assembly and disassembly within the framework of CNT. The Gibbs free energy of the formation 
of an incomplete spherical capsid containing n molecules with a circular rim can be written asx3 = (xse-g3)q3

∆G(n) = n∆µ + a   n(q - n) (6)with a =           ,
4πRσ

q

where a is a measure of rim energy, with σ the free energy cost per unit length of the rim. ∆µ 
represents the chemical potential difference (per subunit) between the free proteins in the super- 
or under-saturated solution (Equation 2, and that of the capsid states, Equation 3). The first term 
in Equation 6 promotes the assembly of capsids, and the second one is associated with the free 
energy barrier preventing the formation or dissociation of capsids. To obtain the barrier height, 
we minimize Equation 6 with respect to n and find

∆G(x)* = ∆G0(  Γ2 + 1 - Γ), (7)*

where Γ = -∆µ/a and ∆G0
* = qa/2.

During the assembly process, subunits can attach to and detach from the growing shell through 
a sequence of reversible kinetic steps. Within the classical nucleation theory, the rate of capsid 
assembly is essentially limited by the rate of the formation of the energetically most unfavorable 
critical nucleus through the Boltzmann weight exp β∆G∗ that acts as a kinetic bottleneck. The 
steady-state nucleation rate for association can then be written∆G(x)* = ∆G0(  Γ2 + 1 - Γ),*

Jas = xsv*Z exp(-β∆G*   ) (8)
as with Z =          (∂2β∆G/∂n2) |n* =           (1 + Γ2)3/4-1

2π
βa
qπ

where Z is the Zeldovich factor describing the sharpness of the free energy barrier and may be 
interpreted as a measure of the lifetime of the critical nucleus of size n∗. The attempt frequency 
ν∗ depends on the mode of attachment and may, e.g., depend on the diffusivity of the free 
monomers, or an internal molecular time scale associated with the docking process that may 
depend on conformational switching. For simplicity, we assume that it does not depend on the 
size of the clusters and the consequences of this assumption are discussed below.

To model the disassembly process, we presume that the initial state contains only fully formed 
capsids. Within classical nucleation theory, the rate of disassembly of a capsid is limited by 
dissociation of the critical nucleus, i.e., it depends on the time required to jump over the height 
of the free energy barrier (∆G∗

dis) albeit in the opposite direction from the assembly process. The 
nucleation rate for disassembly reads

Jdis = xiv*Z exp(-β∆G*    ),dis (9)
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where xi are the capsid concentrations of species i = 1, 3. The presumption here is that the attempt 
frequency of the association process is the same as that of the dissociation process. The nucleation 
is limited by crossing over the nucleus, therefore only attempt frequency at the nucleus which is 
the same for both association and dissociation, affects the nucleation rate.

Since capsids with different T numbers have different radii of curvature, we do not allow a 
direct transition from one T number to another one. This is not a far-fetched reaction path, 
as our experiments show: we have no indication of partially disassembled T = 3 particles to 
spontaneously morph into T = 1 particles. Hence, we presume that, first one type of capsid 
disassembles into dimers, and then, secondly, free dimers reassemble into different capsid sizes 
following their corresponding assembly nucleation rates.

The set of equations describing the concentration of dimers, T = 1 and T = 3 capsids in our 
system can finally be expressed as follows,

= -q1 Jas,1 - q3 Jas,3 + q1 Jdis,1 + q3 Jdis,3
dxs

dt
(10)

=  J1 -  Jdis,1
dx1

dt
(11)

=  J3 -  Jdis,3,
dx3

dt
(12)

where xs, x1 and x3 are again the (dimensionless) concentrations of dimers, T = 1 and T = 3 shells 
respectively. The number of dimers in a capsid and the assembly and disassembly rates are 
represented by qi, Jas,i and Jdis,i, respectively, with i = 1, 3 the T number of the shell.

The quantities on the left-hand sides of Equations 10-12 represent time derivatives of the 
concentrations of the three species in our model. The terms on the right-hand sides are due to 
the changes in the formation or dissociation of capsids, where we let all concentrations be time 
dependent yet obey mass conservation. We solve the above system of equations numerically, 
using an explicit forward Euler method with adaptive time steps. For the initial conditions, we 
use the experimental values.

From the solutions of these equations, we calculate the fraction of dimers in each type of 
capsid compared to the total number of dimers in all capsids,

fi =
qixi

Rqjxj
(13)

where i = 1, 3 depending on the T number. We also calculate the fraction of dimers in one type of 
capsids compared to the total number of dimers (cs) in solution.

Gi =         ,
qixi

cs
(14)

and compare these values with the experimentally determined ones.

3.6.2 Simulation of the reassembly during size decrease

Upon increasing the pH from 5.0 to 7.5, the experiments show that T = 3 structures start to 
disassemble while at the same time T = 1 structures begin to assemble. Thus, it is plausible 
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to assume that under the experimental solution conditions, the attractive protein-protein 
interaction is stronger between protein subunits forming T = 1 shells compared to those forming 
T = 3 ones. To this end, we put forward that the critical capsid concentration of the T = 1 species is 
smaller than that of the T = 3 species, and c∗1 < c∗3. Therefore, in the simulation, the free binding 
energies of T = 1 and T = 3 are g1 = −15 and g3 = −14.7 respectively. The initial concentration of T = 
3 is x3(0) = 1/9 c∗1. The initial dimer concentration is xs(0) = 0.8 c∗1.

3.6.3 Simulation of the reassembly during size increase

Upon changing the pH from 7.5 to 5.0, the T = 1 structures start to disassemble while in parallel 
T = 3 structures assemble. This must mainly be because of the stronger attractive interaction 
between capsid proteins in the latter species at lower pH. Note that T = 3 is the native structure 
of CCMV capsid proteins. At pH 7.5, the driving force for the assembly of coat proteins is the 
interaction between the ELPs, while at pH 5.0 the attractive interaction between capsid proteins 
predominates over the attractive ELP-ELP interactions. Since ELPs are attached to the capsid 
proteins, the VW1-VW8 ELP-CCMV proteins do form a shell at pH 7.5, but only the smallest 
possible one as the ELPs need to be as close as possible to each other. However, at pH 5.0, the 
capsid proteins define the size of the shell. To this end, we assume that the attractive interaction 
between VW1-VW8 ELP-CCMV protein is stronger for T = 3 capsids than for T = 1 particles, 
i.e., the critical concentration of T = 1 is larger than that of T = 3, so c∗1 > c∗3. Therefore, in the 
simulation, the free binding energies of T = 1 and T = 3 are g1 = −15 and g3 = −15.4 respectively. 
The initial concentration of T = 1 is x1(0) = 1/3 c∗3. The initial dimer concentration is xs(0) = 1.3 c∗3.
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3.8 Supplementary figures

100100

0 min

40

60

80

100

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

15 min

1510
Volume (mL)

20

30 min

1510
Volume (mL)

20

45 min

1510
Volume (mL)

20

60 min

1510
Volume (mL)

20

75 min

40

60

80

100

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

90 min

1510
Volume (mL)

20

105 min

1510
Volume (mL)

20

2 h

1510
Volume (mL)

20

3 h

1510
Volume (mL)

20

4 h

40

60

80

100

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

6 h

1510
Volume (mL)

20

7 h

1510
Volume (mL)

20

8 h

1510
Volume (mL)

20

29 h

1510
Volume (mL)

20

2 days

40

60

80

100

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

4 days

1510
Volume (mL)

20

7 days

1510
Volume (mL)

20 1510
Volume (mL)

20

2 months

Figure	S3.1	|	SEC	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	3	to	T =	1	particles	in	
pH	7.5	buffer	with	100	mM	NaCl	(dataset	 1).	SEC chromatograms were measured after the indicated dialysis 
times to pH 7.5 buffer with 100 mM NaCl at 4 °C. Samples were stabilized by incubation with 0.2 eq. of Ni2+ for 50 
minutes at room temperature prior to analysis. The results from three separate experiments are combined: 0 to 105 
minutes, 2 h to 29 h and 2 days to 2 months.
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Figure	S3.2	|	SEC	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	3	to	T =	1	particles	in	
pH	7.5	buffer	with	100	mM	NaCl	(dataset	2).	SEC chromatograms were measured after the indicated dialysis 
times to pH 7.5 buffer with 100 mM NaCl at 4 °C. Samples were stabilized by incubation with 0.2 eq. of Ni2+ for 50 
minutes at room temperature prior to analysis. The results from two separate experiments are combined: 0 to 2 h 
and 3 h to 26 h.
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Figure	S3.3	|	Comparison	of	time	curves	based	on	both	datasets	for	the	shift	from	T	=	3	to	T	=	1	particles	
in	pH	7.5	buffer	with	100	mM	NaCl.	Protein fractions as T = 1 (blue circles) and T = 3 (yellow squares) capsids as 
determined by integration of the SEC chromatograms of Figure S3.1 (A) and Figure S3.2 (B).
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Figure	S3.4	|	TEM	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	3	to	T =	1	particles	
in	pH	7.5	buffer	with	100	mM	NaCl.	Samples were taken after the indicated dialysis times at 4 °C and negatively 
stained with uranyl acetate. Areas indicated with brackets are displayed as zoomed images with T = 1 capsids 
indicated by arrows. Scale bars correspond to 200 nm (main images) and 20 nm (zoomed images).

Dynamics of hybrid cowpea chlorotic mottle virus particles during capsid size changes

79



100100

2 days

1510
Volume (mL)

20

4 days

1510
Volume (mL)

20

1 week

1510
Volume (mL)

20

2 months

1510
Volume (mL)

20

0 h

40

60

80

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

2 h

1510
Volume (mL)

20

1.5 h

1510
Volume (mL)

20

1 h

1510
Volume (mL)

20

0.5 h

1510
Volume (mL)

20

3 h

40

60

80

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

1510
Volume (mL)

20

30 h

1510
Volume (mL)

20

8 h

1510
Volume (mL)

20

6 h

1510
Volume (mL)

20

4 h

1510
Volume (mL)

20

40

60

80

Ab
so

rb
an

ce
 2

80
 n

m
 (a

.u
.)

0

20

Figure	S3.5	|	SEC	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	1	to	T =	3	particles	in	
pH	5.0	buffer	(dataset	1).	SEC chromatograms were measured after indicated dialysis times to pH 5.0 buffer with 
500 mM NaCl at 4 °C. The results from two separate experiments are combined: 0 to 30 h and 2 days to 2 months.
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Figure	S3.6	|	SEC	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	1	to	T =	3	particles	in	
pH	5.0	buffer	(dataset	2).	SEC chromatograms were measured after indicated dialysis times to pH 5.0 buffer with 
500 mM NaCl at 4 °C.
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Figure	S3.7	|	Comparison	of	time	curves	based	on	both	datasets	for	the	shift	from	T	=	1	to	T	=	3	particles	
in	pH	5.0	buffer.	Protein fractions as T = 1 (blue circles) and T = 3 (yellow squares) capsids as determined by 
integration of the SEC chromatograms of Figure S3.5 (A) and Figure S3.6 (B).
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Figure	S3.8	|	TEM	analysis	of	VW1-VW8	ELP-CCMV	capsids	during	transition	from	T	=	1	to	T =	3	particles	
in	pH	5.0	buffer.	Samples were taken after the indicated dialysis times at 4 °C and negatively stained with uranyl 
acetate. Areas indicated with brackets are displayed as zoomed images with T = 3 capsids indicated by arrows. Scale 
bars correspond to 200 nm (main images) and 20 nm (zoomed images).
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Abstract
Due to their enhanced stability under nearly-physiological conditions, capsids of a hydrophobic 
variant of the cowpea chlorotic mottle virus (VW1-VW8 ELP-CCMV) are great candidates for 
development into artificial organelles. However, their stability also makes cargo-incorporation via 
existing methods unfeasible. In this chapter, we explore alternative methods to incorporate the 
model protein enhanced green fluorescent protein (mEGFP) into VW1-VW8 ELP-CCMV capsids 
that are compatible with their stability and dynamics. Sortase A-mediated and dynamics-based 
cargo incorporation are employed in vitro, while a co-expression strategy is developed for in vivo 
cargo loading. Efficient cargo encapsulation is demonstrated using all three of the strategies. 
Especially the co-expression strategy is very efficient and convenient for the production of cargo-
loaded VW1-VW8 ELP-CCMV capsids and could be further extended to artificial organelle 
systems.

Manuscript in preparation

In vivo cargo loading
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4.1 Introduction
In the previous chapters we have demonstrated that VW1-VW8 ELP-CCMV capsids are sufficiently 
stable as well as dynamic to make further development into artificial organelles an interesting 
approach. Artificial organelles, however, comprise more than only the capsule material. That is, 
artificial organelles need to add function to cells, such as catalytic activity. This can be achieved by 
loading artificial organelles with enzymes. Therefore, an expansion of our VW1-VW8 ELP-CCMV 
system towards cargo incorporation is crucial for future development into artificial organelles.

Several cargo loading methods have already been developed for CCMV. Initially, statistical 
cargo loading with horseradish peroxidase (HRP) was performed by making use of the reversible 
assembly behavior of wild type CCMV.1 By mixing the cargo protein with disassembled CCMV 
coat proteins, followed by induction of self-assembly at pH 5.0, HRP could be encapsulated into 
T = 3 capsids. Later, the focus shifted towards the development of more specific and efficient 
cargo encapsulation strategies.2–5 For example, peptide coiled-coil interactions have been used 
to improve cargo loading.2,3 The engineering of a genetic fusion of complementary coiled-coil 
peptides to both the N-terminus of the CCMV coat protein and the enzymatic cargo allowed 
for heterodimerization of the coiled-coils during capsid assembly at pH 5.0. This resulted in 
efficient non-covalent binding of Candida antarctica lipase B (CalB) to the interior of CCMV 
capsids.2 Alternatively, cargo proteins were attached covalently to the capsid proteins, either via 
the generation of a genetic fusion3 or by an enzymatic coupling strategy.4 In the latter strategy 
the CCMV N-terminus was elongated with a Gly residue, while an LPETG Sortase signal sequence 
was introduced at the C-terminus of the cargo protein CalB. The enzyme Sortase A was then 
employed to generate CalB-LPETG-CCMV, which co-assembled with non-functionalized CCMV 
proteins into CCMV capsids with encapsulated CalB. Lastly, yet another strategy has been 
employed in order to encapsulate two different two-enzyme cascades inside CCMV capsids.5 
The enzymes were functionalized with complementary single-stranded DNA sequences, which 
after hybridization, yielded dual-enzyme complexes. In addition, the DNA strands introduced 
sufficient negative charges interacting with the positive CCMV coat protein N-termini to allow 
reassembly of the protein cage around the enzyme complexes. Although there are quite some 
modular cargo loading methods known for CCMV, none of these have been employed in vivo 
thus far. 

On the other hand, in vivo cargo loading strategies have been developed for other protein-
based artificial organelle systems. For example, encapsulins, which are naturally occurring 
protein-based organelles in a large variety of bacteria and archaea,6 can be loaded with 
(exogenous) cargoes via binding of a short polypeptide sequence on the C-terminus of the cargo 
protein to a binding site on the encapsulin interior.7–10 By making use of this encapsulation 
strategy encapsulin artificial organelle functionality has been described in both yeast11 and 
mammalian cells.12 Via a similar approach, cargo proteins have been incorporated into lumazine 
synthetase (LS) cages.13 Hereto, tags that were derived from the C-terminal domain of the native 
guest protein were attached to the cargo proteins and allowed for cargo sorting during cargo 
and capsid protein co-production in E. coli. In another approach, LS cages were loaded in E. 
coli by making use of complementary charged tags.14 Lastly, a variety of bacteriophage protein 
cages have been loaded with cargo proteins in vivo via a variety of encapsulation strategies. For 
example, the bacteriophage Qβ was loaded with several catalytic cargoes by making use of RNA 
tags.15–17 These RNA tags consisted of the Qβ genome packaging hairpin that interacted with the 
interior of the Qβ capsid and an α-Rev aptamer that could bind to a Rev-tag attached to the cargo 
enzyme. By co-expression of the Qβ coat protein, the RNA tag and the Rev-tagged enzyme, cargo 
loading was achieved in vivo. Another bacteriophage that was loaded with cargo in vivo is MS2.18 
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In this case specific cargo encapsulation was accomplished by engineering a genetic fusion of 
the SpyCatcher19 protein to the cargo protein and of the SpyTag to an unstructured loop of the 
MS2 coat protein. Binding of the SpyCatcher protein to the SpyTag allowed for the formation of 
a covalent linkage between the cargo enzyme and the capsid interior in E. coli and subsequent 
loading of the capsids. Lastly, the bacteriophage P22 has been loaded with a variety of cargo 
proteins in E. coli by creating genetic fusions with a short scaffolding domain that is essential for 
templating capsid formation.20–25 Altogether, this variety of cargo loading strategies demonstrates 
that there is a great body of knowledge for the development of in vivo encapsulation methods 
with other protein cages, allowing their further advancement towards artificial organelles.

In this chapter, we describe the development of strategies aimed at efficiently loading VW1-
VW8 ELP-CCMV capsids with cargo proteins. Although cargo loading has already been achieved 
with CCMV capsids before, most of the current strategies are either dependent on the disassembly 
into dimers or not feasible in vivo. Therefore, those approaches are not compatible with our VW1-
VW8 ELP-CCMV capsid or artificial organelle systems in general. Hence, we focus on alternative 
cargo encapsulation strategies. We first explore two methods that facilitate in vitro cargo loading 
(Figure 4.1, right). To this end we re-engineered an enzyme-based functionalization strategy and 
developed a cargo incorporation strategy based on the dynamics that were described in chapter 
3. In addition, we developed an encapsulation strategy based on co-production of capsid and 
cargo proteins that could be applied in vivo (Figure 4.1, left).

4.2 Results and Discussion

4.2.1 Sortase A-mediated cargo incorporation

Previously, the Sortase A enzyme was used to couple cargo proteins to the N-terminus of ELP-
CCMV dimers, ensuring loading of fluorescent26 or catalytic cargo4 into capsids upon induction 
of self-assembly. Sortase A recognizes the signal peptide LPXTG (with X being any amino acid) 
and cleaves the amide bond between Thr and Gly. The resulting C-terminal Thr is subsequently 
coupled to any protein with an N-terminal Gly.27 The Sortase A enzyme has also been used 
to functionalize the N-terminus of the more hydrophobic VY1-VY8 ELP-CCMV variant.28 In 
general, Sortase A-mediated cargo incorporation requires the N-termini of the ELP-CCMV 

Co-assembly

Isolation

Capsid dynamics

Enzymatic 
functionalization

Figure	4.1	 |	Overview	of	 cargo	 incorporation	 strategies	 for	VW1-VW8	ELP-CCMV	capsids.	Cargo proteins 
(green) can be incorporated in vitro via Sortase A-mediated (yellow) functionalization of the VW1-VW8 ELP-CCMV 
coat protein (top right) or via intermixing of cargo-fused coat proteins with empty capsids (bottom right). Via co-
expression and co-assembly of the cargo-fused VW1-VW8 ELP-CCMV and the non-functionalized coat protein, 
cargo loading can be achieved in vivo (left).
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4

 Sortase A

 Cargo-LPETG

Figure	4.2	|	Overview	of	Sortase	A-mediated	cargo	incorporation.	This strategy comprises incubation of VW1-
VW8 ELP-CCMV capsids with Sortase A and an LPETG-tagged cargo, yielding capsids containing the cargo either 
in the interior or on the surface.

proteins to be available, either due to complete disassembly into dimers or due to dynamics in 
the assembled capsids. As was discussed in chapter 2, VW1-VW8 ELP-CCMV capsid are very 
difficult to disassemble completely. We have however observed that the assembled capsids are 
still dynamic, as discussed in chapter 3. This was also observed for the less hydrophobic VY1-VY8 
ELP-CCMV variant.28 Thus, sortase A-mediated cargo incorporation into VW1-VW8 ELP-CCMV 
capsids could be a viable approach (Figure 4.2).

We first tested this hypothesis with a fluorescent peptide as the intended cargo. Hereto, 
equimolar mixtures of VW1-VW8 ELP-CCMV capsids, Sortase A and the FITC-βAla-LPETG-NH2 
(FITC-LPETG) peptide were incubated for 24 hours at room temperature. Subsequent SDS-PAGE 
analysis, in which denatured proteins are separated based on their sizes, revealed the emergence 
of a fluorescent band, corresponding to the VW1-VW8 ELP-CCMV protein that is N-terminally 
elongated with the FITC-LPETG peptide (Figure 4.3A,B). Q-TOF mass analysis confirmed the 
presence of the coupled product (Figure 4.3C). These results indicate that, although the VW1-
VW8 ELP-CCMV proteins are assembled into capsids in these conditions (Figure S4.3) the 
N-termini are still available for Sortase A modification.

Subsequently, we considered whether the same approach could also be employed to 
incorporate a cargo protein into VW1-VW8 ELP-CCMV capsids. In order to do so, equimolar 
mixtures of VW1-VW8 ELP-CCMV capsids, Sortase A and S-GFP-LPETG were incubated for 24 
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Figure	4.3	|	Analysis	of	Sortase	A-mediated	coupling	of	FITC-LPETG	peptide	to	VW1-VW8	ELP-CCMV.	A-B) 
SDS-PAGE analysis of reaction mixtures after 24 hours. The gel was stained with Coomassie Brilliant Blue (A) and 
the fluorescence of the FITC-peptide was visualized by using an excitation wavelength of 470 nm and a 537/35 nm 
imaging filter (B). The band just above 50 kDa that is indicated with an * is an impurity in the Sortase A protein. 
SDS-PAGE analysis of the reaction mixtures at intermediate time points is displayed in Figure S4.1. C) Deconvoluted 
LC-MS Q-TOF mass spectrum (calculated molecular weights are 22427.2 Da (uncoupled) and 23327.6 (coupled)). 
The full Q-TOF analysis is displayed in Figure S4.2.
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hours at room temperature. Already after 1 hour a new band around 50 kDa could be observed in 
an SDS-PAGE analysis, corresponding to GFP-VW1-VW8 ELP-CCMV (Figure 4.4A). When either 
the Sortase A or the S-GFP-LPETG protein were omitted from the reaction mixtures, this band 
was not present. After 24 hours the conversion was determined at 22.6 % (Figure 4.4B). 

Thus, Sortase A can be used to conjugate cargo peptides and proteins to the VW1-VW8 
ELP-CCMV N-termini. As the availability of the N-termini depends on either dynamics of the 
capsid proteins or the N-terminal domains,28 we cannot state with certainty that the coupled 
cargoes are also incorporated into the capsid interiors. It could very well be that only dimers were 
functionalized by Sortase A or that the cargoes were attached to the capsid exterior. Therefore, a 
cargo encapsulation strategy that ensures cargo incorporation into the capsid interior would be 
more preferable. 

4.2.2 Dynamics-based cargo incorporation

Since we have seen in chapter 3 that VW1-VW8 ELP-CCMV capsids are dynamic in certain 
conditions, we have attempted to use these dynamics to force the uptake of cargo-fused dimers 
into capsids. Hereto, we first generated a gene construct consisting of an N-terminal enhanced 
green fluorescent protein (mEGFP) attached to the VW1-VW8 ELP-CCMV coat protein by a short 
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Figure	4.4	 |	 SDS-PAGE	Analysis	of	 Sortase	A-mediated	coupling	of	GFP-LPETG	to	VW1-VW8	ELP-CCMV.	
A) Coomassie Brilliant Blue stained SDS-PAGE gel. The band just above 50 kDa that is indicated with an * is an 
impurity in the Sortase A protein. B) ImageJ quantification of protein bands on the gel.
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Figure	4.5	|	Analysis	of	expression	and	purification	of	mEGFP-VW1-VW8	ELP-CCMV.	A) SDS-PAGE analysis 
of Ni2+/NTA purification. The gel was stained with Coomassie Brilliant Blue. B) SEC chromatogram of mEGFP-VW1-
VW8 ELP-CCMV in pH 5.0 buffer with protein absorbance measured at 280 nm (gray curve and axis) and mEGFP 
absorbance measured at 395 nm (green curve and axis).
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Figure	4.6	 |	 Overview	 of	 dynamics-based	 cargo	 loading.	 This approach comprises dialysis of VW1-VW8 
ELP-CCMV capsids to pH 7.5 buffer with 100 mM NaCl, mixing with mEGFP-VW1-VW8 ELP-CCMV dimers and 
incubation at 4 °C to allow dynamic behavior. Subsequent induction of capsid formation by either decreasing the pH 
and simultaneously increasing the NaCl concentration (top) or by only increasing the NaCl concentration (bottom), 
yielded mEGFP-loaded T = 3 and T = 1 capsids respectively.

linker, and expressed the corresponding mEGFP-VW1-VW8 ELP-CCMV fusion protein (Figure 
4.5A, Figure S4.4). SEC analysis (Figure 4.5B) indicated that the fusion protein by itself could 
not assemble into capsids as the protein eluted from the column around 17 mL, corresponding 
to protein dimers. This is most likely due to the size of the GFP domain; steric hindrance would 
prevent the accommodation of either 60 or 180 proteins in T = 1 or T = 3 capsids, respectively. 
Thus, if the VW1-VW8 ELP-CCMV empty capsids are sufficiently dynamic, then coincubation 
with mEGFP-VW1-VW8 ELP-CCMV fusion proteins can be used to incorporate cargo at a lower 
density (Figure 4.6).

We first studied the incorporation of mEGFP into T = 3 capsids. Hereto, we mixed VW1-VW8 
ELP-CCMV capsids and mEGFP-VW1-VW8 ELP-CCMV protein in pH 7.5 buffer with 100 mM 
NaCl at 4 °C in a 4:1 ratio. In these conditions, the VW1-VW8 ELP-CCMV demonstrates good 
dynamics, as described in chapter 3. So it was expected that this incubation period would allow 
for some exchange of VW1-VW8 ELP-CCMV proteins from the capsids with mEGFP-VW1-VW8 
ELP-CCMV in solution. SEC analysis after dialysis back to pH 5.0 buffer (Figure 4.7A), however, 
revealed that no GFP signal overlapped with the capsid peak between 10 to 15 mL. Interestingly, 
prolonged incubation at pH 5.0 (Figure 4.7B,C) did result in overlapping signals, indicating 
mEGFP incorporation into the capsids. As the SEC analysis revealed that after the short dialysis 
step the size shift towards T = 3 capsids was not complete (Figure 4.7A), it is likely that actually 
the growth of the capsids is more important for incorporation of mEGFP than the incubation 
period in the dynamics buffer. Repetition of this study at a lower total protein concentration 
yielded similar results (Figure S4.5).

We continued to evaluate the amount of mEGFP cargo that could be incorporated into T = 3 
capsids via this approach. Hereto, we purified capsids from mEGFP-VW1-VW8 ELP-CCMV with 
SEC and VW1-VW8 ELP-CCMV mixtures that were incubated at pH 5.0 for 4 days and subjected 
them to SDS-PAGE analysis (Figure 4.7D). The presence of both proteins in the capsids was 
confirmed by the two bands around 50 kDa and 25 kDa corresponding to the mEGFP-VW1-VW8 
ELP-CCMV fusion protein and VW1-VW8 ELP-CCMV coat protein respectively. Furthermore, 
no other protein bands were visible on the gel, indicating that the protein-based impurities 
were removed from the capsid solution. Quantification of the bands on the gel revealed that 
approximately 6 % of the coat proteins in the capsids is fused to mEGFP, which indicates that 
on average 10 mEGFP molecules are present per T = 3 capsid. This number is comparable to 
the encapsulation yield of GFP into native ELP-CCMV capsids via Sortase A-mediated cargo 
incorporation.26 TEM analysis (Figure 4.7E,F) demonstrated that the capsid size is not affected by 
incorporation of mEGFP via this dynamics based approach as the determined size corresponds to 
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the expected size of 28 nm for T = 3 capsids. 
Since the dynamics-based incorporation approach was successful for mEGFP encapsulation 

into T = 3 capsids, we assessed whether the same strategy could be employed to load T = 1 capsids 
with mEGFP. In order to do so, we mixed VW1-VW8 ELP-CCMV capsids and mEGFP-VW1-VW8 
ELP-CCMV protein in pH 7.5 buffer with 100 mM NaCl at 4 °C in a 4:1 ratio. Subsequently, we 
increased the NaCl concentration to 500 mM NaCl and subjected the protein mixture to SEC 
analysis (Figure 4.8A,B). Interestingly, already after 90 minutes of dialysis, an overlap of the 
GFP signal with the capsid signal around 12 mL was visible. This signal did not seem to increase 
much with prolonged incubation at the elevated NaCl concentration, indicating that when T = 1 
capsids are concerned the intermixing step at 100 mM NaCl is most important for incorporation 
of mEGFP into the capsids. This could be explained by the dynamics being much reduced at 
elevated NaCl concentrations, as described in chapter 3. Again, a repetition of these experiments 
with a lower protein concentration yielded similar results (Figure S4.6).
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Figure	4.7	|	Analysis	of	dynamics-based	mEGFP	incorporation	into	VW1-VW8	ELP-CCMV	T	=	3	capsids	at	
pH	5.0.	A-C) SEC chromatograms of 25 µM mEGFP-VW1-VW8 ELP-CCMV and 100 µM VW1-VW8 ELP-CCMV 
capsid mixtures in pH 5.0 buffer with protein absorbance measured at 280 nm (gray curve and axis) and mEGFP 
absorbance measured at 395 nm (green curve and axis). Mixtures were allowed to mix at 4 °C, pH 5.0 for 90 minutes 
(A), overnight (B) or 4 days (C). D) SDS-PAGE analysis of SEC purification. The gel was stained with Coomassie 
Brilliant Blue. ImageJ quantification is depicted next to the gel. E) Uranyl acetate-stained TEM micrograph of SEC-
purified capsids. The area indicated with brackets is displayed as a zoomed image. Scale bars correspond to 200 nm 
(main image) and 20 nm (zoomed image). F) Size distribution of the capsids shown in figure E.
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Figure	4.8	|	Analysis	of	dynamics-based	mEGFP	incorporation	into	VW1-VW8	ELP-CCMV	T =	1	capsids	at	pH	
7.5.	A-B) SEC chromatograms of 25 µM mEGFP-VW1-VW8 ELP-CCMV and 100 µM VW1-VW8 ELP-CCMV mixtures 
in pH 7.5, 500 mM NaCl buffer with protein absorbance measured at 280 nm (gray curve and axis) and mEGFP 
absorbance measured at 395 nm (green curve and axis). Mixtures were allowed to mix at 4 °C, pH 7.5, 500 mM NaCl 
for 90 minutes (A) or overnight (B). C) SDS-PAGE analysis of SEC purification. ImageJ quantification is depicted 
next to the gel. The gel was stained with Coomassie Brilliant Blue. D) Uranyl acetate-stained TEM micrograph of 
SEC-purified capsids. The area indicated with brackets is displayed as a zoomed image. Scale bars correspond to 200 
nm (main image) and 20 nm (zoomed image). E) Size distribution of the capsids shown in figure D.

Next, we evaluated the amount of mEGFP that was incorporated into the T = 1 capsids. 
SDS-PAGE analysis (Figure 4.8C) of SEC-purified capsids revealed that approximately 8 % of 
the proteins in the capsids contained the mEGFP domain, indicating that on average 5 mEGFP 
molecules are encapsulated per T = 1 capsid. TEM analysis (Figure 4.8E,F) revealed that the size 
of the capsids is in good accordance with the expected size of 18 nm for T = 1 capsids, indicating 
that the capsid size is not affected by incorporation of mEGFP via this dynamics based approach.

Altogether, the results with T = 3 and T = 1 capsids indicate that dynamics in the capsids can be 
used to incorporate cargo proteins. Interestingly, the dynamics within both capsid types seem to 
differ quite a lot, resulting in different incorporation kinetics. As via this approach complete coat 
proteins are exchanged between capsids and the surrounding solution, it is much more likely 
that the integrated mEGFP domains are located in the capsid interior when incorporated via the 
dynamics-based cargo loading approach compared to the Sortase A-mediated strategy.

Cargo encapsulation into hybrid cowpea chlorotic mottle virus particles

93



4.2.3 Co-expression-based in vivo cargo encapsulation

As we have described above, the VW1-VW8 ELP-CCMV capsids are sufficiently dynamic to 
allow cargo incorporation in vitro. Although such approaches are very useful for the generation 
of nanoreactors and premade artificial organelles that can be introduced into cells as complete 
capsules, they do not make use of the full potential that protein-based systems have to offer 
for artificial organelle development. That is, protein-based artificial organelle systems can, in 
principle, be completely produced and assembled inside cells. We therefore opted to find a 
method to incorporate cargo proteins into our VW1-VW8 ELP-CCMV capsids in vivo.

In order to achieve in vivo cargo incorporation we developed a co-expression strategy (Figure 
4.9) employing the mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-CCMV proteins. As we 
have seen above, the mEGFP fusion protein can interact with the VW1-VW8 ELP-CCMV protein 
to allow incorporation into capsids in vitro. In addition, we have demonstrated in chapter 2 that 
the VW1-VW8 ELP-CCMV capsids are quite stable under nearly-physiological conditions. We 
therefore hypothesized that VW1-VW8 ELP-CCMV could form capsids in cellulo and when co-
expressed with mEGFP-VW1-VW8 ELP-CCMV would assemble into mEGFP-containing capsids. 
In order to reduce the amount of mEGFP-VW1-VW8 ELP-CCMV that is not incorporated into 
capsids, the expression of the mEGFP fusion protein was placed under control of a pBAD 
promoter as to allow for regulation of the expression levels.

We first evaluated whether co-expression and co-purification based on the hexahistidine tag 
of mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-CCMV is feasible. SDS-PAGE analysis 

T7

Expression

pBAD

Expression

In vivo cargo loading Protein-based nanoreactor

Isolation

B

A

Co-assembly

Self-assembly

Figure	4.9	|	Overview	of	in vivo	cargo	loading	based	on	co-expression.	A) Expression of the mEGFP-VW1-VW8 
ELP-CCMV fusion protein by itself does not result in mEGFP-loaded capsids, but only in dimers. B) Co-expression 
of VW1-VW8 ELP-CCMV and the mEGFP fusion protein allows for co-assembly and yields mEGFP-containing VW1-
VW8 ELP-CCMV capsids after purification.
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Figure	4.10	|	Analysis	of	co-expression	and	co-purification	of	mEGFP-VW1-VW8	ELP-CCMV	and	VW1-VW8	
ELP-CCMV.	A) SDS-PAGE analysis of Ni2+/NTA purification. The gel was stained with Coomassie Brilliant Blue. B) 
SEC chromatogram of capsids in pH 5.0 buffer with protein absorbance measured at 280 nm (gray curve and axis) 
and mEGFP absorbance measured at 395 nm (green curve and axis).

(Figure 4.10A) revealed that both proteins could be expressed and purified together, as two bands 
corresponding to both proteins were visible. Q-TOF mass analysis (Figure S4.7) confirmed the 
successful expression of both proteins. After dialysis to pH 5.0 buffer, the capsids were subjected 
to SEC analysis (Figure 4.10B), demonstrating that the mEGFP absorbance overlapped with the 
capsid signal around 11 mL. This suggests that mEGFP-VW1-VW8 ELP-CCMV was successfully 
incorporated into VW1-VW8 ELP-CCMV T = 3 capsids via our co-expression strategy. Expression 
of mEGFP-native ELP-CCMV (Figure S4.8, Figure S4.9) and co-expression together with native 
ELP-CCMV was also feasible (Figure S4.10, Figure S4.11), but did not yield mEGFP-loaded capsids 
(Figure S4.11).

We thus continued to analyze the co-expressed VW1-VW8 ELP-CCMV capsids further after 
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Figure	4.11	|	Analysis	of	SEC-purified	mEGFP-containing	VW1-VW8	ELP-CCMV	T	=	3	capsids.	A) SDS-PAGE 
analysis of SEC purification. The gel was stained with Coomassie Brilliant Blue. ImageJ quantification is depicted 
next to the gel. B) Uranyl acetate-stained TEM micrograph of SEC-purified capsids. The area indicated with brackets 
is displayed as a zoomed image. Scale bars correspond to 200 nm (main image) and 20 nm (zoomed image). C) Size 
distribution of the capsids shown in figure B.
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SEC purification. SDS-PAGE analysis (Figure 4.11A) of the purified capsids and quantification of 
the bands on the gel demonstrated that approximately 9 % of the proteins in the T = 3 capsids 
are fused to mEGFP. This indicates that on average 16 GFP molecules are encapsulated per 
capsid. Furthermore, TEM analysis (Figure 4.11B,C) revealed that the capsid morphology was not 
affected by the encapsulation of this quite large amount of mEGFP moieties, as the size was well 
in accordance with that of T = 3 capsids.

As our goal was to develop a cargo encapsulation strategy that would work in cellulo, we 
studied the formation of mEGFP-containing capsids in more detail. Hereto, we co-expressed 
mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-CCMV and purified capsids from the lysate 
directly. This was achieved by performing a PEG-precipitation of the lysate, forcing capsids to 
go out of solution, followed by SEC purification of the resuspended precipitate. By adjusting the 
amount of PEG that was used during the precipitation step, both T = 1 and T = 3 capsids were 
purified in this way. Subsequent SDS-PAGE analysis (Figure 4.12A) indicated that the VW1-VW8 
ELP-CCMV protein was present in the combined capsid fractions. The presence of the mEGFP-
VW1-VW8 ELP-CCMV protein could not be confirmed based on the SDS-PAGE analysis, as a 
band at the expected size was also visible in an empty capsid sample that was purified in the same 
way as the mEGFP-loaded capsids. Lastly, fluorescence imaging of the purified capsids confirmed 
that mEGFP was present in both capsid types (Figure 4.12B). No fluorescence was observed in 
the empty capsid sample. Altogether, these results suggest that mEGFP-loaded VW1-VW8 ELP-
CCMV capsids self-assemble either already during co-expression inside E. coli or during cell lysis.

In order to distinguish between the self-assembly of VW1-VW8 ELP-CCMV capsids in vivo 
and during cell lysis procedures, we opted to study the protein-expressing bacteria with TEM and 
fluorescence microscopy (Figure 4.13 and Figure S4.12). From the TEM images, no clear differences 
were observed between the empty bacteria and the E. coli cells that produced the mEGFP-VW1-
VW8 ELP-CCMV protein or both the mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-CCMV 
proteins. Still, some regions of higher density were identified in the protein-expressing bacteria, 
which could be an indirect indication of the presence of a protein assembly. However, direct 
identification of VW1-VW8 ELP-CCMV T = 1 capsids, which form at physiological pH, is not 
trivial, as their expected size of 18 nm is quite similar to that of naturally occurring intracellular 
moieties such as ribosomes. Nonetheless, the TEM analysis revealed that the co-expression 
of the mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-CCMV proteins does not affect the 
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Figure	4.12	|	Analysis	of	SEC	purification	of	VW1-VW8	ELP-CCMV	capsids	from	lysates	directly.	A) SDS-PAGE 
analysis of combined capsid fractions from individual SEC purifications. The gel was stained with Coomassie Brilliant 
Blue. B) mEGFP fluorescence of combined capsid fractions from individual SEC purifications. The fluorescence was 
visualized by using an excitation wavelength of 470 nm and a 537/35 nm imaging filter.

Chapter 4

96



4

internal structures of the E. coli cells. This is promising for in vivo artificial organelle engineering 
as it indicates that the production of at least the components of the artificial organelle do not 
harm the cell. The epifluorescence micrographs showed that both the expression of the mEGFP-
VW1-VW8 ELP-CCMV protein and its co-expression with VW1-VW8 ELP-CCMV resulted in a 
fluorescent signal within the E. coli cells. In the co-expressing bacteria, the fluorescence intensity 
appeared to be lower than in the bacteria that only expressed the mEGFP fusion protein. This is 
most probably the result of a reduced protein production level due to the spreading of cellular 
resources for the overexpression of two proteins in the case of the co-expressing bacteria. The 
fluorescent signal indicates that the mEGFP fusion protein is distributed quite homogeneously 
over the complete bacteria both when it is expressed by itself and when it is co-expressed with the 
VW1-VW8 ELP-CCMV protein. Therefore, from these images, it cannot be determined whether 
the mEGFP-VW1-VW8 ELP-CCMV protein is encapsulated in vivo.

Although we have not demonstrated definitely that the developed co-expression strategy 
results in in vivo cargo loading of VW1-VW8 ELP-CCMV capsids with mEGFP, we have strong 
indications that this approach is feasible for in cellulo artificial organelle formation. In any case, 
the co-expression strategy can be used to conveniently and efficiently load cargo into T = 1 capsids 
without affecting the internal structures of E. coli. 
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Figure	4.13	|	Microscopy	analysis	of	protein-expressing	E. coli. Expression cultures of the mEGFP-VW1-VW8 
ELP-CCMV protein (middle) and co-expression cultures of mEGFP-VW1-VW8 ELP-CCMV and VW1-VW8 ELP-
CCMV proteins (right) were incubated for up to 6 hours after which the bacteria were fixed to allow for sample 
preparation. For TEM analysis (top) the bacteria were embedded in EPON resin, cut into 50 nm ultrathin sections 
and post stained with uranyl acetate and Reynolds lead citrate. For epifluorescence microscopy analysis (bottom) 
the bacterial suspension was applied onto a microscopy slide. Representative images are displayed. Scale bars 
correspond to 200 nm (top) and 50 µM (bottom).
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4.3 Conclusions

We have explored three different cargo incorporation strategies for VW1-VW8 ELP-CCMV capsids 
that are compatible with their stability and dynamics. As we demonstrated, our first approach 
using Sortase A-mediated cargo incorporation on capsids instead of on coat protein solutions 
as previously reported,26 was successful and yielded mEGFP-containing capsids. However, due 
to dynamics of the N-termini28 to which the cargo proteins are attached by Sortase A, it cannot 
be distinguished whether the incorporated mEGFP is located on the exterior or in the interior 
of the capsids. Our second approach, comprising the incorporation of mEGFP-VW1-VW8 ELP-
CCMV fusion proteins into both T = 1 and T = 3 capsids based on dynamics of the capsids, also 
resulted in mEGFP-loaded capsids. As in this procedure complete coat proteins with and without 
mEGFP fusion are interchanged, it is more likely that the mEGFP cargo is incorporated into the 
capsid interior via this approach. Our final approach that focused on in vivo cargo loading in E. 
coli was based on co-expression of cargo and coat protein, and also yielded mEGFP-loaded VW1-
VW8 ELP-CCMV capsids after purification. Although we cannot state with certainty that capsids 
self-assemble and are loaded with mEGFP inside E. coli already, we have strong indications that 
this is the case. Therefore, especially the co-expression strategy is very efficient and convenient 
to produce cargo-loaded VW1-VW8 ELP-CCMV capsids and could be further developed toward 
artificial organelle systems.

4.4 Acknowledgements

Rob Mesman and Laura van Niftrik performed the TEM analysis of the protein-expressing E. 
coli, for which they are greatly acknowledged. Jan Pille is kindly acknowledged for his guidance 
in setting up the co-expression strategy. Daan Vervoort is kindly acknowledged for providing 
FITC-βAla-LPETG-NH2 peptide and S-GFP-LPETG protein. Lise Schoonen is thanked for 
providing the Sortase A enzyme. Wiggert Altenburg helped with setting up the purification of 
intact capsids from the E. coli cultures and with preparing microscopy samples for fluorescence 
imaging, for which he is kindly acknowledged. Loai Abdelmohsen is gratefully acknowledged for 
fruitful discussion about the dynamics-based cargo incorporation strategy. 

4.5 Experimental Section

4.5.1 Materials

T4 DNA ligase and restriction enzymes were obtained from New England Biolabs. Ampicillin, 
chloramphenicol, kanamycin, yeast extract, peptone and L-arabinose were purchased from 
Sigma-Aldrich/Merck. Isopropyl-β-D-thiogalactopyranoside (IPTG) was obtained from PanReac 
AppliChem via VWR. Paraformaldehyde and glutaraldehyde were purchased from EMS. Hoechst 
solution was obtained from ThermoFisher. Ni-NTA agarose beads were obtained from Qiagen. 
FITC-βAla-LPETG-NH2 peptide and S-GFP-LPETG protein were produced by Daan Vervoort and 
Sortase A enzyme was produced by Lise Schoonen according to literature procedures.26 pBAD 
LIC cloning vector (8A) was a gift from Scott Gradia (Addgene plasmid # 37501; http://n2t.net/
addgene:37501; RRID:Addgene_37501).
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Buffer	name Composition

pH 5.0 capsid buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0

pH 7.5 100 mM NaCl buffer 50 mM Tris·HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 500 mM NaCl buffer 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

Sortase buffer 50 mM Hepes, 150 mM NaCl, 5 mM CaCl2,pH 7.5.

PBS 8 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4

PHEM buffer (0.1M) 60 mM Pipes, 25 mM Hepes, 2 mM MgCl2, 10 mM EGTA, pH 6.9

Table	4.1	|	Composition	of	buffers

4.5.2 Buffers

The buffers used in this chapter are listed in Table 4.1.

All buffers were filtered over a 0.2 micron filter prior to use.

4.5.3 UV-vis absorbance measurements

In order to determine the protein concentrations during experiments, the absorbance at 280 nm 
was measured with a spectrophotometer ND-1000 and the concentrations were subsequently 
calculated using the theoretical extinction coefficients.29 

4.5.4 Mass spectrometry

Protein mass characterization was performed using a High Resolution LC-MS system consisting 
of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 
(Q-ToF). The system consisted of a Binary Solvent Manager and a Sample Manager with Fixed-
Loop (SM-FL). Proteins were separated (0.3 mL/min) on the column (Polaris C18A reverse 
phase column, 2.0 x 100 mm, Agilent) using an acetonitrile gradient in water (15 % to 75 %, 
v/v) supplemented with formic acid (0.1 %, v/v) before analysis in positive mode in the mass 
spectrometer. Deconvoluted mass spectra were obtained using the MaxENT1 algorithm in the 
Masslynx v4.1 (SCN862) software. Isotopically averaged molecular weights were calculated using 
the ‘Protein Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by 
spin-filtration with MilliQ prior to measurement.

4.5.5 Size exclusion chromatography (SEC)

SEC analysis was performed on a Superose 6 increase 10/300 GL column (GE Healthcare Life 
Sciences). Analytical and preparative measurements were executed on an Agilent 1260 bio-inert 
HPLC. Samples with a protein concentration of 100 µM were separated on the column at 21 °C 
with a flow rate of 0.5 mL/min. Running buffer was pH 7.5, 500 mM NaCl for T = 1 capsids or pH 
5.0 buffer for T = 3 capsids.
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4.5.6 Transmission electron microscopy (TEM)

TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington	206 carbon coater and 
power unit. Protein samples (10 µM or 0.2 mg/mL, 5 µL) were applied on the glow-discharged 
grids and incubated for 1 min. The samples were carefully removed using a filter paper. Then, 
the grid was negatively stained by applying 2 % uranyl acetate in water (5 µL). The staining 
solution was removed after 15 seconds and the grid was allowed to dry for at least 15 minutes. 
The samples were studied on a FEI Tecnai 20 (type Sphera) (operated at 200 kV, equipped with 
a LaB6 filament and a FEI BM-Ceta CCD camera).

4.5.7 Dynamic light scattering (DLS) measurements

DLS measurements were performed on a Malvern Zetasizer Nano ZSP at 21 °C, unless stated 
otherwise. Samples (50 µM, unless stated otherwise) were centrifuged twice prior to analysis. 
Buffers were filtered prior to use. All measurements were done in triplo, and the average of the 
triplo measurements was plotted. 

4.5.8 Cloning of pBAD-mEGFP-His6 -native ELP-CCMV(ΔN26) 
and pBAD-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26) vectors

The pET-15b-His6-ELP-CCMV(ΔN26) and pET-15b-His6-VW1-VW8 ELP-CCMV(ΔN26) vectors 
were previously constructed.30,31 A gBlock encoding the mEGFP domain was ordered from 
Integrated DNA Technologies. Both the gBlock (2 h, 37 °C) and the vectors (o.n., 37 °C) were 
digested with NcoI-HF and XbaI restriction enzymes and subsequently purified via agarose 
gel extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol). Next the gene block 
was inserted into both linearized vectors with T4 DNA ligase (1-4 h, 21 °C). The resulting 
pET-15b-mEGFP-His6 -native ELP-CCMV(ΔN26) and pET-15b-mEGFP-His6 -VW1-VW8 ELP-
CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 200518-4) for 
vector replication. Correct incorporation of the gBlocks was confirmed with Sanger sequencing 
(BaseClear).

Next, the mEGFP-His6 -native ELP-CCMV(ΔN26) and mEGFP-His6 -VW1-VW8 ELP-
CCMV(ΔN26) genes were transferred to pBAD LIC vectors (Addgene 37501). Hereto, the genes 
were isolated from the pET15b vectors via treatment with BamHI and XbaI restriction enzymes 
(o.n., 37 °C) and subsequent purification via agarose gel extraction (Qiagen DNA gel extraction 
kit, 28706, manufacturer’s protocol). Next, the genes were inserted with T4 DNA ligase (1-4 h, 21 
°C) into pBAD LIC vectors that were digested and purified with the same restriction enzyme pair. 
The resulting pBAD-mEGFP-His6 -native ELP-CCMV(ΔN26) and pBAD-mEGFP-His6 -VW1-VW8 
ELP-CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 200518-
4) for vector replication. Correct transfer of the genes was confirmed with Sanger sequencing 
(BaseClear). Subsequently the pBAD vectors were transformed into BLR(DE3)pLysS competent 
cells for protein expression.

4.5.9 Cloning of pET-24a-His6-ELP-CCMV(ΔN26) and pET-
24a-His6-VW1-VW8 ELP-CCMV(ΔN26)

The pET-15b-His6-ELP-CCMV(ΔN26) and pET-15b-His6-VW1-VW8 ELP-CCMV(ΔN26) vectors 
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Name Yield	(mg/L) Q-TOF	results

Calculated	MW
(Da)

Observed	MW
(Da)

Native ELP-CCMV 10-48 22253.4 22253.4

VW1-VW8 ELP-CCMV 22-34 22427.6 22427.2

mEGFP-native ELP-CCMV 17-22 49633.4 49633.7

mEGFP-VW1-VW8 ELP-
CCMV

15-22 49807.5 49807.4

(mEGFP-)native ELP-
CCMV

18-23 22253.4 and 49633.4 22253.2 and 49633.0

(mEGFP-)VW1-VW8 ELP-
CCMV

11-27 22427.6 and 49807.5 22426.8 and 49807.7

Table	4.2	|	Expression	yields	and	Q-TOF	results	of	the	ELP-CCMV	variants

were previously constructed.30,31 The His6-ELP-CCMV(ΔN26) and His6-VW1-VW8 ELP-
CCMV(ΔN26) genes were isolated from these vectors via treatment with BamHI and XbaI 
restriction enzymes (o.n., 37 °C) and subsequent purification via agarose gel extraction (Qiagen 
DNA gel extraction kit, 28706, manufacturer’s protocol). Next, the genes were inserted with T4 
DNA ligase (1-4 h, 21 °C) into pET-24a vectors that were digested and purified with the same 
restriction enzyme pair. The resulting pET-24a-His6-ELP-CCMV(ΔN26) and pET-24a-His6-
VW1-VW8 ELP-CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 
200518-4) for vector replication. Correct transfer of the genes was confirmed with Sanger 
sequencing (BaseClear). Subsequently the pET-24a vectors were transformed into BLR(DE3)
pLysS competent cells for protein expression.

4.5.10 General protocol for the expression of His6-ELP-CCMV 
variants

The His6-ELP-CCMV capsid proteins were expressed according to a standard expression 
procedure.  26,30 E.coli BLR(DE3)pLysS glycerol stocks containing any of the pET-15b or pET-24a 
vectors were cultured overnight at 37 °C in LB medium (50 mL), containing ampicillin (pET-15b 
vectors, 100 mg/L) or kanamycin (pET-24a vectors, 50 mg/L) and chloramphenicol (50 mg/L). 
The overnight culture was used to inoculate 2xTY medium (1 L), containing ampicillin (100 
mg/L) or kanamycin (50 mg/L) and grown at 37 °C till an optical density (OD600) between 0.4 
and 0.6 was reached. Protein expression was then induced by addition of IPTG (1 mM) and the 
culture was incubated at 30 °C for 6 hours. Cells were harvested by centrifugation (2700 x g, 15 
min, and 4 °C) and pellets were stored overnight at -20 °C. 

The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0; 25 mL). Cell lysis was performed by ultrasonic disruption (7-10 times 30 
seconds, 70 % amplitude, Branson Sonifier 150). Cell lysate was then centrifuged (16.000 x g, 
15 min, 4 °C) to remove bacterial debris. The supernatant was incubated with Ni-NTA agarose 
beads (3 mL) for 1 hour at 4 °C, followed by column loading. The flow-through was collected 
and the column was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, pH 8.0; 20 mL). The proteins of interest were eluted from the column with elution 
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buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 1 time 0.5 mL, 7 times 1.5 
mL) and fractions containing histidine-tagged ELP-CCMV were combined and dialyzed against 
pH 7.5 dimer buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5; 3 
times 30-60 minutes using a 12-14 kDa tubing). The protein was then dialyzed against pH 5.0 
capsid buffer (50 mM Trizma base, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0; 2 times 
30-60 minutes, followed by overnight dialysis using a 12-14 kDa tubing) for stable storage at 4 °C. 
The purity and characteristics of the proteins were verified and determined by SDS-PAGE, SEC, 
Q-TOF, DLS and TEM. The protein yields after purification and the Q-TOF results are listed in 
Table 4.2. The amino acid sequences are listed in Table 4.3.

4.5.11 General protocol for the expression of cargo-fused 
His6-ELP-CCMV variants

E.coli BLR(DE3)pLysS glycerol stocks containing pBAD-mEGFP-His6 -native ELP-CCMV(ΔN26) 
or pBAD-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26) vectors were cultured overnight at 37 °C 
in LB medium (50 mL), containing ampicillin (100 mg/L) and chloramphenicol (50 mg/L). The 

Name Sequence

Native ELP-CCMV GHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVP-
GLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEH-
VRPTFDDSFTPVY

VW1-VW8 ELP-CCMV GHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

mEGFP-native ELP-CCMV MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT YGKLTLK-
FICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQER-
TIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHN-
VYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN-
HYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHH-
HHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVPGL-
GLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHV-
RPTFDDSFTPVY

mEGFP-VW1-VW8 ELP-
CCMV

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT YGKLTLK-
FICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQER-
TIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHN-
VYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN-
HYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHHH-
HHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGWGVPGL-
GLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHV-
RPTFDDSFTPVY

Table	4.3	|	Amino	acid	sequences	of	the	ELP-CCMV	variants
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overnight culture was used to inoculate 2xTY medium (1 L), containing ampicillin (100 mg/L) 
and grown at 37 °C till an optical density (OD600) between 0.4 and 0.6 was reached. Protein 
expression was then induced by addition of L-arabinose (2 %, w/v) and the culture was incubated 
at 30 °C for 6 hours. Cells were harvested by centrifugation (2700 x g, 15 min, and 4 °C) and 
pellets were stored overnight at -20 °C. 

Lysis and purification were performed as described in Section 4.5.10. The purity and 
characteristics of the proteins were verified and determined by SDS-PAGE, SEC, Q-TOF, DLS 
and TEM. The protein yields after purification and the Q-TOF results are listed in Table 4.2. The 
amino acid sequences are listed in Table 4.3.

4.5.12 Sortase A-mediated cargo incorporation protocol

A VW1-VW8 ELP-CCMV capsid solution in pH 5.0 buffer was buffer exchanged to Sortase 
buffer by spin-filtration (Amicon® Ultra 0.5 mL, MWCO 10 kDa). A reaction mixture in Sortase 
buffer was prepared containing 50 µM of VW1-VW8 ELP-CCMV protein, 50 µM Sortase A and 
50 µM of the FITC-βAla-LPETG-NH2 peptide or S-GFP-LPETG. The mixture was incubated at 
room temperature for up to 24 hours. At intermediate time points samples were taken from the 
reaction mixture and incubated on ice with 1.67 mM EDTA to inactivate the Sortase A enzyme. 
Samples were then subjected to SDS-PAGE and Q-TOF analysis.

Gels that were visualized via Coomassie Brilliant Blue staining (Biorad) were analyzed with 
ImageJ gel analysis software to calculate the conversion for the coupling of the fluorescent peptide 
or GFP to the VW1-VW8 ELP-CCMV protein. Hereto, the following formula was used:

conversion gel /mw gel /mw
gel /mw

starting material starting material product product

product product= +
 

where gel is the intensity of the protein band on the SDS-PAGE gel as determined by ImageJ 
analysis; mw is the molecular weight of the protein; product is VW1-VW8 ELP-CCMV protein 
with the attached peptide or GFP; starting material is the VW1-VW8 ELP-CCMV without 
modification.

4.5.13 Dynamics-based cargo incorporation protocol

For a typical dynamics-based cargo incorporation experiment both VW1-VW8 ELP-CCMV and 
mEGFP-VW1-VW8 ELP-CCMV protein solutions were dialyzed overnight at 4 °C to pH 7.5 buffer 
with 100 mM NaCl (12-14 kDa MWCO). Subsequently, the protein solutions were mixed in a 4:1 
ratio (VW1-VW8 ELP-CCMV : mEGFP-VW1-VW8 ELP-CCMV) and incubated at 4 °C for 4 hours. 
Hereafter, the mixtures were dialyzed at 4 °C either to pH 5.0 buffer (T = 3 capsids) or to pH 7.5 
buffer, 500 mM NaCl (T = 1 capsids) and incubated in the final buffer at 4 °C for up to one week. 
At intermediate time points, samples were taken, heated to 21 °C with 1 °C/min and subjected to 
SEC analysis with pH 5.0 buffer or pH 7.5 buffer, 500 mM NaCl as eluent. At the final time point, 
fractions were collected during a preparative SEC run and the combined capsid fractions were 
analyzed with SDS-PAGE and TEM. The amount of mEGFP incorporated into the capsids was 
determined as described in Section 4.5.12 where conversion can be replaced by cargo loading.
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4.5.14 General protocol for the co-expression of cargo-fused 
His6-ELP-CCMV variants

E.coli BLR(DE3)pLysS glycerol stocks that were co-transformed with pBAD-mEGFP-His6 -native 
ELP-CCMV(ΔN26) and pET-24a-His6-ELP-CCMV(ΔN26) vectors or pBAD-mEGFP-His6-VW1-
VW8 ELP-CCMV(ΔN26) and pET-24a-His6-VW1-VW8 ELP-CCMV(ΔN26) vectors were cultured 
overnight at 37 °C in LB medium (50 mL), containing ampicillin (100 mg/L), kanamycin (50 
mg/L) and chloramphenicol (50 mg/L). The overnight culture was used to inoculate 2xTY 
medium (1 L), containing ampicillin (100 mg/L) and kanamycin (50 mg/L) and grown at 37 °C 
till an optical density (OD600) between 0.4 and 0.6 was reached. Expression of the mEGFP-fused 
proteins was then induced by addition of L-arabinose (2 %, w/v) and the culture was incubated 
at 30 °C for 1 hours. Then, the expression of the unmodified ELP-CCMV proteins was induced 
by addition of IPTG (1 mM) and the culture was incubated at 30 °C for another 5 hours. Cells 
were harvested by centrifugation (2700 x g, 15 min, and 4 °C) and pellets were stored overnight 
at -20 °C. 

Lysis and purification were performed as described in Section 4.5.10. The purity and 
characteristics of the proteins were verified and determined by SDS-PAGE, SEC, Q-TOF, DLS 
and TEM. The protein yields after purification and the Q-TOF results are listed in Table 4.2. 
The amino acid sequences are listed in Table 4.3. The amount of mEGFP incorporated into the 
capsids (fractions after low scale SEC purification via analytical protocol) was determined as 
described in Section 4.5.12 where conversion can be replaced by cargo loading.

4.5.15 General protocol for the purification of intact capsids 
from E. coli

Expression and lysis were performed as described in Sections 4.5.10 and 4.5.14. To the lysates 
PEG-8000 (0.8-1.0 g) was added and subsequently the mixtures were incubated for 30 minutes 
on ice. The resulting precipitate was collected by centrifugation (7435 x g, 15 min, 4 °C). The 
pellet was resuspended in 5.0 mL of pH 5.0 buffer (for purification of T = 3 capsids) or pH 7.5 
buffer, 500 mM NaCl (T = 1 capsids), filtered (0.2 µm) and purified on a HiPrep 26/60 Sephacryl 
S-400 HR column (Cytiva 28-9356-05) with pH 5.0 buffer or pH 7.5 buffer, 500 mM NaCl as 
eluent. Fractions were analyzed with SDS-PAGE and fractions of interest were combined and 
concentrated by spin-filtration (Amicon® Ultra 15 mL, MWCO 50 kDa). Combined fractions 
were analyzed with SDS-PAGE.

4.5.16 Analysis of protein-expressing E coli. with TEM

Protein (co-)expressions were performed as described in Sections 4.5.10, 4.5.11 and 4.5.14. 
Subsequently, the bacteria were fixed for 2 hours at room temperature with 2 % paraformaldehyde 
(w/v) and 0.2 % glutaraldehyde (w/v) in PHEM buffer. The bacteria were then spun down at 1000 
x g for 5 minutes and the pellets were resuspended in PHEM buffer with 0.1 % paraformaldehyde 
(w/v) and stored at 4 °C until sample preparation.

Further sample preparation and visualization were performed by Rob Mesman. In short, after 
aldehyde fixation, samples were washed three times in PHEM buffer and subsequently post-fixed 
with 2 % Osmium tetroxide in PHEM buffer for one hour on ice. After washing five times with 
ultrapure water, the fixed bacterial pellets were pre-embedded in 2% agarose before dehydration 
in a graded acetone series followed by stepwise embedding in EPON resin. After polymerization, 
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the resin blocks were trimmed by hand to obtain a suitable block-face for sectioning. 50nm 
sections were cut on a Reichert-Jung Ultracut ultramicrotome using a diamond knife and 
transferred to 100# copper grids containing a carbon-coated formvar film using platinum wire 
loops. Grids were post stained with 2 % uranyl-acetate followed by Reynolds lead citrate before 
analysis in a JEOL JEM-1400Flash transmission-electron microscope.

4.5.17 Analysis of protein-expressing E coli. with 
epifluorescence microscopy

Protein (co-)expressions were performed as described in Sections 4.5.10, 4.5.11 and 4.5.14. 
Subsequently, the cultures were spun down at 2700 x g for 3 minutes and the pellets were 
resuspended and washed twice in PBS for 5 minutes at room temperature. The bacteria were 
fixed overnight at 4 °C with 4 % formaldehyde (w/v) in PBS. Then the fixed cells were spun 
down at 2700 x g for 3 minutes and the pellets were resuspended and washed twice in PBS for 
5 minutes at room temperature. After the final wash, the cells were spun down at 2700 x g for 3 
minutes and the pellets were resuspended in Hoechst stain in PBS (0.2 mg/mL) and incubated 
for 10 minutes at room temperature. Subsequently, the cultures were spun down at 2700 x g 
for 3 minutes and the pellets were resuspended and washed twice in PBS for 5 minutes at room 
temperature. The bacterial suspensions were applied onto a microscopy slide and imaged with a 
Zeiss Axio Observer D1 epifluorescence microscope at 400 x magnification. Hoechst was excited 
at 335 - 383 nm and detected at 420 - 470 nm with a beam splitter at 395 nm. mEGFP was excited 
at 450 - 490 nm and detected at 500 - 550 nm with a beam splitter at 495 nm.
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4.7 Supplementary figures
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Figure	S4.1	 |	 SDS-PAGE	 analysis	 of	 Sortase	 A-mediated	 coupling	 of	 FITC-LPETG	 peptide	 to	 VW1-VW8	
ELP-CCMV.	Samples were taken from the reaction mixtures at intermediate time points. The gel was stained with 
Coomassie Brilliant Blue. The band just above 50 kDa that is indicated with an * is an impurity in the Sortase A 
protein. 
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Figure	S4.2	|	LC-MS	Q-TOF	analysis	Sortase	A-mediated	coupling	of	FITC-LPETG	peptide	to	VW1-VW8	ELP-
CCMV.	A) Total ion count chromatogram. B) m/z spectrum of the signal at 5.38 minutes in chromatogram A. C) 
Deconvoluted mass spectrum (calculated molecular weights are 22427.2 Da (uncoupled) and 23327.6 (coupled)).
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Figure	S4.3	 |	DLS	analysis	of	VW1-VW8	ELP-CCMV	 in	Sortase	buffer.	A) Intensity distribution. B) Number 
distribution. 
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Figure	S4.5	|	Analysis	of	dynamics-based	mEGFP	incorporation	into	VW1-VW8	ELP-CCMV	T	=	3	capsids	at	
pH	5.0.	A-C) SEC chromatograms of 12.5 µM mEGFP-VW1-VW8 ELP-CCMV and 50 µM VW1-VW8 ELP-CCMV 
capsid mixtures in pH 5.0 buffer with protein absorbance measured at 280 nm (gray curve and axis) and mEGFP 
absorbance measured at 395 nm (green curve and axis). Mixtures were allowed to mix at 4 °C, pH 5.0 for 90 minutes 
(A), overnight (B) or 4 days (C). D) SDS-PAGE analysis of SEC purification. The gel was stained with Coomassie 
Brilliant Blue. ImageJ quantification is depicted next to the gel.
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Figure	S4.6	|	Analysis	of	dynamics-based	mEGFP	incorporation	into	VW1-VW8	ELP-CCMV	T	=	1	capsids	at	
pH	7.5.	A-B) SEC chromatograms of 12.5 µM mEGFP-VW1-VW8 ELP-CCMV and 50 µM VW1-VW8 ELP-CCMV 
mixtures in pH 7.5, 500 mM NaCl buffer with protein absorbance measured at 280 nm (gray curve and axis) and 
mEGFP absorbance measured at 395 nm (green curve and axis). Mixtures were allowed to mix at 4 °C, pH 7.5, 
500 mM NaCl for 90 minutes (A) or overnight (B). C) SDS-PAGE analysis of SEC purification. The gel was stained 
with Coomassie Brilliant Blue. ImageJ quantification is depicted next to the gel. D) Uranyl acetate-stained TEM 
micrograph of SEC-purified capsids. The area indicated with brackets is displayed as a zoomed image. Scale bars 
correspond to 200 nm (main image) and 20 nm (zoomed image). E) Size distribution of the capsids shown in figure 
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Figure	S4.7	|	LC-MS	Q-TOF	analysis	of	co-expressed	and	co-purified	mEGFP-VW1-VW8	ELP-CCMV	and	VW1-
VW8	ELP-CCMV.	A) Total ion count chromatogram. B) m/z spectrum of the signal at 5.54 minutes in chromatogram 
A. C) Deconvoluted mass spectrum of the spectrum in B (calculated molecular weight is 49807.4 Da). D) m/z 
spectrum of the signal at 5.80 minutes in chromatogram A. E) Deconvoluted mass spectrum of the spectrum in D 
(calculated molecular weight is 22427.2 Da). 
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Figure	S4.9	|	LC-MS	Q-TOF	analysis	of	mEGFP-native	ELP-CCMV.	A) Total ion count chromatogram. B) m/z 
spectrum of the signal at 5.26 minutes in chromatogram A. C) Deconvoluted mass spectrum (calculated molecular 
weight is 49633.7 Da).
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Figure	S4.10	|	LC-MS	Q-TOF	analysis	of	co-expressed	and	co-purified	mEGFP-native	ELP-CCMV	and	native	
ELP-CCMV.	A) Total ion count chromatogram. B) m/z spectrum of the signal at 5.26 minutes in chromatogram A. 
C) Deconvoluted mass spectrum of the spectrum in B (calculated molecular weight is 49633.7 Da). D) m/z spectrum 
of the signal at 5.51 minutes in chromatogram A. E) Deconvoluted mass spectrum of the spectrum in D (calculated 
molecular weight is 22253.2 Da). 
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Figure	S4.11	|	Analysis	of	co-expression	and	co-purification	of	mEGFP-native	ELP-CCMV	and	native	ELP-
CCMV.	A) SDS-PAGE analysis of Ni2+/NTA purification. The gel was stained with Coomassie Brilliant Blue. B) SEC 
chromatogram of capsids in pH 5.0 buffer with protein absorbance measured at 280 nm (gray curve and axis) and 
mEGFP absorbance measured at 395 nm (green curve and axis).
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Figure	S4.12	|	Microscopy	analysis	of	protein-expressing	E. coli. Expression cultures were incubated for up to 6 
hours after which the bacteria were fixed to allow for sample preparation. For TEM analysis (top) the bacteria were 
embedded in EPON resin, cut into 50 nm ultrathin sections and post stained with uranyl acetate and Reynolds lead 
citrate. For epifluorescence microscopy analysis (middle and bottom) the bacterial suspension was applied onto a 
microscopy slide. Representative images of TEM analysis (top) and epifluorescence microscopy analysis of Hoechst 
fluorescence (middle) and mEGFP fluorescence (bottom) are displayed. Scale bars correspond to 200 nm (top) and 
50 µM (bottom).
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Activation of an intracellular 
response by nanoreactors based 

on hybrid cowpea chlorotic 
mottle virus particles

CHAPTER 5



Abstract
Capsids of a stabilized variant of the cowpea chlorotic mottle virus (VW1-VW8 ELP-CCMV) are 
stable under physiologically relevant conditions and can be loaded with cargo proteins in vivo. 
As such, these protein cages are promising candidates for development into artificial organelles. 
In this chapter, we discuss our approach on incorporating enzymatic activity into these capsids 
in order to induce an intracellular response. As active component the PylD enzyme was chosen, 
which is the final biocatalytic factor in the metabolic pathway to pyrrolysine. Encapsulation of 
the PylD enzyme was achieved via a previously developed co-expression strategy. The PylD-
containing capsids were purified in their active form and displayed enhanced activity compared 
to non-encapsulated PylD variants. Furthermore, we evaluated whether the PylD nanoreactors 
could produce a pyrrolysine analog in vitro for the induction of the expression of enhanced green 
fluorescent protein (EGFP) in cell lines expressing the orthogonal pyrrolysine tRNA/synthetase 
pair and an EGFP with a genetically encoded amber stop codon. Although the success of this 
approach has yet to be confirmed, interesting progress was made towards employing our VW1-
VW8 ELP-CCMV-based nanoreactor system to induce an intracellular response.

Nanoreactor activity
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5

5.1 Introduction
In the previous chapter, we have described approaches to encapsulate the model cargo protein 
green fluorescent protein (GFP) into VW1-VW8 ELP-CCMV capsids. Via other approaches, 
several enzymes have also been incorporated into (ELP-)CCMV capsids and their activity was 
demonstrated in vitro. For example, horseradish peroxidase (HRP),1 as well as Candida antarctica 
lipase B (CalB),2,3 were encapsulated. Furthermore, even two two-enzyme cascades have been 
incorporated into CCMV capsids.4 The first cascade comprised of glucose oxidase (GOx) which 
converted glucose to hydrogen peroxide, serving as a fuel for a peroxidase-mimic DNAzyme. In 
the second cascade, gluconic acid produced by GOx served as a substrate for glucokinase (GCK). 
Together with the activity of a non-encapsulated 6-phospho-gluconate dehydrogenase (6-
PGDH), the cascade produced ribulose-5-phosphate. These examples demonstrate the potential 
of CCMV capsids as nanoreactors.

From an artificial organelle point of view, it is interesting to introduce enzymatic activity that 
could induce an advantageous cellular response. A fascinating research line that could benefit 
from the use of artificial organelles is the co-translational and site-specific incorporation of 
noncanonical amino acids (ncAAs) in vivo. This versatile strategy was pioneered by the Schultz lab5 

by expressing and engineering the orthogonal tyrosyl tRNA/synthetase pair of Methanococcus 
jannaschii into E. coli. In this way, the ncAA O-methyl-L-tyrosine was incorporated into a 
protein in vivo in response to the suppression of an amber stop codon (UAG) that was genetically 
encoded (Figure 5.1A). Since then, this methodology has been further expanded and applied for 
the incorporation of a wide variety of abiotic functional moieties into proteins via a number of 
engineered tRNA/synthetase pairs.6–13

As the ncAAs are not naturally produced, often large amounts need to be added during 
protein expression, and the approach is thus limited to ncAAs that can be efficiently synthesized 
at large scale. An artificial organelle system, and especially an all-protein based system that 
could be genetically introduced into and propagated together with cells, could allow for in vivo 
production of the ncAA and would thus be very beneficial, as then only simple precursors need to 
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Figure	5.1	|	Overview	of	co-translational	site-specific	incorporation	of	noncanonical	amino	acids	(ncAAs)	
and	of	the	biosynthesis	of	the	ncAA	pyrrolysine.	A) Co-translational and site-specific incorporation of ncAAs 
(green star) can be achieved by expression of an orthogonal tRNA/synthetase (black/teal) pair and by introducing 
a TAG stop codon in the gene of interest (gray). In the absence of the ncAA, a truncated protein (gray) is produced, 
while addition of the ncAA induces the production of the full length protein (green). B) Scheme of the biosynthesis 
of the ncAA pyrrolysine (4) by the concerted action of the enzymes PylB, PylC and PylD. PylB only produces 
3-methyl ornithine (2), while PylC and PylD can also produce compounds	3a and 4a respectively. The scheme was 
adapted from reference 21.
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be supplied to the culture media.14 For example, pyrrolysine, the 22nd proteinogenic amino acid, 
can be synthesized from two lysine molecules by some archaea and eubacteria via the concerted 
action of three enzymes in the pylBCDST gene cluster (Figure 5.1B).15–18 In this cascade, first PylB 
converts L-lysine (1) into (3R)-3-methyl-D-ornithine (2),19 which is then coupled to a second 
lysine molecule by PylC,20 after which PylD catalyzes a dehydrogenation-induced ring closure 
and thereby produces pyrrolysine (4).21 Interestingly, the PylC and PylD enzymes also accept 
slightly modified analogs of their natural substrates, suggesting that functional handles could 
be introduced into pyrrolysine analogs.17,22 Moreover, the concerted action of PylC and PylD has 
been demonstrated to convert D-ornithine (2a) and L-lysine (1) into the analog pyrrolysine-
carboxy-lysine (Pcl) (4a), which can be site-specifically and bio-orthogonally modified with a 
variety of moieties after incorporation into a protein.23,24

Interestingly, not only does the promiscuity of PylC and PylD make the pyrrolysine 
system interesting for engineering purposes, but the pyrrolysyl tRNA synthetase (pylRS) also 
accommodates a quite large variety of pyrrolysine analogs.25–27 For example, a photocaged lysine 
analog has been incorporated into proteins in mammalian cells.6 In addition, several ncAAs 
with azide or alkyne moieties were demonstrated to be accepted by the pylRS.11 Furthermore, 
the substrate-binding pocket of the pylRS has been enlarged to accommodate even bulkier 
pyrrolysine analogs, allowing for the addition of a variety of bio-orthogonal functionalities to the 
genetic code of both E. coli and mammalian cell lines.7-9 Altogether, these results indicate that 
engineering the biosynthesis of pyrrolysine analogs together with the incorporation of pylRS and 
its corresponding tRNA is a very interesting strategy for improving the incorporation of ncAAs 
into proteins and thereby facilitating site-specific modification.

In this chapter, we discuss our approach towards coupling VW1-VW8 ELP-CCMV nanoreactor 
activity to the activation of an intracellular response based on the pyrrolysyl tRNA/synthetase 
system (Figure 5.2). That is, we describe the production of Pcl (4a) by the activity of PylD-loaded 
VW1-VW8 ELP-CCMV nanoreactors and the site-specific incorporation of this ncAA into EGFP. 
To this end, we produced and purified PylD nanoreactors as well as several non-encapsulated 
PylD variants and compared their in vitro activity. We then continued to study the incorporation 
of the produced ncAA into amber-tagged EGFP co-translationally and site-specifically in a 
previously established E. coli system.7,8 Our system thereby proves to be an interesting precursor 
for VW1-VW8 ELP-CCMV-based artificial organelles. 

In vivo cargo loading Protein-based nanoreactor

Isolation

Co-assembly

Intracellular activity

Figure	5.2	 |	 Overview	 of	 activation	 of	 an	 intracellular	 function	 by	 activity	 of	 in vivo	 produced	 PylD	
nanoreactors.	Co-expression of the VW1-VW8 ELP-CCMV capsid protein together with PylD-fused capsid protein 
(yellow) allows for the isolation and purification of PylD-containing nanoreactors. The catalytic activity of these 
loaded protein cages can convert lysine-derivative 3a (gray hexagon) into pyrrolysine analog 4a (green star). An E. 
coli. strain expressing the orthogonal pyrrolysyl tRNA/synthetase (black/teal) pair can incorporate the ncAA into an 
EGFP protein (green) that has been modified with an amber stop codon, producing the full length EGFP.

Chapter 5

120



5

5.2 Results and Discussion

5.2.1 Nanoreactor production and characterization

In the previous chapter, we described the production of enhanced green fluorescent protein 
(mEGFP)-loaded VW1-VW8 ELP-CCMV capsids via a co-expression strategy. We have employed 
the same strategy to produce PylD-loaded nanoreactors. Hereto, we generated a gene construct 
consisting of the PylD sequence attached to the N-terminus of the VW1-VW8 ELP-CCMV gene 
via a short linker. We then co-expressed and co-purified the PylD fusion protein together with 
the VW1-VW8 ELP-CCMV protein based on its hexahistidine tag. SDS-PAGE analysis (Figure 
5.3A) revealed that both proteins could be expressed and purified together, as two bands 
corresponding to both proteins were visible. Q-TOF mass analysis (Figure S5.1 and Figure S5.2) 
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Figure	5.3	|	Analysis	of	PylD	nanoreactor	production.	A) SDS-PAGE analysis of Ni2+/NTA purification. The gel 
was stained with Coomassie Brilliant Blue. B) SEC chromatogram of capsids in PylD buffer with protein absorbance 
measured at 280 nm. C) SDS-PAGE analysis of SEC purification. The gel was stained with Coomassie Brilliant Blue. 
ImageJ quantification is depicted next to the gel. Not annotated bands are impurities that are co-purified with the 
nanoreactors. D) Uranyl acetate-stained TEM micrograph of SEC-purified T = 1 capsids. The area indicated with 
brackets is displayed as a zoomed image. Scale bars correspond to 200 nm (main image) and 20 nm (zoomed 
image). E) Size distribution of the capsids shown in figure D.

Activation of an intracellular response by nanoreactors based on hybrid cowpea chlorotic mottle virus particles

121



confirmed the successful expression of both proteins. 
We then continued with size exclusion chromatography (SEC) purification of the PylD-

containing VW1-VW8 ELP-CCMV capsids. In order to do so, we first dialyzed the co-purified 
protein solution to pH 7.5 buffer and then injected the resulting T = 1 particle solution onto the 
SEC column (Figure 5.3B, Figure S5.3). SDS-PAGE analysis (Figure 5.3C) of the purified capsids 
and quantification of the bands on the gel demonstrated that 3.1 % to 7.7 % of the proteins 
in the T = 1 capsids are fused to PylD. This indicates that on average 2 to 4 PylD proteins are 
encapsulated per capsid. Furthermore, TEM analysis (Figure 5.3D,E) revealed that the capsid 
morphology was not affected by the encapsulation of the PylD proteins, as the size was well in 
accordance with that of T = 1 capsids.

As VW1-VW8 ELP-CCMV capsids are stored at conditions (pH 5.0 or 7.5 buffer at 4 °C) that 
are quite different from those for PylD (pH 8.0 and -80 °C in PylD buffer),21 we evaluated whether 
the VW1-VW8 ELP-CCMV capsids could also be stably stored at conditions that are suitable for 
PylD. We thus stored empty VW1-VW8 ELP-CCMV capsids in PylD buffer (Figure 5.4) or pH 
7.5 buffer (Figure S5.4) at 4 °C or -80 °C and evaluated the protein stability and assembly state. 
The SDS-PAGE analysis (Figure 5.4A) revealed that no degradation products are formed during 
the three-week incubation period as the band corresponding to the VW1-VW8 ELP-CCMV 
protein remained clearly visible in all samples and no new bands arose over time. Analysis of 
the remaining soluble protein (Figure 5.4B) confirmed that the VW1-VW8 ELP-CCMV protein 
was stable both at 4 °C and -80 °C. Furthermore, evaluation of the assembly state with DLS 
(Figure 5.4C) indicated the presence of capsids during the whole incubation period. These 
results indicate that PylD nanoreactors can be stored at -80 °C in PylD buffer for prolonged time 
periods without affecting the capsid integrity.

5.2.2 Evaluation of the enzymatic activity of PylD 
nanoreactors

After successfully producing VW1-VW8 ELP-CCMV-based PylD nanoreactors, we continued to 
evaluate their catalytic activity (Figure 5.5). Hereto, we prepared reaction mixtures containing 
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lysine analog 3a as substrate, the cofactor NAD+, and the nanoreactors, and incubated these 
overnight at 37 °C. Since during the catalytic cycle NADH is formed, the catalytic activity was 
monitored by the absorbance of the reaction mixtures at 340 nm. Analysis of the absorbance 
at 340 nm after the overnight incubation demonstrated that the activity was mostly dependent 
on the number of PylD nanoreactors that were added to the reaction mixtures and to a much 
lesser extent on the amount of substrate that was present (Figure 5.5B). Interestingly, activity 
was also observed when no substrate was present, suggesting that the nanoreactors do not need 
the substrate in order to convert NAD+ or that other factors are influencing the absorbance at 
340 nm. For example, empty VW1-VW8 ELP-CCMV capsids that were incubated under the same 
circumstances also induced an increase in the absorbance of 340 nm over time. Furthermore, the 
results in Figure 5.5B indicate that doubling the substrate concentration from 5 mM to 10 mM 
reduces the enzyme activity at the lower two concentrations tested, which can also be observed 
by monitoring the absorbance at 340 nm over time (Figure S5.6). This effect was less pronounced 
at the highest PylD concentration tested, so perhaps the observed substrate concentration effect 
has an origin in the diffusion of products and substrates through the capsid walls, with high 
amounts of substrate blocking the diffusion of other reaction components at lower nanoreactor 
concentrations. Alternatively, it is possible that the substrate inhibits the side reaction that 
produces NADH, with low amounts of PylD nanoreactors not converting sufficient amounts of 
substrate to observe the generation of NADH via the product-forming mechanism. 

In order to gain more insight into the catalytic activity of the PylD nanoreactors we quantified 
the amount of NADH that was produced in the reaction mixtures during the overnight 
incubations (Figure 5.5C). We hereto prepared a series of NADH solutions in PylD reaction 
buffer with known concentrations ranging from 0 to 1 mM and measured their absorbance at 
340 nm to derive a formula linking the absorbance at 340 nm to the NADH concentration of the 
solution (Section 5.5.19). We employed this formula to calculate the amounts of NADH that were 
produced in the various PylD reaction mixtures and found the overall production of NADH to be 
quite low. Although PylD is known to be only moderately active, with a reported Km of 3.6 mM ± 
0.5 mM and a kcat of 0.76 ± 0.04 s-1 with substrate 3a,21 the NADH levels that were produced by 
our nanoreactors are still lower than expected based on the literature values. Furthermore, the 
presence of high background levels in the absence of substrate 3a hamper a simple derivation of 
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the production level of product 4a based on the NADH production levels. It is therefore likely 
that the amount of product 4a that is produced by the PylD nanoreactors is even less than the 
NADH that is observed. In order to measure the formation of product 4a in a more direct way, we 
analyzed the reaction mixtures with mass spectrometry. We observed the mass of substrate 3a, 
but failed to detect the mass of product 4a. Thus, it is likely that the amount of product 4a	that 
was produced by our PylD nanoreactors was insufficient to be detected.

In addition to the PylD nanoreactors, we expressed several non-encapsulated PylD variants 
(Figure S5.7-Figure S5.14) in order to allow for an evaluation of the impact that fusion to the 
VW1-VW8 ELP-CCMV protein and encapsulation have on the catalytic activity. We engineered 
a PylD-His6 variant (Figure S5.7, Figure S5.8) similar to a PylD variant that was reported to be 
catalytically active by others.21,22 We then fused the PylD-His6 gene to native ELP-CCMV in order 
to obtain a PylD variant that was fused to an ELP-CCMV domain (Figure S5.9, Figure S5.10) and 
that could not be encapsulated into capsids due to the lower hydrophobicity of the native ELP 
sequence compared to the VW1-VW8 ELP sequence. In this way, we could isolate the effect of 
fusing PylD to an ELP-CCMV from a combined effect of fusion and encapsulation into VW1-VW8 
ELP-CCMV capsids. In order to simplify the protein purification process, we also developed PylD-
His6 and PylD-His6-native ELP-CCMV variants with N-terminal Strep-tags (Figure S5.11, Figure 
S5.12 and Figure S5.13, Figure S5.14). In these constructs, TEV cleavage sites were introduced in 
order to allow removal of the purification tags, as those might affect enzyme activity. Interestingly, 
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when we evaluated the catalytic activity of the non-encapsulated PylD variants by monitoring 
the absorbance of reaction mixtures containing any of the variants at 340 nm, we observed less 
activity than the PylD nanoreactors that were described above (Figure 5.6). Even when high 
concentrations of the enzymes were tested or even when the purification tags were removed 
(Figure 5.6C) only very low absorbance values were observed. Furthermore, the initial increase of 
the NADH absorbance decreased after 2 hours of incubation, indicating that the catalytic activity 
reduced quite quickly. It is possible that the low catalytic activity that we observed is the result of 
improper folding of the enzymes during protein expression, as the PylD variant that previously 
was reported to be active in vitro was expressed with an N-terminal sumo-tag,21,22 which is often 
used in recombinant protein expression to enable correct folding of the overexpressed protein. 
Thus, perhaps VW1-VW8 ELP-CCMV capsids perform similar to a chaperone when co-expressed 
with the PylD enzyme in E. coli, thereby enhancing the catalytic activity of encapsulated PylD 
in vitro. However, as we only observed low catalytic activities with both the PylD nanoreactors 
and the non-encapsulated PylD variants such conclusions cannot simply be drawn. Therefore, 
further experiments in which the overall catalytic activity is enhanced or in which the formation 
of product 4a can be directly demonstrated should be performed.

5.2.3 Optimization of EGFP expression by a pyrrolysyl tRNA/
synthetase expressing E. coli strain

In order to test the activity of the PylD nanoreactors for activation of an intracellular response, 
we made use of a tRNApyl/pylRS system that was used previously to incorporate a variety of 
ncAAs into EGFP at the position of an amber stop codon at position 39.8 As we observed only 
limited catalytic activity of our nanoreactors, as described in section 5.2.2, we first optimized the 
expression conditions to ensure low background EGFP expression levels and a sufficient response 
upon addition of low amounts of the ncAA. Hereto, we compared two different pylRS variants, 
that is the wildtype pylRSWT and a variant with an enlarged binding pocket, pylRSAF, designed to 
accommodate large hydrophobic side chains. When both variants were tested with an alkyne-
modified pyrrolysine analog (5), the pylRSWT variant was much more efficient in facilitating to 
produce full-length EGFP as compared to the pylRSAF variant, as indicated by a higher observed 
fluorescence intensity when the pylRSWT variant was employed (Figure 5.7B). Interestingly, when 
an analog (6) that closely resembled Pcl 4a was used, general expression levels were much lower, 
although the wild-type pylRS still appeared to work slightly better (Figure 5.7B). We, therefore, 
continued using the pylRSWT in the further optimizations.

In all cases thus far, quite high background EGFP expression levels were observed in the 
absence of any ncAA. As this could indicate the incorporation of other amino acids than the 
intended ncAA at the position of the amber stop codon, we tried to reduce the expression of 
full-length EGFP by increasing the numbers of amber codons within the EGFP sequence. We 
thus introduced extra amber codons at positions 3 and 151 in the EGFP sequence. In all cases, 
the background was significantly reduced, however, also in the presence of ncAA only very low 
levels of EGFP were expressed (Figure 5.7C). As such, the introduction of extra amber codons 
did not improve the increase in EGFP fluorescence in the presence of ncAAs compared to the 
background level in their absence. We thus decided to remain using the EGFP gene with the 
amber codon at position 39. 

Since the tRNApyl/pylRS system is known to accommodate a large number of pyrrolysine 
analogs with quite some structural diversity,25–27 we hypothesized that the PylD substrate 3a 
could possibly also be used by the tRNApyl/pylRS system for incorporation into the EGFP gene. 
We, therefore, evaluated the activation of EGFP expression by the addition of the PylD substrate 
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3a and compared it with product analog 6. No clear trend was observed between the addition 
of the substrate 3a to the EGFP expression cultures and the EGFP fluorescence levels (Figure 
5.7D). However, when substrate 3a was added at a quite high concentration of 10 mM, a slight 
increase in the fluorescence was visible, although to a much lesser extent than when the product 
analog 6 was added. We thus expect that the presence of these amounts of substrate in the PylD 
nanoreactor mixtures will not interfere with studying the activation of EGFP expression by 
nanoreactor activity.
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Figure	5.7	|	Optimization	of	EGFP	expression	upon	addition	of	ncAAs.	A) Schematic overview of the E. coli 
BL21(DE3) strain that expresses the pylRS (teal) and tRNApyl necessary to incorporate pyrrolysine analogs into 
an amber-tagged EGFP39* (gray) resulting in formation of a full-length EGFP protein (green) and thus a green 
fluorescent signal. B) Optimization of the pylRS. Monoclonal cultures (3, 4, 7, and 8) expressing the wild-type pylRS 
or a pylRS variant with an enlarged hydrophobic binding pocket (AF) were screened for their ability to incorporate 
two pyrrolysine analogs 5 and 6 into EGFP39*. EGFP expression levels were measured in a microplate reader via the 
emission at 510 nm after excitation at 485 nm. C) Optimization of the EGFP gene. Monoclonal cultures expressing 
the wild-type pylRS and one of four EGFP variants with various amounts of TAG codons were screened for their 
ability to incorporate ncAA 6. EGFP expression levels were measured in a microplate reader via the emission at 510 
nm after excitation at 485 nm and normalized based on addition of 0 mM of ncAA 6	for each culture in order to 
compare the signal:background ratios. D) Comparison of EGFP39* expression levels upon addition of PylD product 
analog 6 or PylD substrate 3a. EGFP expression levels were measured in a microplate reader via the emission at 510 
nm after excitation at 485 nm and normalized based on addition of 0 mM of the ncAA. Expression cultures were 
prepared in triplicate and error bars represent standard errors.
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5.2.4 Activation of EGFP expression by nanoreactor activity

As we established that the EGFP expressing E. coli strains respond to low amounts of the 
ncAA, we evaluated whether the activity of the PylD nanoreactors, despite being limited, was 
sufficient for the induction of the expression of EGFP (Figure 5.8). We hereto incubated 5 µM 
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Figure	5.8	 |	Evaluation	of	 the	activation	of	EGFP	expression	by	PylD	nanoreactor	activity.	A) Schematic 
overview indicating PylD nanoreactors that produce pyrrolysine analog 4a (green star) that can be incorporated 
into EGFP39* via PylRSWT and its cognate tRNApyl. B) Relative activation of EGFP expression by PylD nanoreactor 
mixtures that were incubated overnight at 37 °C prior to addition to E. coli cultures. Reaction mixtures consisted 
of 10 mM NAD+, and either 10 mM substrate 3a (gray hexagon) or 5 µM PylD nanoreactors or both, in PylD assay 
buffer. EGFP expression levels were measured in a microplate reader via the emission at 510 nm after excitation 
at 485 nm and normalized based on addition of 0 mM or 0.3 mM of premade pyrrolysine analog 6 (green stars). 
Expression cultures were prepared in triplicate and error bars represent standard errors. C) Relative activation of 
EGFP expression by PylD nanoreactor mixtures that were incubated overnight at 37 °C prior to addition to E. coli 
cultures. Reaction mixtures consisted of 10 mM NAD+, 0-10 mM substrate 3a	(gray hexagon), and 1, 2, or 5 µM PylD 
nanoreactors in PylD assay buffer. Reaction mixtures without enzyme or with empty VW1-VW8 ELP-CCMV capsids 
were prepared as controls. In addition, various amounts of premade pyrrolysine analog 6 ( green star) were added to 
expression cultures. EGFP expression levels were measured in a microplate reader via the emission at 510 nm after 
excitation at 485 nm and normalized based on addition of 0 mM or 0.3 mM of premade pyrrolysine analog 6 (green 
star). Expression cultures were prepared in triplicate and error bars represent standard errors.
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PylD nanoreactors with 10 mM substrate 3a overnight at 37 °C and then added the reaction 
mixtures to E. coli expression cultures. We compared the EGFP expression levels with those of 
expression cultures to which the premade ncAA (full activation) or no nanoreactor mixtures or 
no ncAA (background response) were added (Figure 5.8B) and observed that the addition of the 
nanoreactor mixtures resulted in a slight increase in EGFP expression. In order to ensure that 
induction of the expression was the result of PylD nanoreactor activity, we compared the results 
to expression cultures to which reaction mixtures were added that lacked either the nanoreactors 
or the substrate. Interestingly, when the substrate was omitted from the reaction mixtures, 
the EGFP expression level was similar to that of the expression cultures to which no reaction 
mixtures or ncAA were added, while the addition of reaction mixtures that only contained the 
substrate still induced some level of EGFP expression. The latter observation can be explained 
by the PylD substrate being able to induce EGFP expression at high concentration, as used in the 
PylD nanoreactor mixtures and as demonstrated in Figure 5.7D. 

We again varied the amounts of substrate and PylD nanoreactors added to the reaction 
mixtures to evaluate whether a trend in EGFP expression activation was visible as a result of 
varying these parameters. We observed (Figure 5.8C) that doubling of the substrate amount 
also resulted in approximately a 2-fold increase in EGFP expression levels when no enzyme or 5 
µM of PylD nanoreactors were added to the reaction mixture. In contrast, EGFP expression did 
not increase with substrate concentration when only 1 µM or 2 µM of the enzyme was present in 
the reaction mixtures. This could be linked to our observation that an increase in the substrate 
concentration does not increase the enzymatic activity for the lower two PylD concentrations as 
discussed in section 5.2.2. Although we can observe some trends in the EGFP expression levels, 
the differences between the various conditions that were evaluated are minimal, hindering a 
clear interpretation of the effect that the PylD nanoreactor activity has on the expression of 
EGFP by the E. coli cultures. Mass spectrometry analysis of the expressed EGFP protein could 
be employed to directly evaluate whether the ncAA 4a was incorporated in the EGFP protein 
after production by the PylD nanoreactors. Since this has not been performed yet, we cannot 
conclude whether the activity of VW1-VW8 ELP-CCMV-based PylD nanoreactors can activate 
the expression of EGFP.

5.3 Conclusions
We have evaluated the possibility to encapsulate an active enzyme, PylD, into VW1-VW8 
ELP-CCMV capsids via a co-expression strategy in E. coli. As we demonstrated, incorporation 
of the enzyme was successful while the catalytic activity was minimal. Interestingly, several 
non-encapsulated variants of the PylD enzyme displayed even more limited activity, possibly 
indicating a beneficial effect of encapsulation of the enzymes into VW1-VW8 ELP-CCMV capsids. 
Furthermore, it was evaluated whether the catalytic activity of the PylD nanoreactors could be 
employed to produce sufficient amounts of the ncAA Pcl (4a) for incorporation into EGFP by an 
E. coli strain expressing the tRNApyl/pylRS machinery as well as an amber-tagged EGFP variant. 
Although full nanoreactor mixtures performed slightly better than mixtures lacking either the 
substrate or the PylD enzyme, the differences were quite small. Thus, based on these results 
it cannot be concluded whether VW1-VW8 ELP-CCMV nanoreactors can induce intracellular 
responses. Therefore, additional mass spectrometry analyses should be performed in order to 
determine whether the production of the ncAA 4a	by our PylD nanoreactors is successful and in 
sufficient amounts for the induction of EGFP expression. Only after that has been established, 
expansion of this system towards the intracellular activity of the PylD nanoreactors either after co-
expression of the nanoreactor components or cellular internalization of premade nanoreactors 
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Buffer	name Composition

pH 5.0 capsid buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 5.0

pH 7.5 100 mM NaCl buffer 50 mM Tris·HCl, 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

pH 7.5 500 mM NaCl buffer 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, 1 mM EDTA, pH 7.5.

PylD buffer 20 mM Tris·HCl, 5 mM MgCl2, pH 8.0.

PylD reaction buffer 100 mM Tris·HCl, pH 8.5.

Table	5.1	|	Composition	of	buffers

could result in the generation of a new artificial organelle system that directly communicates 
with its host cell. 
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5.5 Experimental Section

5.5.1 Materials

T4 DNA ligase and restriction enzymes were obtained from New England Biolabs. Ampicillin, 
chloramphenicol, kanamycin, yeast extract, peptone, L-arabinose, NAD+ and NADH were 
purchased from Sigma-Aldrich/Merck. Isopropyl-β-D-thiogalactopyranoside (IPTG) was 
obtained from PanReac AppliChem via VWR. Ni-NTA agarose beads were obtained from 
Qiagen. Strep-Tactin XT was obtained from IBA Life Sciences. The pyrrolysine analog 6 and 
PylD substrate 3a were kindly synthesized by Roy Oerlemans according to adapted literature 
procedures.21,25,28	AI BL21(DE3) pBAD EGFPWT/pEvol tRNApyl/pylRSAF and AI BL21(DE3) pBAD 
EGFPWT/pEvol tRNApyl/pylRSAF strains were obtained from Annika Borrmann.8 pBAD LIC 
cloning vector (8A) was a gift from Scott Gradia (Addgene plasmid # 37501; http://n2t.net/
addgene:37501; RRID:Addgene_37501).

5.5.2 Buffers

The buffers used in this chapter are listed in Table 5.1.

All buffers were filtered over a 0.2 micron filter prior to use.
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5.5.3 UV-vis absorbance measurements

In order to determine the protein concentrations during experiments, the absorbance at 280 nm 
was measured with a spectrophotometer ND-1000 and the concentrations were subsequently 
calculated using the theoretical extinction coefficients.29 

5.5.4 Microplate reader measurements

Plate reader analysis of PylD activity was performed using a Tecan Spark 10M plate reader (serial 
number 1605007639) in 384 well plates with a transparent bottom and black walls. Absorbance 
was measured at 340 nm with 15 seconds to 1 minute intervals, depending on the total incubation 
time.

Plate reader analysis of EGFP expression levels was performed using a Tecan Saffire II plate 
reader (serial number 601000001) in 384 well plates with a transparent bottom and black walls. 
A fluorescence scan ranging from 500 nm to 60 0nm (5 nm intervals) was measured from the 
top after excitation at 485 nm (5 nm bandwidth). 

5.5.5 Mass spectrometry

Protein mass characterization was performed using a High Resolution LC-MS system consisting 
of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight 
(Q-ToF). The system consisted of a Binary Solvent Manager and a Sample Manager with Fixed-
Loop (SM-FL). Proteins were separated (0.3 mL/min) on the column (Polaris 3 C8A reverse 
phase column, 2.0 x 150 mm, Agilent) using an acetonitrile gradient in water (15 % to 75 %, 
v/v) supplemented with formic acid (0.1 %, v/v) before analysis in positive mode in the mass 
spectrometer. Deconvoluted mass spectra were obtained using the MaxENT1 algorithm in the 
Masslynx v4.1 (SCN862) software. Isotopically averaged molecular weights were calculated using 
the ‘Protein Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by 
spin-filtration with MilliQ prior to measurement.

Mass characterization of small molecules was performed using an LC-MS system equipped 
with a C4 Jupiter SuC4300 150 x 2.0 mm column, connected to a Thermo Fisher LCQ Fleet Ion 
Trap Mass Spectrometer. As a solvent, acetonitrile/water 50/50 (v/v) with 0.1 % formic acid was 
used. In measurements, a gradient of 5 % to 100 % acetonitrile/water (v/v) was used, with a 
measurement duration of 10 min.

5.5.6 Analytical size exclusion chromatography (SEC)

SEC analysis was performed on a Superose 6 increase 10/300 GL column (GE Healthcare Life 
Sciences). Analytical and preparative measurements were executed on an Agilent 1260 bio-inert 
HPLC. Samples with a protein concentration of 100 µM were separated on the column at 21 °C 
with a flow rate of 0.5 mL/min. Running buffer was pH 7.5, 500 mM NaCl buffer.

5.5.7 Preparative size exclusion chromatography 

Preparative SEC of nanoreactors was performed on a BioRad NGC chromatography system 
equipped with a HiPrep 26/60 Sephacryl S-400 HR column (Cytiva 28-9356-05). Samples 
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consisted of combined Ni2+/NTA purified protein solutions from 2 L of protein expression culture 
and were separated on the column at 4 °C with a flow rate of 1.3 ml/min. The running buffer was 
pH 7.5, 500 mM NaCl buffer. Fractions were analyzed with SDS-PAGE and analytical SEC and 
fractions of interest were combined and concentrated by spin-filtration (Amicon® Ultra 15 mL, 
MWCO 50 kDa).

Preparative SEC of non-encapsulated PylD variants was performed on a BioRad NGC 
chromatography system equipped with a HiLoad 16/600 Superdex 75pg column (GE Healthcare 
28-9893-33). Samples consisted of combined Ni2+/NTA purified protein solutions from 1 L of 
protein expression culture and were separated on the column at 4 °C with a flow rate of 1 ml/
min. The running buffer was PylD buffer. Fractions were analyzed with SDS-PAGE and fractions 
of interest were combined and concentrated by spin-filtration (Amicon® Ultra 15 mL, MWCO 50 
kDa).

5.5.8 Transmission electron microscopy (TEM)

TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington	206 carbon coater 
and power unit. Protein samples (0.2 mg/mL, 5 µL) were applied on the glow-discharged grids 
and incubated for 1 min. The samples were carefully removed using a filter paper. Then, the grid 
was negatively stained by applying 2 % uranyl acetate in water (5 µL). The staining solution was 
removed after 15 seconds and the grid was allowed to dry for at least 15 minutes. The samples were 
studied on a FEI Tecnai 20 (type Sphera) (operated at 200 kV, equipped with a LaB6 filament and 
a FEI BM‐Ceta CCD camera).

5.5.9 Dynamic light scattering (DLS) measurements

DLS measurements were performed on a Malvern Zetasizer Nano ZSP at 21 °C unless stated 
otherwise. Samples (112 µM, unless stated otherwise) were centrifuged twice prior to analysis. 
Buffers were filtered prior to use. All measurements were done in triplo, and the average of the 
triplo measurements was plotted. 

5.5.10 Cloning of pBAD-PylD-His6 -native ELP-CCMV(ΔN26) 
and pBAD-PylD-His6 -VW1-VW8 ELP-CCMV(ΔN26) vectors

The pET-15b-mEGFP-His6 -native ELP-CCMV(ΔN26) and pET-15b-mEGFP-His6 -VW1-VW8 ELP-
CCMV(ΔN26) vectors were constructed in Chapter 4. A gBlock encoding the PylD domain was 
ordered from Integrated DNA Technologies. Both the gBlock (2 h, 37 °C) and the vectors (o.n., 
37 °C) were digested with NcoI-HF and NdeI restriction enzymes and subsequently purified 
via agarose gel extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol). Next, the 
gene block was inserted into both linearized vectors with T4 DNA ligase (1-4 h, 21 °C). The 
resulting pET-15b-PylD-His6 -native ELP-CCMV(ΔN26) and pET-15b-PylD-His6 -VW1-VW8 ELP-
CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 200518-4) for 
vector replication. Correct incorporation of the gBlocks was confirmed with Sanger sequencing 
(BaseClear).

Next, the PylD-His6 -native ELP-CCMV(ΔN26) and PylD-His6 -VW1-VW8 ELP-CCMV(ΔN26) 
genes were transferred to pBAD LIC vectors (Addgene 37501). Hereto, the genes were isolated 
from the pET15b vectors via treatment with BamHI and XbaI restriction enzymes (o.n., 37 °C) 
and subsequent purification via agarose gel extraction (Qiagen DNA gel extraction kit, 28706, 
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manufacturer’s protocol). Next, the genes were inserted with T4 DNA ligase (1-4 h, 21 °C) into 
pBAD LIC vectors that were digested and purified with the same restriction enzyme pair. The 
resulting pBAD-PylD-His6 -native ELP-CCMV(ΔN26) and pBAD-PylD-His6 -VW1-VW8 ELP-
CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 200518-4) 
for vector replication. Correct transfer of the genes was confirmed with Sanger sequencing 
(BaseClear). Subsequently, the pBAD vectors were transformed into BLR(DE3)pLysS competent 
cells for protein expression.

5.5.11 Cloning of pBAD-PylD-His6  vector

A gBlock encoding PylD-His6 was ordered from Integrated DNA Technologies. Both the gBlock 
(2 h, 37 °C) and a pBAD LIC vector (Addgene 37501) (o.n., 37 °C) were digested with XbaI and 
BamHI restriction enzymes and subsequently purified via agarose gel extraction (Qiagen DNA 
gel extraction kit, manufacturer’s protocol). Next, the gene block was inserted into the linearized 
vector with T4 DNA ligase (1-4 h, 21 °C). The resulting pBAD-PylD-His6  vector was transformed 
into XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation 
of the gBlock was confirmed with Sanger sequencing (BaseClear). Subsequently, the pBAD 
vectors were transformed into BLR(DE3)pLysS competent cells for protein expression.

5.5.12 Cloning of pBAD-Strep-TEV-PylD-TEV-His6 vector

A gBlock encoding Strep-TEV-PylD-TEV-His6 was ordered from Integrated DNA Technologies. 
Both the gBlock (2 h, 37 °C) and the pBAD-PylD-His6  vector (Section 5.5.11) (o.n., 37 °C) were 
digested with XbaI and BamHI restriction enzymes and subsequently purified via agarose gel 
extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol). Next, the gene block was 
inserted into the linearized vector with T4 DNA ligase (1-4 h, 21 °C). The resulting pBAD-Strep-
TEV-PylD-TEV-His6  vector was transformed into XL1-blue competent cells (Agilent, 200518-4) 
for vector replication. Correct incorporation of the gBlock was confirmed with Sanger sequencing 
(BaseClear). Subsequently, the pBAD vectors were transformed into BLR(DE3)pLysS competent 
cells for protein expression.

5.5.13 Cloning of pBAD-Strep-TEV-PylD-His6-native ELP-
CCMV(ΔN26) vectors

A gBlock encoding the Strep-TEV-PylD domain was ordered from Integrated DNA Technologies. 
Both the gBlock (2 h, 37 °C) and the pBAD-PylD-His6 -native ELP-CCMV(ΔN26) vector (Section 
5.5.10) (o.n., 37 °C) were digested with XbaI and NcoI restriction enzymes and subsequently 
purified via agarose gel extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol). 
Next, the gene block was inserted into the linearized vector with T4 DNA ligase (1-4 h, 21 °C). The 

Name Sequence

PylRS A306Y sense 5’-CTATGCTAGCACCAAATCTGGCTAACTATCTGCGCAAACTGG

PylRS F384Y sense 5’-GGCGACAGCTGTATGGTGTTTGGCGACACC

Table	5.2	|	Primer	sequences	for	mutagenesis	of	pEvol	tRNApyl	pylRS
AF	into	pEvol	tRNApyl	pylRS

WT
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Name Sequence

EGFP K3TAG forward 5’-AGTGAGCTAGGGCGAGGAGCTGTTCACCGGGGTGGTGCC

EGFP K3TAG reverse 5’-CCTCGCCCTAGCTCACTTTATCATCATCATCTTTGTAATCCATGG-
TATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGGG

EGFP Y151TAG forward 5’-CACAACGTCTAGATCATGGCCGACAAGCAGAAGAACGGCATCAAGGC-
CAACTTC

EGFP Y151TAG reverse 5’-TCGGCCATGATCTAGACGTTGTGGCTGTTGTAGTTGTACTCCAGCTTGTG-
CCCC

Table	5.3	|	Primer	sequences	for	mutagenesis	of	pET24a	EGFPY39TAG	into	pET24a	EGFPK3TAG,	Y39TAG,	EGFPY39TAG,	
Y151TAG,	and	EGFPK3TAG,	Y39TAG,	Y151TAG

resulting pBAD-Strep-TEV-PylD-His6-native ELP-CCMV (ΔN26)  vector was transformed into 
XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation of 
the gBlock was confirmed with Sanger sequencing (BaseClear). Subsequently, the pBAD vectors 
were transformed into BLR(DE3)pLysS competent cells for protein expression.

5.5.14 Cloning of pEvol tRNApyl pylRSWT vector

The pEvol tRNApyl pylRSAF vector was obtained from an AI BL21(DE3) pBAD EGFPY39TAG pEvol 
tRNApyl pylRSAF strain8 via repetitive rounds of antibiotic selection. PCR-driven mutagenesis was 
performed using a QuickChange Lightning Multi Site-directed Mutagenesis kit (Agilent, 210516) 
following the manufacturer’s protocol and using the primers as listed in Table 5.2. Subsequently, 
the reaction mixture was treated with DpnI enzyme for 30 minutes at 37 °C. The resulting pEvol 
tRNApyl pylRSWT vector was transformed into Max Efficiency DH5α competent cells (Thermo 
Fisher Scientific, 18288019) for vector replication. The correct introduction of the substitutions 
was confirmed with Sanger sequencing (BaseClear).

5.5.15 Cloning of pET24a EGFPY39TAG vector and mutagenesis 
to introduce extra TAG codons

The pBAD EGFPY39TAG vector was obtained from an AI BL21(DE3) pBAD EGFPY39TAG pEvol tRNApyl 
pylRSAF strain8 via co-isolation of both plasmids, digestion of the pEvol plasmid, and subsequent 
agarose gel extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol).

The EGFPY39TAG
 gene was transferred to a pET24a vector. Hereto, both the pBAD EGFPY39TAG 

vector and a pET24a(+) His6-ELP-CCMV vector (Chapter 4) were digested (o.n., 37 °C) with 
NcoI and XhoI restriction enzymes and subsequently purified via agarose gel extraction (Qiagen 
DNA gel extraction kit, manufacturer’s protocol). Next, the gene was inserted into the linearized 
vector with T4 DNA ligase (1-4 h, 21 °C). The resulting pET24a EGFPY39TAG vector was transformed 
into XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation 
of the gBlock was confirmed with Sanger sequencing (BaseClear).

In order to introduce extra TAG codons in the EGFPY39TAG sequence, site-directed mutagenesis 
was performed via a strategy previously developed by Liu and coworkers.30 Hereto, 20 ng of 
plasmid, 200 µM dNTPs, and 1 µM of both forward and reverse primer (listed in Table 5.3) were 
mixed with Phusion High-Fidelity PCR master mix (New England Biolabs, M0531S) in a final 
volume of 50 µL. The PCR cycles were: 98 °C for 1 minute; 18 cycles of 98 °C for 10 seconds, 67 
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°C for 1 minute, 72 °C for 7 minutes; 57 °C for 1 minute, 72 °C for 30 minutes. Subsequently, 
the reaction mixtures were treated with DpnI enzyme for 1 hour at 37 °C. The resulting pET24a 
EGFPK3TAG, Y39TAG, EGFPY39TAG, Y151TAG, and EGFPK3TAG, Y39TAG, Y151TAG vectors were transformed into XL1-
blue competent cells (Agilent, 200518-4) for vector replication. The correct introduction of the 
TAG codons was confirmed with Sanger sequencing (BaseClear).

5.5.16 General protocol for the expression of non-
encapsulated PylD variants

E.coli BLR(DE3)pLysS glycerol stocks containing pBAD-PylD-His6, pBAD-Strep-TEV-PylD-
TEV-His6, pBAD-PylD-His6 -native ELP-CCMV(ΔN26) or pBAD-Strep-TEV-PylD-His6-native 
ELP-CCMV(ΔN26) vectors were cultured overnight at 37 °C in LB medium (50 mL), containing 
ampicillin (100 mg/L) and chloramphenicol (50 mg/L). The overnight culture was used to 
inoculate 2xTY medium (1 L), containing ampicillin (100 mg/L), and grown at 37 °C till an optical 
density (OD600) between 0.4 and 0.6 was reached. Protein expression was then induced by the 
addition of L-arabinose (2 %, w/v) and the culture was incubated at 30 °C for 6 hours. Cells were 
harvested by centrifugation (2700 x g, 15 min, and 4 °C) and pellets were stored overnight at -20 
°C. 

The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0; 25 mL). Cell lysis was performed by ultrasonic disruption (7-10 times 30 
seconds, 70 % amplitude, Branson Sonifier 150). The cell lysate was then centrifuged (16.000 x 
g, 15 min, 4 °C) to remove bacterial debris. The supernatant was incubated with Ni-NTA agarose 
beads (3 mL) for 1 hour at 4 °C, followed by column loading. The flow-through was collected 
and the column was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, pH 8.0; 20 mL). The proteins of interest were eluted from the column with elution 
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 1 time 0.5 mL, 7 times 1.5 
mL) and fractions containing histidine-tagged proteins were combined.

For the PylD-His6 and PylD-His6-native ELP-CCMV proteins, purification was continued with 
dialysis against PylD buffer (2 times 30-60 minutes, followed by overnight dialysis using a 12-14 

Name Yield	(mg/L) Q-TOF	results

Calculated	MW
(Da)

Observed	MW
(Da)

VW1-VW8 ELP-CCMV 22-34 22427.6 22427.3

PylD-His6-VW1-VW8 
ELP-CCMV

15 50525.5 50524.1

PylD-His6 13-23 30169.2 30167.1

PylD-His6-native ELP-
CCMV

19 50351.4 50349.3

Strep-TEV-PylD-TEV-His6 
(TEV cleaved)

44 29634.6 29633.7

Strep-TEV-PylD-His6-
native ELP-CCMV

26 52861.1 52860.5

Table	5.4	|	Expression	yields	and	Q-TOF	results	of	the	ELP-CCMV	and	PylD	variants
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kDa tubing) and subsequent purification with SEC.

Name Sequence

VW1-VW8 ELP-CCMV GHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

PylD-His6-VW1-VW8 ELP-
CCMV

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT YGKLTLK-
FICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQER-
TIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHN-
VYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN-
HYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHHH-
HHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGWGVPGL-
GLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHV-
RPTFDDSFTPVY

PylD-His6-native ELP-CCMV ALLTPDDLININMQLQKADSAVQEV TGLDIKGICKALYGTFSSSEKV-
GIVPVTSGNGIIGNFSASLHAITQYFGFDSFVTDMPDVSGYYEAAQNGAEIIL-
MADDRTFLAHNLKNGKMANNQPCTGIIYAEIASRYLKADSKDVLVVGL-
GKVGFPGAEHLVQKDFRVYGYDADETLLERATSNLGIIPFDPANPKKF-
SIIFEATPCANTIPEAVLSENCVLSTPGIPCAISEELRDKYEVQLIAEPLGIG-
TASMLYSVLGSGSMGHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVP-
GLGVPGGGVPGVGVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSK-
WTASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGT-
VKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIY-
LYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY

Strep-TEV-PylD-TEV-His6 MGWSHPQFEKENLYFQSLEGSGSALLTPDDLININMQLQKADSAVQEVTGL-
DIKGICKALYGTFSSSEKVGIVPVTSGNGIIGNFSASLHAITQYFGFDSFVTDMP-
DVSGYYEAVQNGAEIILMADDRTFLAHNLKNGKMANNQPCTGIIYAEIAS-
RYLKADSKDVLVVGLGKVGFPGAEHLVQKDFRVYGYDADETLLERATSNLGII-
PFDPANPKKFSIIFEATPCANTIPEAVLSENCVLSTPGIPCAISEELRDKYEVQLI-
AEPLGIGTASMLYSVLLPETGENLYFQSLEHHHHHH

Strep-TEV-PylD-His6-native 
ELP-CCMV

MGWSHPQFEKENLYFQSLEGSGSALLTPDDLININMQLQKADSAVQEVTGL-
DIKGICKALYGTFSSSEKVGIVPVTSGNGIIGNFSASLHAITQYFGFDSFVTDMP-
DVSGYYEAAQNGAEIILMADDRTFLAHNLKNGKMANNQPCTGIIYAEIAS-
RYLKADSKDVLVVGLGKVGFPGAEHLVQKDFRVYGYDADETLLERATSNLGII-
PFDPANPKKFSIIFEATPCANTIPEAVLSENCVLSTPGIPCAISEELRDKYEVQLI-
AEPLGIGTASMLYSVLGSGSMGHHHHHHVPGVGVPGLGVPGVGVPGL-
GVPGVGVPGLGVPGGGVPGVGVPGLGLEVVQPVIVEPIASGQGKAIKAWT-
GYSVSKWTASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLL-
PSVSGTVKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQL-
TADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY

PylD-His6 ALLTPDDLININMQLQKADSAVQEVTGLDIKGICKALYGTFSSSEKVGIVPVTS-
GNGIIGNFSASLHAITQYFGFDSFVTDMPDVSGYYEAVQNGAEIILMADDRT-
FLAHNLKNGKMANNQPCTGIIYAEIASRYLKADSKDVLVVGLGKVGFPGAE-
HLVQKDFRVYGYDADETLLERATSNLGIIPFDPANPKKFSIIFEATPCANTI-
PEAVLSENCVLSTPGIPCAISEELRDKYEVQLIAEPLGIGTASMLYSVLLPET-
GENLYFQSLEHHHHHH

Table	5.5	|	Amino	acid	sequences	of	the	ELP-CCMV	and	PylD	variants
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For the Strep-TEV-PylD-TEV-His6 and Strep-TEV-PylD-His6 -native ELP-CCMV proteins, 
purification continued with Strep-Tactin XT (IBA Life Sciences, 2-4030-025) purification. 
Combined fractions from the Ni2+/NTA purification were loaded on the Strep-Tactin XT column 
(1 mL). The flow-through was collected and the column was washed twice with strep wash buffer 
(100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 8.0; 10 mL). The proteins of interest were 
eluted from the column with strep elution buffer (100 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 
50 mM biotin, pH 8.0; 8 x 1.5 mL), and fractions containing histidine- and strep-tagged proteins 
were combined.

Proteins were stored at -80 °C. The purity and characteristics of the proteins were verified and 
determined by SDS-PAGE, SEC, Q-TOF, DLS, and TEM. The protein yields after purification and 
the Q-TOF results are listed in Table 5.4. The amino acid sequences are listed in Table 5.5. 

5.5.17 General protocol for the co-expression of PylD-fused 
His6-ELP-CCMV variants

E.coli BLR(DE3)pLysS glycerol stocks that were co-transformed with pBAD-PylD-His6 -VW1-
VW8 ELP-CCMV(ΔN26) and pET-24a-His6-VW1-VW8 ELP-CCMV(ΔN26) vectors were cultured 
overnight at 37 °C in LB medium (50 mL), containing ampicillin (100 mg/L), kanamycin (50 
mg/L) and chloramphenicol (50 mg/L). The overnight culture was used to inoculate 2xTY 
medium (2 L), containing ampicillin (100 mg/L) and kanamycin (50 mg/L), and grown at 37 
°C till an optical density (OD600) between 0.4 and 0.6 was reached. Expression of the mEGFP-
fused proteins was then induced by the addition of L-arabinose (2 %, w/v) and the culture was 
incubated at 30 °C for 1 hour. Then, the expression of the unmodified VW1-VW8 ELP-CCMV 
proteins was induced by the addition of IPTG (1 mM), and the culture was incubated at 30 °C for 
another 5 hours. Cells were harvested by centrifugation (2700 x g, 15 min, and 4 °C) and pellets 
were stored overnight at -20 °C. 

The cell pellet was resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 
imidazole, pH 8.0; 25 mL). Cell lysis was performed by ultrasonic disruption (7-10 times 30 
seconds, 70 % amplitude, Branson Sonifier 150). The cell lysate was then centrifuged (16.000 x 
g, 15 min, 4 °C) to remove bacterial debris. The supernatant was incubated with Ni-NTA agarose 
beads (3 mL) for 1 hour at 4 °C, followed by column loading. The flow-through was collected 
and the column was washed twice with wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM 
imidazole, pH 8.0; 20 mL). The proteins of interest were eluted from the column with elution 
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH 8.0; 1 time 0.5 mL, 7 times 1.5 
mL), and fractions containing histidine-tagged proteins were combined and dialyzed against pH 
7.5 500 mM NaCl buffer (2 times 30-60 minutes, followed by overnight dialysis using a 12-14 kDa 
tubing). Subsequently, nanoreactors were purified with SEC; the combined, and concentrated 
fractions were dialyzed against PylD buffer (2 times 30-60 minutes, followed by overnight 
dialysis using a 12-14 kDa tubing) and stored at -80 °C.

The purity and characteristics of the proteins were verified and determined by SDS-PAGE, 
SEC, Q-TOF, DLS, and TEM. The protein yields after purification and the Q-TOF results are 
listed in Table 5.4. The amino acid sequences are listed in Table 5.5.

5.5.18 Quantification of PylD encapsulation 

Gels that were visualized via Coomassie Brilliant Blue staining (Biorad) were analyzed with 
ImageJ gel analysis software to calculate the encapsulation efficiency of PylD enzyme into VW1-
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VW8 ELP-CCMV capsids. Hereto, the following formula was used:
 

gel /mw gel /mw
gel /mw

starting material starting material product product

product product= +encapsulation efficiency

where gel is the intensity of the protein band on the SDS-PAGE gel as determined by ImageJ 
analysis; mw is the molecular weight of the protein; product is PylD-VW1-VW8 ELP-CCMV 
protein; starting material is the VW1-VW8 ELP-CCMV protein without modification.

5.5.19 General protocol for PylD activity assays

For a typical PylD activity assay, reaction mixtures were prepared in PylD reaction buffer 
containing 1 µM - 5 µM PylD nanoreactors or up to 50 µM of the non-encapsulated PylD 
variants, 10 mM NAD+, and various concentrations of the PylD substrate 3a ranging from 1 - 10 
mM in a volume of 50 - 75 µL. Mixtures were incubated at 37 °C for 1 - 14 hours. The activity of 
PylD was monitored photometrically at 340 nm (NADH absorbance) in a microplate reader. 
In order to assess the NADH concentrationin the nanoreactor mixtures, a standard curve was 
prepared by measuring the absorbance at 340 nm of a series of PylD reaction buffers with NADH 
concentrations ranging from 0 mM to 1 mM. As such, the following formula was used: 

[NADH](mM) = 0.444 x A340 - 0.0354    (R2 = 0.9999) 

5.5.20 General protocol for EGFP expression experiments

For a typical EGFP expression experiment, E. coli BL21(DE3) glycerol stocks containing pEvol 
tRNApyl pylRSWT (or pylRSAF in preliminary screening experiments) and pET24a EGFPY39TAG 
vectors were cultured overnight at 37 °C in LB medium (5 mL), containing kanamycin (50 mg/L) 
and chloramphenicol (50 mg/L). The overnight culture was used to inoculate 2xTY medium (5 
mL), containing kanamycin (50 mg/L) and chloramphenicol (50 mg/L), and grown at 37 °C till 
an optical density (OD600) around 1.0 was reached. The bacterial culture was then divided into a 
96 deep-well plate (2 mL per well) adding 40 µL of E. coli suspension per well. To each well 50 µL 
of ncAA solution (in MQ) and 10 µL 12xTY medium were added to a total volume of 100 µL per 
well. The expression cultures were then cultured overnight at 30 °C. Subsequently, 70 µL samples 
were transferred to a 384 well plate and the fluorescence of the produced EGFP was measured in 
a microplate reader. Each expression culture was prepared in triplicate.

5.5.21 General protocol for EGFP expression activated by 
PylD activity

Nanoreactor mixtures were prepared as described in section 5.5.19 and incubated overnight at 37 
°C. The protein expression procedure was as reported in section 5.5.20, but for these experiments, 
52 µL of bacterial culture was added per well of the 96 deep-well plate. Then 65 µL of ncAA 
solution (in PylD reaction buffer) or reaction mixture and 13 µL of 12xTY medium were added 
to a total volume of 130 µL per well. The expression cultures were then cultured overnight at 30 
°C. Subsequently, 100 µL samples were transferred to a 384 well plate and the fluorescence of the 
produced EGFP was measured in a microplate reader. Each expression culture was prepared in 
triplicate.
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5.7 Supplementary figures 

22427.3

22448.5

976.2
935.4
831.7

801.9

774.3

748.6

724.5

701.9

1020.4

1068.9

1122.4

1181.4

1402.7

1496.1

5.34

4.90
4.453.66

N
or

m
la

iz
ed

 in
te

ns
ity

 (%
)

0

100

50

0 1 2 98764 53 10

Elution time (min)

A

CB

0

100

50

N
or

m
la

iz
ed

 in
te

ns
ity

 (%
)

 

0

100

50

N
or

m
la

iz
ed

 in
te

ns
ity

 (%
)

1000800400 600200

Mass (Da)
160014001200 1800 40000 500004500030000 35000 600005500020000 25000

Mass (Da)

Figure	S5.1	|	LC-MS	Q-TOF	analysis	of	VW1-VW8	ELP-CCMV.	A) Total ion count chromatogram. B) m/z spectrum 
of the signal at 5.34 minutes in chromatogram A. C) Deconvoluted mass spectrum of the spectrum in B (calculated 
molecular weight is 22427.2 Da). 
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Figure	S5.2	|	LC-MS	Q-TOF	analysis	of	PylD-VW1-VW8	ELP-CCMV.	A) Total ion count chromatogram. B) m/z 
spectrum of the signal at 5.39 minutes in chromatogram A. C) Deconvoluted mass spectrum of the spectrum in B 
(calculated molecular weight is 50525.5 Da). 
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Figure	S5.3	 |	 Analysis	 of	 PylD	 nanoreactor	 purification	 with	 size	 exclusion	 chromatography.	 The SEC 
chromatogram of the purification as in Figure 5.3B is depicted in the middle panel. Samples were taken from the 
different fractions and analyzed with SDS-PAGE (top panel) to identify the proteins in the mixture based on their 
masses. Combined fractions from the three most abundant signals in the SEC chromatogram were subjected to 
analytical SEC (bottom panel) to determine the assembly states of the proteins in the fractions. Note: the PylD-
VW1-VW8 ELP-CCMV protein band is not visible in the capsid fractions on the SDS-PAGE gel due to the dilution 
factor in the SEC fractions. The presence of the PylD-VW1-VW8 ELP-CCMV protein in these fractions is confirmed 
by SDS-PAGE analysis of the combined and concentrated fractions as depicted in Figure 5.3C.
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Figure	S5.4	|	Evaluation	of	VW1-VW8	ELP-CCMV	capsid	stability	in	pH	7.5	buffer	upon	storage	at	reduced	
temperatures.	A) SDS-PAGE analysis of VW1-VW8 ELP-CCMV capsid solutions that were stored at -80 °C (blue) 
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C) Number distributions as determined by DLS during incubation at -80 °C (blue, left panel) or 4 °C (yellow, right 
panel). Intensity distributions are depicted in Figure S5.5.
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Figure	S5.5	|	DLS	analysis	of	VW1-VW8	ELP-CCMV	capsid	stability	upon	storage	at	reduced	temperature.	
Intensity (A) and number (B) distributions of VW1-VW8 ELP-CCMV incubated at a 112 µM concentration in PylD 
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Figure	S5.7	|	SDS-PAGE	analysis	of	purification	of	PylD-His6.	A) Overview of protein construct. B) SDS-PAGE 
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Figure	S5.8	|	LC-MS	Q-TOF	analysis	of	PylD-His6.	A) Total ion count chromatogram. B) m/z spectrum of the 
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Da).
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Figure	S5.9	 |	 SDS-PAGE	 analysis	 of	 purification	 of	 PylD-His6-native	 ELP-CCMV.	 A) Overview of protein 
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Figure	S5.10	|	LC-MS	Q-TOF	analysis	of	PylD-His6-native	ELP-CCMV.	A) Total ion count chromatogram. B) m/z 
spectrum of the signal at 4.08 minutes in chromatogram A. C) Deconvoluted mass spectrum (calculated molecular 
weight is 50351.4 Da).
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Figure	S5.11	|	SDS-PAGE	analysis	of	purification	of	Strep-TEV-PylD-TEV-His6.	A) Overview of protein construct. 
B) SDS-PAGE analysis of Ni2+/NTA purification. C) SDS-PAGE analysis of Strep-tactin purification with on-column 
TEV cleavage. The gels were stained with Coomassie Brilliant Blue.
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Figure	S5.12	 |	 LC-MS	 Q-TOF	 analysis	 of	 Strep-TEV-PylD-TEV-His6	 after	 TEV-cleavage.	A) Total ion count 
chromatogram. B) m/z spectrum of the signal at 4.11 minutes in chromatogram A. C) Deconvoluted mass spectrum 
(calculated molecular weight is 26934.6 Da).
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Figure	S5.13	|	SDS-PAGE	analysis	of	purification	of	Strep-TEV-PylD-His6-native	ELP-CCMV.	A) Overview of 
protein construct. B) SDS-PAGE analysis of Ni2+/NTA purification. C) SDS-PAGE analysis of Strep-tactin purification. 
The gels were stained with Coomassie Brilliant Blue.
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Figure	S5.14	 |	 LC-MS	 Q-TOF	 analysis	 of	 Strep-TEV-PylD-His6-native	 ELP-CCMV.	 A) Total ion count 
chromatogram. B) m/z spectrum of the signal at 4.11 minutes in chromatogram A. C) Deconvoluted mass spectrum 
(calculated molecular weight is 52861.1 Da).
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Towards intracellular functionality 
of artificial organelles based 
on hybrid cowpea chlorotic 

mottle virus capsids

CHAPTER 6



Abstract
Capsids of a stabilized variant of the cowpea chlorotic mottle virus (VW1-VW8 ELP-CCMV) 
have been demonstrated in previous chapters to be stable under physiologically relevant 
conditions, to allow for encapsulation of cargo proteins in vivo and to enable the induction of 
an intracellular response via the in vitro activity of an encaged enzyme. As such, these protein 
cages are promising candidates for further development into artificial organelles. In this chapter, 
we report our progress towards adding intracellular functionality to our artificial organelle 
precursors. We hereto co-expressed the mEGFP-VW1-VW8 ELP-CCMV fusion with the VW1-
VW8 ELP-CCMV capsid protein. As the fusion protein is incapable of forming capsids by itself 
only co-expression should lead to capsid formation. In order to distinguish between capsids and 
the free fusion in cellulo, we introduced an N-terminal degradation domain to the mEGFP cargo, 
triggering its rapid degradation after expression. We hypothesized that only upon encapsulation 
of the destabilized mEGFP-VW1-VW8 ELP-CCMV protein, proteolysis could be prevented. This 
hypothesis was tested both in a prokaryotic and a eukaryotic system but has yet to be confirmed. 
Nonetheless, interesting progress was made regarding the assessment of the suitability of our 
protein nanocage system for accommodating intracellular functionality.

In cellulo cargo protection
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6

6.1 Introduction
In previous chapters we demonstrated that our hybrid VW1-VW8 ELP-CCMV capsids are 
stable under physiologically relevant conditions (Chapter 2) and how nanoreactors based on 
these protein nanocages can be used for the activation of an intracellular response (Chapter 
5). Furthermore, there are strong indications that self-assembly into capsids can take place in 
cellulo (Chapter 4). Therefore, a logical next step towards the development of an in vivo artificial 
organelle system is to employ the full potential of our protein-based system and produce capsids 
in cellulo, while coupling their formation to an intracellular functionality.

Natural organelles fulfill many different functions inside cells such as the protection of 
delicate structures and components, the establishment of local microenvironments or chemical 
gradients, positional assembly, and local enrichment or colocalization of catalytic species. All 
of these functions contribute to greater efficacy of intracellular processes. Artificial organelle 
systems have been employed for achieving a variety of these intracellular functions. Although 
most artificial organelles provide the cell with added catalytic activity, such as the capability to 
convert prodrugs into active therapeutic compounds as employed in anticancer therapy,1–3 some 
systems additionally mimic other naturally occurring intracellular functionalities. For example, 
multiple enzymes have been intracellularly colocalized inside polymeric vesicles.4,5 Furthermore, 
multicompartment carriers consisting of a combination of catalyst-containing liposomes have 
been employed to colocalize the individual confined catalytic activities.6–9 Depending on the 
catalytic species that were encapsulated in the individual liposomes, intracellular cascades 
could be implemented. Similar intracellular colocalization strategies have been employed for 
protein-based artificial organelles, such as ELP vesicles,10 encapsulins,11,12 and the bacteriophages 
MS213 and P22.14–16 In these approaches, the proteins of interest are colocalized into or onto one 
protein nanoparticle, instead of in different compartments that are colocalized together as in the 
liposome system. 

Another intracellular functionality that can be displayed by artificial organelles is the protection 
of a fragile cargo protein against unfavorable conditions.11,12,17 For example, co-expression with 
an encapsulin nanocage and subsequent encapsulation of a destabilized cargo protein into the 
protein compartment provided protection against degradation in both a yeast11 and a mammalian 
cell line.12 The cargo proteins were destabilized by attachment of a degradation domain, triggering 

Rapid cargo degradation In cellulo cargo protection

Figure	6.1	|	Overview	of in cellulo	cargo	protection	strategy.	Addition of a degradation domain (red) destabilizes 
an mEGFP-fused VW1-VW8 ELP-CCMV protein, resulting in rapid degradation by proteases (yellow, left). Co-
expression of the mEGFP-fusion protein with the VW1-VW8 ELP-CCMV capsid protein allows for incorporation of 
the mEGFP protein into nanocages, preventing protein degradation (right).
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their rapid degradation by proteases once expressed. These reports demonstrate the potential 
of artificial organelles to mimic the protective properties of naturally occurring organelles. In 
addition, employing such a system in which cargo proteins are protected against degradation by 
encapsulation ensures that, in the case of a catalytic cargo protein, any catalytic activity that is 
observed can be directed back to the artificial organelle and not to free enzymes. As such, the 
protein compartment allows for control over the catalytic activity. This control could be further 
increased by, for example, targeting the nanocage to a specific intracellular location and thereby 
localizing the cargo protein to that position as well.

Taking inspiration from the previously reported systems with encapsulin-based artificial 
organelles,11,12 we report in this chapter on our progress towards establishing an intracellular 
cargo-protection system based on VW1-VW8 ELP-CCMV capsids. Our approach is based on the 
co-expression of a destabilized mEGFP-VW1-VW8 ELP-CCMV fusion protein together with the 
VW1-VW8 ELP-CCMV capsid protein (Figure 6.1). Encapsulation of the mEGFP fusion protein 
into capsids makes it inaccessible for proteases, thereby preventing rapid degradation. We have 
first employed this strategy in E. coli making use of a previously reported N-terminal degradation 
domain18 and several shorter variants thereof for destabilization of the mEGFP-VW1-VW8 ELP-
CCMV protein. Our results demonstrated that cargo protection was possible in some instances, 
however, the results were not very reproducible. We then continued to apply the same approach 
in HEK293T cells, but were yet unsuccessful in stabilizing an mEGFP fusion protein that was 
destabilized with a controllable N-terminal degradation domain,19 neither via encapsulation into 
VW1-VW8 ELP-CCMV capsids nor via inactivation of the degradation tag.

6.2 Results and Discussion

6.2.1 Towards cargo-protection by encapsulation in E. coli

For the development of a cargo protection system in E. coli, we expanded the co-expression 
strategy as discussed in Chapter 4 by the addition of destabilizing domains to the mEGFP-
VW1-VW8 ELP-CCMV cargo protein (Figure 6.2A). In order to prevent degradation via cargo 
encapsulation, the degradation domain had to be installed at the N-terminus of the cargo-
CCMV fusion protein as this part of the protein is located in the capsid interior upon assembly,20 
leading to protection of the cargo against proteases. In E. coli mostly C-terminal fusion tags 
are used to induce degradation of proteins of interest,21–23 while only limited information is 
available on N-terminal degrons. However, quite recently, an N-terminal tag was reported to 
induce targeted protein degradation in E. coli.18 This so-called Ntag was previously developed 
in yeast and contains a TEV protease recognition site, a cryptic degron, and an SF3b155 domain 
to allow binding to a specific protein to target its proteolytic degradation (Figure 6.2B, top).24 
For the yeast system, TEV protease activity unveiled the cryptic degron thereby triggering the 
degradation.24 However, in the E. coli system, no TEV activity was necessary to degrade the 
protein the Ntag was fused to.18 This suggests that another mechanism causes the degradation of 
the targeted protein in E. coli and that perhaps some parts of the quite long degradation domain 
can be omitted. We, therefore, opted to find motifs in the Ntag sequence that were previously 
suggested to be linked to the N-terminal degradation of proteins in E. coli.25–28 We identified 
several possible degrons in all domains of the full-length Ntag except the most C-terminal spacer 
region. Thus, truncation of the Ntag based on the location of the actual protein degradation site 
was impossible. We, therefore, deleted domains that were thought to be not functional for the 
Ntag in E. coli, that is the SF3b155 domain, as no binding to the protein of interest was necessary, 
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and the TEV recognition site, as the Ntag was reported to function in the absence of TEV in E. 
coli (Figure 6.2B, bottom).18 

Next, we generated genetic fusions of the full-length Ntag as well as both truncated variants to 
the mEGFP-VW1-VW8 ELP-CCMV protein in order to evaluate whether these destabilized cargo 
proteins could be protected against proteolytic degradation by encapsulation into VW1-VW8 
ELP-CCMV capsids, as depicted in Figure 6.2A. The same co-expression strategy was employed 
as developed in Chapter 4 and the effect of encapsulation into VW1-VW8 ELP-CCMV on protein 
degradation was evaluated based on the fluorescence of mEGFP-VW1-VW8 ELP-CCMV during 
overnight protein expression (Figure 6.3). When expression of the mEGFP-VW1-VW8 ELP-
CCMV protein was not induced, no fluorescence was observed, independent of which Ntag was 
employed. When no Ntag was fused to the mEGFP fusion protein, the mEGFP fluorescence was 
lower when both the mEGFP-VW1-VW8 ELP-CCMV and the VW1-VW8 ELP-CCMV protein were 

Cargo protection in E. coli
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Figure	6.2	|	Overview	of	cargo	protection	via	encapsulation	in	E. coli. A) Schematic overview of co-expression 
of VW1-VW8 ELP-CCMV (induced by IPTG) and Ntag-mEGFP-VW1-VW8 ELP-CCMV (induced by arabinose). B) 
Variations of Ntags used. The full-length Ntag as described in reference 18 contains a TEV recognition site (green), a 
cryptic degron (red), an SF3B155 domain (teal), and several spacers (yellow). In truncated Ntag 1 and 2 the SF3B155 
domain or the SF3B155 domain and the TEV recognition site were omitted respectively.
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Figure	6.3	 |	 Analysis	 of	mEGFP	 fluorescence	 during	 co-expressions	 of	 VW1-VW8	 ELP-CCMV	 and	 Ntag-
mEGFP	VW1-VW8	ELP-CCMV	in	E. coli. Monoclonal cultures expressing the VW1-VW8 ELP-CCMV capsid  protein 
(IPTG) and an mEGFP-VW1-VW8 ELP-CCMV protein (arabinose) carrying one of the Ntags were induced with 
IPTG, arabinose or both and subsequently incubated overnight at 37 °C. mEGFP expression levels were measured in 
a microplate reader via the emission at 510 nm after excitation at 485 nm and normalized based on the non-induced 
expression culture for each Ntag variant. Expression cultures were prepared in triplicate and standard derivatives 
are depicted as fill areas around the curves.
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induced with arabinose and IPTG respectively compared to when only the expression of mEGFP-
VW1-VW8 ELP-CCMV was induced with arabinose. In addition, the production of the mEGFP 
fusion protein appeared to be a bit slower in the presence of IPTG compared to when no VW1-
VW8 ELP-CCMV protein was induced. These results can be explained by the E. coli cells having 
to split resources to produce two proteins instead of one in the case of a double induction. 

When any of the Ntags was attached to the mEGFP-VW1-VW8 ELP-CCMV protein the 
expression level of the fluorescent protein was found to decrease compared to the mEGFP fusion 
protein without degradation tags. This finding suggests that either production of the Ntag-
fused proteins is less efficient or that part of the produced proteins is quickly degraded. When 
the full-length Ntag was employed for cargo destabilization, no recovery due to encapsulation 
was observed, as the mEGFP fluorescence levels were similar in the absence and presence of 
VW1-VW8 ELP-CCMV capsids. However, when truncated Ntag 1 was applied, the induction of 
capsid proteins with IPTG appeared to increase the mEGFP fusion levels sightly, while this effect 
was most prominent with the shortest Ntag that was designed, truncated Ntag 2. These results 
suggest that perhaps the longer Ntags are of such a size that barely any Ntag-mEGFP-VW1-VW8 
ELP-CCMV proteins can be incorporated into the capsid interior, thus preventing their efficient 

Rapid cargo degradation

Cargo protection via encapsulation

Cargo protection via inhibition of degradation

Figure	6.4	|	Overview	of	cargo	protection	in	HEK293T	cells.	Binding of TetR (teal) to TetO domains inhibits 
expression of VW1-VW8 ELP-CCMV protein (left). Expression of a destabilized mEGFP-VW1-VW8 ELP-CCMV 
fusion protein is independent of TetR repression, but the protein is rapidly degraded by proteases (yellow). 
Degradation of the mEGFP fusion protein can be prevented via its encapsulation in the CCMV capsid upon the 
induction of expression of VW1-VW8 ELP-CCMV protein using doxycycline (gray hexagon) as this blocks the TetR 
(top right). A second option is the inactivation of the degradation domain by interaction with the small molecule 
Shield-1 (yellow triangle) (bottom right).
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rescue upon encapsulation.
Although the strategy for cargo stabilization via encapsulation into VW1-VW8 ELP-CCMV 

capsids appeared to work quite well when truncated Ntag 2 was employed as the destabilizing 
domain, the results were not very reproducible and suffered from quite some variability between 
and within experiments. Additionally, the specific N-degron is unknown in this system, 
impeding further optimizations towards increasing the reproducibility and understanding of the 
E. coli system. Therefore, this system would benefit from more fundamental knowledge about 
N-terminal degradation (domains) in bacteria in general and in E. coli in specific, which has yet 
to be obtained.  

6.2.2 Towards cargo-protection by encapsulation in 
HEK293T cell lines

Many targeted degradation strategies are known for proteins in eukaryotic cells, allowing for 
efficient control over the levels of various proteins of interest.29 One such targeted degradation 
strategy is based on a ligand-binding domain from the human FK506- and rapamycin-binding 
protein (FKBP12) which can be regulated by the addition of a small ligand, Shield-1.19 When 
the FKBP12 domain is fused to the N-terminus of a protein of interest it is quickly degraded, 
but upon addition of Shield-1 in the culture medium, the degradation domain is inactivated 
and the protein of interest is rescued. This degradation domain (DD) has been previously used 
to destabilize and rescue a cargo protein upon encapsulation into an encapsulin protein cage12 
and was thus thought to be a good candidate to use with our VW1-VW8 ELP-CCMV system. 
Our hypothesis was that without addition of Shield-1 the cargo protein would only survive upon 
encapsulation in the protein cage. The ability to switch off the protein degradation by addition 
of Shield-1 would furthermore give us an additional control to validate that the cargo protein was 
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Figure	6.5	 |	 Analysis	 of	 cDNA	 from	 lentiviral	 transduced	 HEK293T	 cell	 lines.	 Total mRNA was isolated 
from cell cultures expressing only TetR and VW1-VW8 ELP-CCMV proteins (1), TetR and DD-mEGFP-VW1-VW8 
ELP-CCMV proteins (2), or all three of the proteins (3). The repression activity of TetR on the transcription of 
the VW1-VW8 ELP-CCMV gene was released by addition of doxycycline (dox) to cultures from cell lines 1 and 3. 
Subsequently, the mRNA was reverse transcribed into cDNA. PCR primers specific for the TetR gene (A), VW1-VW8 
ELP-CCMV gene (B) or DD-mEGFP-VW1-VW8 ELP-CCMV gene (C) were used to amplify DNA. Subsequent agarose 
gel electrophoresis was used to identify the presence of the mRNA coding for the proteins of interest in the different 
cell lines. DNA was visualized with Sybrsafe nucleic acid stain.
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expressed effectively in the mammalian cells (Figure 6.4).
We thus genetically engineered a HEK293T cell line that was transduced with tetracycline 

receptor (TetR), VW1-VW8 ELP-CCMV, and DD-mEGFP-VW1-VW8 ELP-CCMV genes (Figure 
6.4, left). Expression of the DD-mEGFP-VW1-VW8 ELP-CCMV protein was designed to be 
constitutive, while the expression of the VW1-VW8 ELP-CCMV protein was placed under control 
of the TetR protein and is thus inducible by the addition of doxycycline to the culture medium. 
As such, the DD-mEGFP-VW1-VW8 ELP-CCMV protein was designed to be protected against 
degradation by the addition of doxycycline (Figure 6.4, top right) or Shield-1 (Figure 6.4, bottom 
right) to the expression media. In order to reduce variability between experiments, we generated 
stable polyclonal cell lines.30 

In order to assure that the transductions with all of the genes were successful, the total RNA 
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Figure	6.6	|	Epifluorescence	micrographs	of	HEK293T	cells	equipped	with	TetR,	VW1-VW8	ELP-CCMV	and	
DD-mEGFP-VW1-VW8	ELP-CCMV	under	various	expression	conditions.	The Shield-1 concentration was varied 
from 0 µM to 10 µM to control inhibition of protein degradation, while either 0 µg/mL or 10 µg/mL of doxycycline 
was added to control the expression level of the VW1-VW8 ELP-CCMV protein. The cells were visualized 72 hours 
after the initial addition of Shield-1 and/or doxycycline and HEK293T GA56 IRES GFP cells were used as a positive 
control. Scale bars correspond to 50 µm.
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was isolated from the cell lines. The corresponding cDNA was analyzed in a PCR-based approach 
comprising of the specific amplification of parts of the cDNAs coding for the TetR, VW1-VW8 
ELP-CCMV and DD-mEGFP-VW1-VW8 ELP-CCMV proteins and subsequent analysis with 
agarose gel electrophoresis to determine the size of the DNA products (Figure 6.5). mRNA for 
the TetR protein, necessary to make VW1-VW8 ELP-CCMV expressions in the HEK293T cell 
lines inducible by doxycycline, was as expected found to be present in all of the produced cell 
lines, independent of the presence of doxycycline, indicated by a band around 300 bp in all 
samples (Figure 6.5A). The successful transduction of the VW1-VW8 ELP-CCMV gene was 
confirmed as well, again indicated by a band around 300 bp in the samples from cell lines 1 and 
3 (Figure 6.5B). The observed PCR product was increased in the cell lines to which doxycycline 
was added, especially in the cell line only expressing the VW1-VW8 ELP-CCMV protein (1). This 
suggests that the addition of doxycycline induces the transcription of the gene, as was designed. 
Lastly, the transduction of the cell lines with the DD-mEGFP-VW1-VW8 ELP-CCMV gene was 
also found to be successful  as a band around 750 bp was visible for cell lines 2 and 3 (Figure 
6.5C). Furthermore, the production of mRNA was independent of doxycycline as transcription is 
constitutive and thus independent of TetR activity.

After confirmation that all cell lines were transduced as designed, the protection of the 
destabilized mEGFP fusion protein by either encapsulation into VW1-VW8 ELP-CCMV capsids 
or inactivation of the degradation domain was evaluated. Hereto, HEK293T cells that were 
transduced with both the VW1-VW8 ELP-CCMV gene and the DD-mEGFP-VW1-VW8 ELP-
CCMV gene were cultured for 72 hours in the presence of various concentrations of doxycycline, 
to induce the expression of the VW1-VW8 ELP-CCMV capsid protein, and Shield-1, to inactivate 
the degradation domain. Subsequently, the cells were visualized with an epifluorescence 
microscope (Figure 6.6). Independent of the doxycycline and Shield-1 concentration, no mEGFP 
fluorescence could be observed. 

As we hypothesized that DD-mEGFP-VW1-VW8 ELP-CCMV expression or rescue levels could 
be very low, we evaluated the cargo protection strategy based on inactivation of the degradation 
domain with a more sensitive detection method, that is flow cytometry. Hereto, we cultured 
HEK293T cells that were transduced with only the DD-mEGFP-VW1-VW8 ELP-CCMV gene for 
72 hours in the presence of various concentrations of doxycycline and Shield-1, as we expected 
the production of the mEGFP fusion protein to be most efficient under these conditions and with 
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Figure	6.7	|	Flow	cytometry	analysis	of	HEK293T	cells	equipped	with	TetR	and	DD-mEGFP-VW1-VW8	ELP-
CCMV	under	various	expression	conditions.	The Shield-1 concentration was varied from 0 µM to 10 µM to 
control inhibition of protein degradation, while either 0 µg/mL or 10 µg/mL of doxycycline was added. The cells 
were visualized 72 hours after the initial addition of Shield-1 and/or doxycycline and HEK293T GA56 IRES GFP cells 
were used as a positive control. 
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this cell line. The flow cytometry analysis, however, demonstrated that none of the conditions 
resulted in observable mEGFP fluorescence levels (Figure 6.7).

Although the analysis of the mRNA content of the cell lysates did indicate successful 
transduction and transcription of the genes, the microscopy and flow cytometry analyses of the 
mEGFP fluorescence imply that no DD-mEGFP-VW1-VW8 ELP-CCMV protein is produced or 
rescued by encapsulation or inactivation of degradation. As both the cargo protection strategies 
failed, it is most likely that either translation of the DD-mEGFP-VW1-VW8 ELP-CCMV protein 
does not happen properly or that a post-translational effect, such as misfolding or recognition 
by a protease, hinders the formation of the correctly folded and functional protein. Therefore, 
further investigation of this system is necessary in order to identify in which part of the pathway 
this cargo-protection strategy fails exactly.

6.3 Conclusions and outstanding challenges
In this chapter, we have demonstrated our approach towards intracellular protection of a 
destabilized cargo protein via encapsulation into VW1-VW8 ELP-CCMV capsids based on 
N-terminal degradation tags both in E. coli and in a mammalian cell line HEK293T. Although 
initial results in the bacterial system were promising and possibly indicated cargo protection 
upon co-expression of the VW1-VW8 ELP-CCMV capsid protein when the shortest degradation 
tag was used, the reproducibility was low. Furthermore, in the HEK293T system, the transcription 
of both the destabilized mEGFP-VW1-VW8 ELP-CCMV cargo and the VW1-VW8 ELP-CCMV 
capsid protein was demonstrated to be successful, however, no fluorescence of the mEGFP 
fusion protein was observed. This indicates (post-)translational problems in protein production 
hindering the functioning of our intracellular cargo protection strategy. Therefore, a number of 
aspects in both the E. coli and HEK293T system require attention in order to realize a successful 
system wherein VW1-VW8 ELP-CCMV-based artificial organelles fulfill an intracellular function.

In the first place, the bacterial system can benefit from a more thorough understanding 
of the Ntag that was used. As multiple possible degradation sites were identified based on 
common motifs25–28 throughout the whole degradation domain, the introduction of (random) 
mutations in those regions could shed light on the specific location of the N-degron in the 
protein sequence. By inactivating all of the possible degradation sites one by one it is possible 
to identify the protein domain that is crucial for the function of the whole Ntag in triggering 
protein degradation. Further decreasing the size of the Ntag could then possibly increase the 
observed cargo protection upon encapsulation into VW1-VW8 ELP-CCMV as we observed before 
that the functioning of our system improved with decreasing Ntag length.

Alternatively, the E. coli system could be improved by making use of the better understood 
C-terminal degradation pathways and degradation tags.21–23,31–36 As in our current approach, 
the C-terminus of the cargo protein is fused to the VW1-VW8 ELP-CCMV capsid protein and 
thus cannot be adapted at that position to include a degradation domain, the use of C-terminal 
degradation tags would require a redesign of our encapsulation strategy. An alternative for 
ensuring incorporation of the cargo protein into VW1-VW8 ELP-CCMV capsids would be 
to employ the SpyTag-SpyCatcher system37 as has been applied before to realize in vivo cargo 
encapsulation into MS2 protein cages13 and functionalization of ELP compartments.10 This 
strategy would involve the fusion of a short peptide, SpyTag, to the VW1-VW8 ELP-CCMV 
N-terminus and the fusion of a protein binder, SpyCatcher, to the cargo protein N-terminus. 
As the SpyCatcher domain has a mass around 16 kDa and is thus quite big, it could hinder the 
efficient encapsulation of cargo proteins into VW1-VW8 ELP-CCMV capsids. Therefore, an 
alternative but similar approach could be to employ the Sortase A enzyme38 to generate a fusion 
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between the destabilized cargo protein and the N-terminus of VW1-VW8 ELP-CCMV in situ. 
Although this requires the expression of an extra protein, Sortase A, the recognition tags are very 
short, only 5 amino acids, ensuring enough space for cargo to be encapsulated. Furthermore, 
this approach has already been employed for ELP-CCMV capsids in vitro.39–41 Employing these 
alternative cargo-loading strategies that are independent of the C-terminus of the cargo protein, 
would allow for the introduction of C-terminal degradation domains to destabilize the cargo 
protein.

For the mammalian cargo protection strategy, the challenges are of a different kind. Successful 
expression of the VW1-VW8 ELP-CCMV variant and DD-mEGFP fusion protein should 
be established as this is essential for our cargo protection approach and any other strategy 
employing these protein cages as artificial organelles in cellulo. Since both the capsid protein and 
the DD-mEGFP-VW1-VW8 ELP-CCMV protein contain a hexahistidine tag, purification of these 
proteins from cell lysates could be performed. Alternatively, the hexahistidine tags could be used 
to identify the proteins of interest in a Western blot analysis of total cell lysates. 

An approach that could be advantageous for the confirmation of protein expression in 
HEK293T cells is to switch from the polyclonal stable cell lines to a transient transduction 
approach. Via this approach, it is much more straightforward to vary plasmids and combinations 
quickly and to include more controls, such as an mEGFP-VW1-VW8 ELP-CCMV fusion without 
the degradation tag and (DD-)mEGFP variants that are not attached to the VW1-VW8 ELP-
CCMV capsid proteins. The fluorescence of the extra control proteins without degradation 
domains could be used to assess protein expression levels upon constitutive expression and 
without triggered protein degradation. The DD-mEGFP control could be used to evaluate the 
functionality of the inhibition of protein degradation by the addition of Shield-1. Only once the 
expression of the proteins that are involved in our intracellular cargo protection strategy can 
be confirmed, the co-expression strategy should be re-employed and optimized to ensure the 
functionality of our approach. 

Finally, both the E. coli approach and our strategy in HEK293T cells are based on intracellular 
self-assembly of our VW1-VW8 ELP-CCMV capsids. Although we have strong indications that 
this process takes place in E. coli, as discussed in Chapter 4, we cannot derive from these findings 
whether self-assembly can also occur in mammalian cells. Therefore, this hypothesis should be 
confirmed to truly evaluate the feasibility of the use of VW1-VW8 ELP-CCMV capsids as artificial 
organelles in both prokaryotic and eukaryotic systems. Self-assembly in HEK293T cells could be 
validated by performing transmission electron microscopy (TEM) or high-resolution fluorescence 
microscopy analyses. Alternatively, the correct functioning of our intracellular cargo-protection 
system would also strongly indicate intracellular self-assembly and could therefore be used as an 
indirect confirmation.
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6.5 Experimental Section

6.5.1 Materials

T4 DNA ligase, Q5 DNA polymerase, dNTP mix, and restriction enzymes were obtained from New 
England Biolabs. Ampicillin, chloramphenicol, kanamycin, doxycycline, yeast extract, peptone, 
L-arabinose, and KAPA2G Robust Hotstart ReadyMix were purchased from Sigma-Aldrich/
Merck. Isopropyl-β-D-thiogalactopyranoside (IPTG) was obtained from PanReac AppliChem via 
VWR. Shield-1 was purchased from MedChemExpress/Bio-Connect. Blasticidin S, Dulbecco’s 
Modified Eagle Medium (DMEM), fetal bovine serum (FBS) and 1 % penicillin/streptomycin 
solution were obtained from ThermoFisher. M-MLV Reverse Transcriptase was acquired from 
Promega. pBAD LIC cloning vector (8A) was a gift from Scott Gradia (Addgene plasmid # 37501; 
http://n2t.net/addgene:37501; RRID:Addgene_37501). pHR-CMV_TetR-HA-NLS-P2A-BSD-Myc 
was a gift from A. Radu Aricescu (Addgene plasmid # 113899; http://n2t.net/addgene:113899; 
RRID:Addgene_113899). pHR-CMV-TetO2_3C-Twin-Strep was a gift from A. Radu Aricescu 
(Addgene plasmid # 113883; http://n2t.net/addgene:113883; RRID:Addgene_113883). pMD2.G 
was a gift from Didier Trono (Addgene plasmid # 12259; http://n2t.net/addgene:12259; 
RRID:Addgene_12259). pCMVR8.74 was a gift from Didier Trono (Addgene plasmid # 22036; 
http://n2t.net/addgene:22036; RRID:Addgene_22036). HEK293T GA56 IRES GFP cells as 
positive control for GFP expression experiments were gifted by Anna-Maria Makri-Pistikou.

6.5.2 Buffers

The buffers used in this chapter are listed in Table 6.1. 

All buffers were filtered over a 0.2 micron filter and autoclaved prior to use.

6.5.3 Microplate reader measurements

Plate reader analysis of mEGFP expressions was performed using a Tecan Saffire II plate reader 
(serial number 601000001) in 384 well plates with a transparent bottom and black walls. The 
fluorescence at 510 nm (5 nm bandwidth) was measured with 10-minute intervals from the 
bottom after excitation at 485 nm (5 nm bandwidth). The well plate was shaken in an orbital mode 
for 5 minutes during each interval with a settle time of 10 seconds prior to each measurement.

6.5.4 Cloning of pBAD-Ntag-mEGFP-His6 -VW1-VW8 ELP-
CCMV(ΔN26), pBAD-trunc-Ntag1-mEGFP-His6 -VW1-VW8 
ELP-CCMV(ΔN26), and pBAD-trunc-Ntag2-mEGFP-His6 -VW1-
VW8 ELP-CCMV(ΔN26) vectors

gBlocks encoding the full-length Ntag, truncated Ntag 1 or truncated Ntag 2 were ordered from 

Buffer	name Composition

PBS 8 mM Na2HPO4, 2 mM KH2PO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4

Table	6.1	|	Composition	of	buffers
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Integrated DNA Technologies. Both the gBlocks (2 h, 37 °C) and a pET15b-mEGFP-His6 -VW1-
VW8 ELP-CCMV(ΔN26) vector (Chapter 4) (o.n., 37 °C) were digested with XbaI and NdeI-
HF restriction enzymes and subsequently purified via agarose gel extraction (Qiagen DNA gel 
extraction kit, manufacturer’s protocol). Next, the gBlocks were inserted into the linearized 
vector with T4 DNA ligase (1-4 h, 21 °C). The resulting pET15b-Ntag-mEGFP-His6 -VW1-VW8 
ELP-CCMV(ΔN26), pET15b-trunc-Ntag1-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26), and 
pET15b-trunc-Ntag2-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26) vectors were transformed into 
XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation of the 
gBlocks was confirmed with Sanger sequencing (BaseClear).

Next, the Ntag-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26), trunc-Ntag1-mEGFP-His6 -

-VW1-VW8 ELP-CCMV(ΔN26), and trunc-Ntag2-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26) 
genes were transferred to pBAD LIC vectors (Addgene 37501). Hereto, the genes were isolated 
from the pET15b vectors via treatment with BamHI and XbaI restriction enzymes (o.n., 37 °C) 
and subsequent purification via agarose gel extraction (Qiagen DNA gel extraction kit, 28706, 
manufacturer’s protocol). Next, the genes were inserted with T4 DNA ligase (1-4 h, 21 °C) 
into pBAD LIC vectors that were digested and purified with the same restriction enzyme pair. 
The resulting pBAD-Ntag-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26), pBAD-trunc-Ntag1-
mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26), and pBAD-trunc-Ntag2-mEGFP-His6 -VW1-VW8 
ELP-CCMV(ΔN26) vectors were transformed into XL1-blue competent cells (Agilent, 200518-
4) for vector replication. Correct transfer of the genes was confirmed with Sanger sequencing 
(BaseClear). Subsequently, the pBAD vectors were co-transformed with a pET24a- VW1-
VW8 ELP-CCMV(ΔN26) vector (Chapter 4) into BLR(DE3)pLysS competent cells for protein 
expressions.

6.5.5 General protocol for bacterial mEGFP expression 
experiments

For a typical mEGFP expression experiment, E. coli BLR(DE3)pLsS glycerol stocks containing 
the pET24a-VW1-VW8 ELP-CCMV(ΔN26) vector and either the pBAD-Ntag-mEGFP-His6 -VW1-
VW8 ELP-CCMV(ΔN26), pBAD-trunc-Ntag1-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26), or 
pBAD-trunc-Ntag2-mEGFP-His6 -VW1-VW8 ELP-CCMV(ΔN26) vector were cultured overnight 
at 37 °C in LB medium (5 mL), containing ampicillin (100 mg/L), kanamycin (50 mg/L) and 
chloramphenicol (50 mg/L). The overnight culture was used to inoculate 2xTY medium (5 mL), 
containing ampicillin (100 mg/L) and kanamycin (50 mg/L), and grown at 37 °C till an optical 
density (OD600) between 0.4 and 0.6 was reached. The bacterial culture was then divided into 
a 384 well plate, adding 50 µL of E. coli solution per well. Cultures were subsequently induced 
by the addition of L-arabinose (2 %, w/v), 1 mM IPTG, or both and cultured overnight at 30 
°C. Each expression culture was prepared in triplicate. During the protein expression, the 
fluorescence of the produced mEGFP was measured in a microplate reader by exciting at 485 nm 
(5 nm bandwidth) and measuring the emission at 510 nm. Fluorescence levels were corrected by 
subtracting the 510 nm emission of the non-induced cultures for each Ntag variant. 

The amino acid sequences are listed in Table 6.2.

6.5.6 Cloning of pHR-CMV-DD-mEGFP-VW1-VW8 ELP-
CCMV(ΔN26) vector

First, a NotI recognition site was introduced between the CMV promoter and the Tet operator 
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Name Sequence

VW1-VW8 ELP-CCMV GHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

mEGFP-VW1-VW8 ELP-
CCMV

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDAT YGKLTLK-
FICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQER-
TIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHN-
VYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN-
HYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHHH-
HHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGWGVPGL-
GLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITIS-
LPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALA-
VADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHV-
RPTFDDSFTPVY

Ntag-mEGFP-VW1-VW8 
ELP-CCMV

MSITSLYKKAGSENLYFQFHKSGAWKLPVSLVKRGIDKLDYKEQLQAWR-
WEREIDERNRPLSDEELDAMFPEGYKVLPPPAGYVPIRTPAHMDRIPAART-
TENSSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTL-
KFICTTGKLPVPWPTLV TTLT YGVQCFSRYPDHMKQHDFFKSAMP-
EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGH-
KLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT-
PIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGM-
DELYKGSGSMGHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGL-
GVPGGGVPGWGVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKW-
TASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGT-
VKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIY-
LYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY

Trunc Ntag1-mEGFP-VW1-
VW8 ELP-CCMV

MSITSLYKKAGSENLYFQFHKSGAWKLPVSLVKRGIDKLDYKMVSKGEELFT-
GVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVP-
WPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDG-
NYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD-
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSK-
LSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHHHHHHVPGW-
GVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGWGVPGLGLEVVQP-
VIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITISLPNELSSERN-
KQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALAVADNSKDV-
VAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFT-
PVY

Trunc Ntag2-mEGFP-VW1-
VW8 ELP-CCMV

MSITSLYKKAGSHKSGAWKLPVSLVKRGIDKLDYKMVSKGEELFTGVVPIL-
VELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVT-
TLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYK-
TRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMAD-
KQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSK-
LSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSMGHHHHHHVPGW-
GVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGWGVPGLGLEVVQP-
VIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITISLPNELSSERN-
KQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALAVADNSKDV-
VAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFT-
PVY

Table	6.2	|	Amino	acid	sequences	of	bacterial	ELP-CCMV	variants
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domains of the pHR-CMV-TetO2_3C-Twin-Strep vector (Addgene 113883) by performing site-
directed mutagenesis via a strategy previously developed by Liu and coworkers.42 Hereto, 20 ng 
of plasmid, 200 µM dNTPs, 1 µM of both forward and reverse primer, 1x Q5 High GC Enhancer 
(listed in Table 6.3) were mixed with Q5 High Fidelity DNA polymerase in Q5 reaction buffer 
(New England Biolabs, M0491) in a final volume of 50 µL. The PCR cycles were: 98 °C for 1 minute; 
18 cycles of 98 °C for 10 seconds, 67 °C for 1 minute, 72 °C for 7 minutes; 57 °C for 1 minute, 72 °C 
for 30 minutes. Subsequently, the reaction mixtures were treated with DpnI enzyme for 1 hour at 
37 °C. The resulting pHR-CMV-NotI-TetO2_3C-Twin-Strep vector was transformed into XL1-blue 
competent cells (Agilent, 200518-4) for vector replication. Analytical digestions with NotI were 
performed to confirm the correct introduction of the NotI recognition site.

Subsequently, the Tet operator domains were removed from the pHR-CMV-NotI-TetO2_3C-
Twin-Strep vector while simultaneously introducing the DD-mEGFP-VW1-VW8 ELP-
CCMV(ΔN26) gene. Hereto, a gBlock encoding the gene of interest was ordered from Integrated 
DNA Technologies. Both the gBlock (2 h, 37 °C) and the pHR-CMV-NotI-TetO2_3C-Twin-Strep 
vector (o.n., 37 °C) were digested with XhoI and NotI restriction enzymes and subsequently 
purified via agarose gel extraction (Qiagen DNA gel extraction kit, manufacturer’s protocol). 
Next, the gBlock was inserted into the linearized vector with T4 DNA ligase (1-4 h, 21 °C). The 
resulting pHR-CMV-DD-mEGFP-VW1-VW8 ELP-CCMV(ΔN26) vector was transformed into 
XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation of the 
gBlock was confirmed with Sanger sequencing (BaseClear).

6.5.7 Cloning of pHR-CMV-TetO2-VW1-VW8 ELP-CCMV 
(ΔN26) vector

A gBlock encoding the VW1-VW8 ELP-CCMV (ΔN26) gene was ordered from Integrated DNA 
Technologies. Both the gBlock (2 h, 37 °C) and the pHR-CMV-TetO2_3C-Twin-Strep vector 
(Addgene 113883) (o.n., 37 °C) were digested with XhoI and XbaI restriction enzymes and 
subsequently purified via agarose gel extraction (Qiagen DNA gel extraction kit, manufacturer’s 
protocol). Next, the gBlock was inserted into the linearized vector with T4 DNA ligase (1-4 h, 21 
°C). The resulting pHR-CMV-TetO2-VW1-VW8 ELP-CCMV(ΔN26) vector was transformed into 
XL1-blue competent cells (Agilent, 200518-4) for vector replication. Correct incorporation of the 
gBlock was confirmed with Sanger sequencing (BaseClear).

6.5.8 Protocol for stable polyclonal cell line generation via 
lentiviral transductions

Lentiviral production of the pHR-CMV_TetR-HA-NLS-P2A-BSD-Myc (Addgene 113899), 
pHR-CMV-DD-mEGFP-VW1-VW8 ELP-CCMV(ΔN26), and pHR-CMV-TetO2-VW1-VW8 ELP-

Name Sequence

NotI forward 5’-GAGCGGCCGCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATC-
GTCG

NotI reverse 5’-GATAGCGGCCGCTCTGCTTATATAGACCTCCCACCGTACACGC

Table	6.3	|	Primer	sequences	for	the	introduction	of	NotI	recognition	sites	in	pHR-CMV-TetO2_3C-Twin-
Strep	vector
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CCMV(ΔN26) vectors was performed by Anna-Maria Makri Pistikou according to a standard 
protocol as developed and described by Elegheert and coworkers.30 In short, HEK293T cells 
(ATCC® CRL-3216™) were transiently co-transfected with either one of the above mentioned 
transfer vectors, as well as the VSV-G envelope (pMD2.G; Addgene 12259) and packaging 
plasmids (pCMVR8.74; Addgene 22036). Subsequently, HEK293T cells were infected with a 
combination of the lentiviruses originating from the pHR-CMV_TetR-HA-NLS-P2A-BSD-Myc 
vector and either the pHR-CMV-DD-mEGFP-VW1-VW8 ELP-CCMV(ΔN26), or pHR-CMV-
TetO2-VW1-VW8 ELP-CCMV(ΔN26) vector, or both. In this way, polyclonal stable cell lines were 
obtained via the integration of the lentiviral genetic elements into the cell genome. 

6.5.9 General protocol for HEK293T cell culture

All HEK293T cell lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco 
41966-029) supplemented with 10 % fetal bovine serum (FBS, Gibco 26140079), 1 % penicillin/
streptomycin (Gibco 15140122), and 2 µg/mL blasticidin (not added to the HEK293T GA56 IRES 
GFP cell line) at 37 °C and 5 % CO2. Cells were maintained in tissue culture-treated culture flasks 
and passed at around 80 % confluency. 

6.5.10 General protocol for PCR analysis of HEK293T cell 
lines

All HEK293T cell lines were cultured in T25 flasks until confluency and were detached by 
addition of 1 mL of trypsin-EDTA solution (Gibco 25300054) per flask and incubation at 37 
°C for 5 minutes. After detachment of the cells, the trypsin was neutralized by the addition of 
4 mL of PBS per flask. Subsequently, the cells were spun down at 130 x g for 7 minutes and 
washed once with fresh PBS. Next, the cells were resuspended in RLT buffer and total RNA was 
isolated (Qiagen RNeasy kit, manufacturer’s protocol). The mRNA was then reverse transcribed 
into cDNA by M-MLV reverse transcriptase. Hereto, reaction mixtures were prepared containing 
1100 ng of total RNA extracts, 100 ng random primers and 1 mM dNTPs. These mixtures were 
incubated at 65 °C for 5 minutes and afterwards 10 mM dNTPs and first-strand buffer were added. 
The mixtures were subsequently incubated for 2 minutes at 37 °C after which 200 units M-MLV 
reverse transcriptase were added. Next, the mixtures were incubated at 25 °C for 10 minutes, at 37 
°C for 50 minutes, and at 70 °C for 15 minutes. Subsequently, the presence of the genes of interest 
in the cDNA mixture was confirmed by performing analytical PCR. Hereto, 0.1 µL of total cDNA 

Name Sequence

TetR sense 5’-CTTTGCTCGACGCCTTAG

TetR antisense 5’-GCTCTTGATCTTCCAATACGCAACC

VW1-VW8 ELP-CCMV sense 5’-GATGGGGTGTACCTGGACTC

VW1-VW8 ELP-CCMV 
antisense

5’-CGTTCGGATGACAGTTCG

DD-mEGFP sense 5’-ACAACCCTTACCTACGGC

DD-mEGFP antisense 5’-CTTTGATCGCTTTACCCTGC

Table	6.4	|	Primer	sequences	for	the	PCR	analysis	of	cDNA	mixtures
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extract, and 0.5 µM of both forward and reverse primer (listed in Table 6.4) were mixed with 
KAPA2G Robust Hotstart ReadyMix (Merck, KK5705) in a final volume of 25 µL. The PCR cycles 
were: 95 °C for 3 minutes; 25-30 cycles of 95 °C for 15 seconds, 62 °C for 15 seconds, 72 °C for 15 
seconds; 72 °C for 10 minutes. PCR mixtures were then loaded on a 1.5 % (w/v) agarose gel and 
run at 90 V for 45 minutes.

6.5.11 General protocol for mEGFP expression experiments 
in HEK293T cells

All HEK293T cell lines were seeded at a density of 200.000 cells per well in a tissue culture 
treated 24 well plate. Expression of VW1-VW8 ELP-CCMV was induced by the addition of 10 µg/
mL doxycycline, while inactivation of the degradation domain of DD-mEGFP-VW1-VW8 ELP-
CCMV was induced by addition of 1 µM or 10 µM of Shield-1 to the culture medium. The culture 
medium with doxycycline and/or Shield-1 additives was refreshed every 24 hours. After 72 hours 
of protein expression, the cells were imaged with a Zeiss Axio Observer D1 epifluorescence 
microscope at 200 x magnification. (mE)GFP was excited at 450 - 490 nm and detected at 500 - 
550 nm with a beam splitter at 495 nm.

The amino acid sequences are listed in Table 6.5.

6.5.12 General protocol for flow cytometry experiments

All HEK293T cell lines were seeded at a density of 200.000 cells per well in a tissue culture 
treated 24 well plate and protein expressions were performed as described in Section 6.5.11.	After 
72 hours of protein expression all HEK293T cell lines were detached from the 24 well plate by 
addition of 200 µL of trypsin-EDTA solution (Gibco 25300054) per well and incubation at 37 
°C for 5 minutes. After detachment of the cells, the trypsin was neutralized by the addition of 
800 µL of PBS per well. Subsequently, the cells were spun down at 130 x g for 7 minutes and 
washed once with fresh PBS. Next, the cells were resuspended in PBS and stored on ice until 

Name Sequence

VW1-VW8 ELP-CCMV MGHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGW-
GVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVT-
SAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAAS-
FQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGD-
VIVHLEVEHVRPTFDDSFTPVY

DD-mEGFP-VW1-VW8 ELP-
CCMV

MGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKVDSSRDRNKPFK-
FMLGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGIIPPHATLVF-
DVELLKPEEFVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG-
KLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMP-
EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGH-
KLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT-
PIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGM-
DELYKGSGSMGHHHHHHVPGWGVPGLGVPGVGVPGLGVPGVGVPGL-
GVPGGGVPGWGVPGLGLEVVQPVIVEPIASGQGKAIKAWTGYSVSKW-
TASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGT-
VKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIY-
LYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY

Table	6.5	|	Amino	acid	sequences	of	ELP-CCMV	variants	as	expressed	in	HEK293T	cells
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their analysis. Flow cytometry measurements were performed on a BD FACS Aria III equipped 
with a 70 µm nozzle. (mE)GFP was excited by a 488 nm laser and detected through a 530/30 nm 
bandpass filter. For all analyses, doublet cells were excluded by standard doublet discrimination 
with forward and side scatter area versus height plots. Histograms were created with FlowJo 
software.
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The current research landscape of in vivo produced 
artificial organelles
Compartmentalization is one of the main characteristics that define living systems. Creating a 
physically separated microenvironment allows nature a better control over biological processes, 
as is clearly specified by the role of organelles in living cells. Inspired by this phenomenon, 
researchers have developed a range of different approaches to create artificial organelles; 
compartments with catalytic activity that add new functions to living cells. In fact, artificial 
organelle research has taken a great flight in recent years. In this truly multidisciplinary field, 
in which catalysis, chemical biology, nanoscience, and synthetic biology are combined, designer 
compartments have been developed that are integrated with cells. The purpose of this integration 
is to either replace or correct dysfunctional processes or to add novel, orthogonal functionalities 
to living cells. The former line of application is closely related to the field of nanomedicine, 
while the addition of novel function to living cells is less explored and also more challenging 
as functional orthogonality and compatibility are far from trivial to be achieved inside the 
complex cellular medium. Generally, two approaches can be employed for the addition of a 
novel function to cells; in one approach hybrid artificial organelles are constructed in vitro and 
then incorporated into living cells via for example endocytosis. This makes this class of artificial 
organelles also transient in nature: function will be lost and cannot be restored by the cell itself. 
In the other approach, artificial organelles are genetically encoded and can thus be produced in 
cellulo. In that case, the artificial organelle will become a constitutive part of the cellular makeup. 
As this latter strategy requires the cell to biosynthesize all components, especially protein-based 
artificial organelles are promising candidates.

Contributions from the research presented in this 
thesis
Although promising progress has been made with several protein-based nanocompartments 
towards in vivo artificial organelle development, examples of systems that are produced inside 
cells, can self-assemble in vivo, and induce a meaningful intracellular response, are limited. In 
the work presented in this thesis, we have added to the knowledge on protein nanocompartments 
that can potentially be employed as in vivo artificial organelles by evaluating the key properties 
of a previously developed hybrid protein nanocage, based on the fusion of the cowpea chlorotic 
mottle virus capsid protein with an elastin-like polypeptide stabilizing domain (VW1-VW8 ELP-
CCMV). We have explored the suitability of the nanocompartment for in vivo production and 
self-assembly based on its stability and dynamics. Furthermore, we have looked into ways to 
incorporate catalytic activity and intracellular functionality into these virus-like capsids.

Chapters 2 and 3 demonstrate that the capsids formed by the VW1-VW8 ELP-CCMV coat 
protein are sufficiently stable and dynamic to allow for self-assembly under physiologically 
relevant conditions and to facilitate responsive or adaptive behavior upon environmental changes. 
Both of these aspects are hugely important for the in vivo use of artificial organelles, with the 
former being a necessary prerequisite and the latter being very advantageous for the engineering 
of specific functionalities. For example, the dynamic behavior that has been described in chapter 
3 could be employed in new approaches to control the activity of encapsulated proteins, as these 
could be released to the environment during size reduction of the capsids upon a pH increase. 
As such the VW1-VW8 ELP-CCMV capsids have the potential to be applied in an approach in 
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which released enzymes can act on large substrates or locations in the cell that a capsid cannot 
reach. Alternatively, the system can be expanded to bring several enzymes into close proximity 
upon expansion of the capsid, thereby activating the concerted action of these catalytic species. 
Such responsive behavior is very beneficial for the specific regulation of the in cellulo activity of 
artificial organelles.

In addition to being stable and dynamic, a protein-based nanocompartment needs to be suited 
for the encapsulation of active species, preferably in vivo. In chapters 4 and 5 we explored whether 
this is possible with our VW1-VW8 ELP-CCMV capsids. Co-expression of a fusion between the 
cargo protein and the VW1-VW8 ELP-CCMV coat protein together with non-functionalized 
coat proteins, resulted in the in vivo co-assembly of cargo-loaded protein nanocages, both 
when a model protein, mEGFP, and an enzyme, PylD, were employed. Furthermore, the activity 
of isolated PylD-loaded nanoreactors was evaluated in vitro and was employed to generate a 
noncanonical amino acid (ncAA) that could be used by an engineered E. coli strain to produce 
full-length EGFP. Although these results demonstrate the road towards the employment of VW1-
VW8 ELP-CCMV nanoreactors for the induction of an intracellular response, the system needs 
to be expanded towards the intracellular activity of the PylD-loaded capsids to truly obtain an 
artificial organelle system that is produced by and communicates with its host cell. Furthermore, 
as PylD catalyzes the final step in the biosynthesis of the ncAA pyrrolysine, the system could 
alternatively be expanded by including the two upstream enzymes, PylB and PylC, either via co-
encapsulation with PylD or encapsulation in separate protein nanocages. Such a multi-enzyme 
system could benefit from the dynamic properties of the VW1-VW8 ELP-CCMV capsid as these 
could allow for adaptable activation of the complete biosynthetic pathway. Additionally, finding 
mechanisms to colocalize individual protein cages could allow for expanded regulation of activity 
when the enzymes are encapsulated in individual capsids.

To truly make use of the potential of a protein-based artificial organelle system compared to a 
(partially) synthetic system, intracellular functionalities can be genetically incorporated. Chapter 
6 elaborates on our approach towards achieving intracellular cargo stabilization by employing 
VW1-VW8 ELP-CCMV capsids as an example of an encoded intracellular function. For this 
purpose, an mEGFP-VW1-VW8 ELP-CCMV fusion protein was created which was modified with a 
degradation tag. By co-expression with the VW1-VW8 ELP-CCMV capsid protein the destabilized 
fusion protein should be encapsulated and protected against proteolytic degradation. Although 
initial results in a bacterial system were very promising, successful functionality has not been 
demonstrated yet in the E. coli system nor in a mammalian cell line, HEK293T. Therefore, several 
aspects require attention to employ the full potential of our VW1-VW8 ELP-CCMV artificial 
organelle system. That is, the bacterial system would benefit from better understood and more 
widely employed destabilizing domains, while the mammalian system could be improved by 
evaluating the feasibility of the orthogonal expression of the VW1-VW8 ELP-CCMV protein 
in mammalian cells. Once such a system can be set up with the VW1-VW8 ELP-CCMV-based 
artificial organelles, the cargo stabilization strategy can be used to control the activity of an 
encapsulated enzyme, as it will only remain present in the cell when the expression of both 
the fusion and the capsid protein is triggered. Furthermore, the system could be expanded by 
attaching an activatable degradation tag to the VW1-VW8 ELP-CCMV capsids. Such a tag would 
ideally be inactive during the initial self-assembly of the enzyme-loaded protein cages, allowing 
for catalytic functionality. Activating the degradation domain by a specific trigger, would result 
in breakdown of the protective capsid shell and thus destabilization of the encapsulated enzyme, 
thereby functioning as an off-switch for the enzymatic activity.
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Outstanding challenges
Although progress in the artificial organelle field is highly promising, there are still many 
challenges ahead before its full potential is reached. Until now, artificial organelles display 
merely a static function; their activity in cellulo cannot be regulated. This is in sharp contrast 
to regular cellular processes which respond to many feedback mechanisms. The development 
of transient nanoreactors, of which the activity can be switched on or off, would therefore be an 
important step forward toward more life-like behavior. This could for example be achieved by 
creating nanoreactors with a stimulus-responsive shell, or with in vivo expressed protein cages of 
which the protein units contain activatable degradation tags. Furthermore, responsive systems 
in which individual nanoreactors could be clustered together or dissociated upon specific 
triggers could be employed to regulate the activity of complete catalytic pathways. Although 
many environmental conditions can be adjusted in in vitro systems, in cellulo temporal control 
has to be based on triggers that are feasible in an intracellular environment, such as a change 
in the concentration of a specific metabolite or the induction of the expression of a functional 
protein. Such control could be possible with our VW1-VW8 ELP-CCMV system by making use 
of destabilized cargo proteins and by triggering the expression of the protective capsids upon an 
intracellular signal.

Besides transient regulation, also spatial control is of interest. There is only limited control 
over where the artificial organelles end up in the cell once they are produced intracellularly or 
internalized after in vitro production. For their optimal activity, it would be useful to bring them 
into close proximity of certain natural organelles such as the mitochondria. Although some 
rudimentary methods have been employed for synthetic organelles, for in cellulo expressed 
systems this remains an unexplored approach. One possibility to achieve spatial control is 
to incorporate sorting signals into the artificial organelle architecture. These would allow for 
the regulation of their subcellular localization. Alternatively, the artificial organelles could be 
enriched at specific locations in the cell by employing binding domains for proteins or structures 
that are naturally present at those locations. Both of these strategies could be applied in our VW1-
VW8 ELP-CCMV system either by genetic engineering of the capsid surface or by functionalizing 
the surface in vitro.

Finally, the ideal artificial organelle will be copied along during cell division and will add 
orthogonal catalytic activity to living cells. The former aspect can be only achieved using in 
cellulo production, whereas the latter is the realm of premade artificial organelles. Although 
a combination of these features, therefore, seems to be a distant future, with the advance 
of protein designer cages and our ability to for example develop protein-based ligands for 
organometallic complexes, a more intimate integration of the two artificial organelle classes 
should be conceptually feasible.

The employment of in vitro research to forward in 
vivo applications
While the focus in this research field is on in vivo artificial organelles, great advancements can be 
made by broadening our view and making use of important findings from in vitro applications. 
For example, several synthetic cell mimics have been engineered, based on protein, lipid, or 
polymeric compartments and with, in some systems, crowded cytoplasm-like interiors. A lot 
of progress is made with such artificial cells focused on incorporating life-like properties. The 
addition of artificial organelles to such systems would not only assist in making the synthetic 
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cells better cell mimics but could also contribute to our understanding of how artificial organelles 
can be integrated with in vivo systems. The artificial cells could be employed to study various 
(responsive) properties of the artificial organelles in a controlled way. For example, in vitro 
transcription and translation (IVTT) systems could be used to produce the artificial organelles 
inside the synthetic cells. Furthermore, the crowded environment could be used to study the 
(self-assembly) dynamics of the nanocompartments in a cell-like system. 

Other in vitro research that could be of benefit for the further development of in vivo artificial 
organelle systems should be focused on incorporating responsive and adaptive behavior. As 
incorporating such behavior in an intracellular context is not trivial, initial screening of possible 
strategies in more controlled in vitro environments could be very beneficial to identify promising 
systems. The synthetic cell mimics that are described above could again be of assistance for such 
research, as the influence of cell-like environments on such responsive behavior can be evaluated. 
For the in vitro research to be truly constructive for future in vivo applications, the triggers that 
are evaluated should be feasible for incorporation in cellulo, either by making use of natural 
signaling pathways or by introducing new intracellular signals.

Lastly, recent advancements in computer-aided protein engineering could also be highly 
instrumental in the creation of novel in vivo artificial organelles. In the first place, such techniques 
could be used for the de novo design and engineering of artificial organelles. More importantly, 
mathematical predictions of the behavior of the artificial organelles in specific environments 
or upon certain triggers could be beneficial in the design of responsive and adaptable in vivo 
systems. When applied in such a way in silico research could be used to make knowledge-based 
decisions on how to advance the development of in vivo artificial organelle systems.

Closing thoughts
Despite great advancements in the artificial organelle field in recent years, the development 
of artificial organelles that are produced and exert their function in vivo is still in its infancy. 
The realization of such a system would benefit from expanding our body of knowledge on 
protein-based artificial organelle systems. Especially, comparing the challenges and benefits of 
various systems would be very advantageous as strategies that have been employed to overcome 
difficulties in one system can be implemented to improve other systems as well. For example, the 
stimulus-responsive ELP domains that have been employed to stabilize VW1-VW8 ELP-CCMV 
capsids in physiologically relevant conditions and that allow for adaptive behavior, could be 
integrated into other protein cages such as encapsulins, which bring the advantages of a bigger 
compartment size, well-described in vivo cargo-loading and feasible expression in eukaryotic 
model systems. Therefore, the highly challenging field of in vivo artificial organelle development 
benefits from the parallel development of diverse approaches, either in vitro or in vivo, and either 
using synthetic materials or components that can be produced biosynthetically. Thus, the only 
way in which this research field can truly advance towards functional in vivo produced artificial 
organelles is by integrating efforts from a broad variety of scientific disciplines.
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Summary
Artificial organelles based on hybrid protein 
nanoparticles
Compartmentalization is one of the main strategies by which nature allows for control over many 
biological processes. As such, organelles are essential for the proper functioning of living cells. 
Researchers have been inspired by nature to construct artificial organelles with the goal to either 
add new functionalities or to correct dysfunctional processes in living cells. This can be done 
by either using synthetic components to produce artificial organelles in vitro or in situ by using 
components that can be produced within a cell. The latter approach requires the biosynthesis of 
the artificial organelle compartments. As such, protein-based nanocages are excellent candidates 
for engineering towards this end. Chapter	1 highlights the various approaches that have been 
taken in order to develop a variety of protein compartments into in vivo artificial organelles. 
In general, several requirements can be determined for the engineering of empty protein-
based compartments into catalytically active nanoreactors that can be employed to induce an 
intracellular response. That is, the stability of the nanocage under physiological conditions 
should be sufficient to remain assembled. Then, it should be possible to introduce cargo 
proteins into the capsids and in the case of enzymes, these should remain catalytically active 
while encapsulated. Finally, the enzymatic activity should allow for the induction of a beneficial 
cellular response.

An interesting candidate for development into a protein-based artificial organelle system is 
an engineered variant of the cowpea chlorotic mottle virus (CCMV) that is fused to a stimulus-
responsive and stabilizing elastin-like polypeptide (ELP) domain. In chapter	2 the potential 
of three previously engineered hybrid ELP-CCMV variants for the development into in vivo 
artificial organelles is evaluated by studying the self-assembly behavior and stability of capsids 
in physiologically relevant conditions. We aimed at finding a protein nanocage that can self-
assemble under physiological conditions and is sufficiently stable to remain assembled for 
extended time periods. UV-vis spectrometric studies, dynamic light scattering analysis, and 
transmission electron microscopy measurements demonstrated that two hybrid variants self-
assemble into stable capsids at pH 7.5, physiological NaCl concentration, and 37 °C. The most 
hydrophobic variant also remained stable in a cell culture medium. As such, this VW1-VW8 ELP-
CCMV variant was found to be most suitable for development into artificial organelles.

We then continued to further evaluate the promising VW1-VW8 ELP-CCMV variant. Chapter	
3 highlights the most important findings of a study of the self-assembly dynamics of capsids of 
this variant during pH-induced size changes. Distinguishing between the larger pH-induced T 
= 3 capsids and the smaller ELP-induced T = 1 capsids without affecting the stability of the T = 1 
capsids during analysis was not trivial. Therefore, we first developed a protocol for experimentally 
evaluating the capsid dynamics during size increase and decrease with size exclusion 
chromatography (SEC) upon pH decrease and increase respectively. The optimized protocol 
was used to study the capsid size over prolonged time periods to evaluate at what time scale(s) 
capsids underwent a size change. We observed that, although the capsids did not completely 
disassemble, a size shift was still possible, with capsids increasing in size upon a pH decrease and 
a size reduction induced by pH increase over the course of two months. Finally, our experimental 
results were described with a mathematical model based on the classical nucleation theory 
(CNT) of virus capsids in order to apprehend the possible underlying mechanisms via which the 
VW1-VW8 ELP-CCMV capsids change in size dynamically. Combined, these results indicate that 
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the capsids are still dynamic and can interact with their environment, which is promising for the 
development of responsive or adaptive artificial organelle systems.

For most intracellular functions, an artificial organelle needs to contain an active cargo. We, 
therefore, developed an efficient cargo-encapsulation strategy for VW1-VW8 ELP-CCMV capsids, 
which is described in chapter	 4. Although cargo loading methodologies for CCMV capsids 
already existed, most of the strategies are either dependent on the disassembly into dimers or 
not feasible in vivo. Therefore, the previously developed approaches were not compatible with 
either our VW1-VW8 ELP-CCMV system or with in vivo artificial organelle systems. This required 
the exploration of alternative cargo-loading strategies. We demonstrated that the cargo protein 
enhanced green fluorescent protein (mEGFP) can be incorporated into VW1-VW8 ELP-CCMV 
capsids in vitro either by Sortase A-mediated functionalization of the coat proteins in capsids or 
by mixing the empty capsid with an mEGFP-VW1-VW8 ELP-CCMV fusion protein. Both of these 
methods are based on the self-assembly dynamics that were described in chapter 3. Furthermore, 
an in vivo cargo encapsulation method was developed based on the co-expression and co-
assembly of the VW1-VW8 ELP-CCMV protein and mEGFP-fused coat proteins. Especially the 
latter cargo incorporation strategy is promising for in vivo artificial organelle development.

After cargo loading was successfully demonstrated with the model protein mEGFP, the 
co-expression approach was expanded to incorporate an enzyme, PylD, into the VW1-VW8 
ELP-CCMV capsids, thereby creating active nanoreactors. In chapter	5 our approach towards 
coupling VW1-VW8 ELP-CCMV nanoreactor activity to the activation of an intracellular response 
is discussed. The incorporated PylD enzyme catalyzes the final step in the biosynthesis of 
pyrrolysine, a noncanonical amino acid (ncAA). We incorporated this enzyme into the VW1-VW8 
ELP-CCMV capsids and evaluated the activity of the resulting nanoreactors for the production of 
an ncAA in vitro. The activity of the encapsulated PylD enzyme was enhanced compared to non-
encapsulated PylD variants. The ncAA that was produced by the nanoreactors was employed 
to induce EGFP expression in cell lines expressing an orthogonal pyrrolysine tRNA/synthetase 
pair and an EGFP with a genetically encoded amber stop codon that could be overwritten by the 
incorporation of the ncAA. Our VW1-VW8 ELP-CCMV-based artificial organelle precursor thus 
has the potential to induce an intracellular response.

Finally, the great advantage of a protein-based artificial organelle system compared 
to (partially) synthetic systems, is the potential of genetic incorporation of intracellular 
functionalities. Chapter	6 explores the protection of a destabilized intracellular cargo protein 
as an example of an intracellular functionality of our VW1-VW8 ELP-CCMV capsids. N-terminal 
degradation domains were introduced in order to destabilize the previously used mEGFP-VW1-
VW8 ELP-CCMV fusion protein in E. coli, resulting in rapid degradation after the protein is 
expressed. We attempted to protect the cargo protein against degradation by co-expressing it 
with VW1-VW8 ELP-CCMV capsids, which would lead to their co-assembly. The same approach 
was employed in a mammalian cell line, HEK293T. Although interesting initial results were 
obtained, a number of aspects in both the E. coli and HEK293T system still require attention in 
order to realize a successful system wherein VW1-VW8 ELP-CCMV-based artificial organelles 
fulfill an intracellular function.

Together, the different research chapters demonstrate the progress that has been made towards 
the development of ELP-CCMV particles into functional artificial organelles that could in the 
future be applied in in cellulo conditions. The main findings of each chapter are summarized in 
chapter	7. In addition, the remaining challenges are identified and the significance of the results 
to the research field is reflected. Finally, future directions for protein-based artificial organelle 
engineering are explored.
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Samenvatting
Artificiële organellen gebaseerd op hybride eiwit 
nanodeeltjes
Compartimentalisatie is een van de belangrijkste manieren die de natuur toepast om allerhande 
biologische processen te controleren. Op die manier spelen organellen een essentiële rol in het 
functioneren van een levende cel. Onderzoekers hebben zich laten inspireren door de natuur en 
bouwen artificiële organellen met als doel om ofwel nieuwe functies toe te voegen aan levende 
cellen ofwel dysfunctionele processen te herstellen. Hiervoor kunnen synthetische componenten 
gebruikt worden die buiten de cel gemaakt moeten worden, maar ook componenten die door 
de cel zelf geproduceerd kunnen worden. Die laatste aanpak vereist de biosynthese van de 
compartimenten die de artificiële organellen vormen en daarom zijn eiwit nanodeeltjes hiervoor 
uitstekende kandidaten. Hoofdstuk	1 belicht de verschillende strategieën die zijn toegepast om 
een scala aan eiwit compartimenten te ontwikkelen tot in vivo artificiële organellen. Dit zijn 
artificiële organellen die binnen een cel of organisme hun functie kunnen uitoefenen. In het 
algemeen kunnen er verschillende vereisten worden onderscheiden die noodzakelijk zijn voor 
deze ontwikkeling. Op de eerste plaats moet het eiwit compartiment zodanig stabiel zijn onder 
fysiologische omstandigheden dat het in zijn geassembleerde toestand blijft. Daarnaast moet er 
een mogelijkheid zijn om het eiwit nanodeeltje te beladen met actieve cargo eiwitten. Als laatste 
moet de activiteit van het artificiële organel bijdragen aan het activeren van een nuttige cellulaire 
respons.

Een interessante kandidaat om verder te ontwikkelen tot artificieel organel, is een variant 
van het cowpea chlorotic mottle virus (CCMV) dat is gefuseerd met een responsief en 
stabiliserend elastine-achtig peptide (ELP) domein. In hoofdstuk	 2 wordt het potentieel 
van drie eerder ontwikkelde hybride ELP-CCMV varianten voor de ontwikkeling tot artificiële 
organellen onderzocht. Hiervoor werden het zelf-assemblage gedrag en de stabiliteit van de 
capsiden in fysiologisch relevante omstandigheden geëvalueerd. Het doel hierbij was om een 
eiwit nanodeeltje te vinden dat onder fysiologische omstandigheden kan assembleren en ook 
geassembleerd blijft voor langere tijdsperioden. Met verschillende analyse technieken hebben 
we gedemonstreerd dat twee van de ELP-CCMV varianten assembleerden tot stabiele capsiden 
bij pH 7.5, fysiologische zout concentratie en bij 37 °C. De meest hydrofobe variant bleef zelfs 
stabiel in medium dat gebruikt wordt om cellen in te kweken. Daarom wordt deze VW1-VW8 
ELP-CCMV variant het meest geschikt geacht voor verdere ontwikkeling tot artificieel organel. 

We hebben vervolgens deze veelbelovende VW1-VW8 ELP-CCMV variant verder onderzocht. 
Hoofdstuk	3 belicht de belangrijkste resultaten van een studie naar de dynamiek van capsiden 
van deze variant tijdens veranderingen in de grootte van deze deeltjes geïnduceerd door 
veranderingen in de pH. Het was hierbij niet triviaal om onderscheid te kunnen maken tussen 
de grotere pH-geïnduceerde T = 3 en de kleinere ELP-geïnduceerde T = 1 deeltjes zonder de 
T = 1 deeltjes te destabiliseren tijdens de analyse. We hebben daarom eerst een protocol 
ontwikkeld om de zelf-assemblage dynamiek tijdens toename en afname van de grootte van 
de deeltjes tijdens pH veranderingen goed te kunnen analyseren met gelchromatografie. Dit 
geoptimaliseerde protocol is vervolgens gebruikt om de verandering van de grootte van de 
capsiden te bestuderen over lange tijdsperioden en om zo te onderzoeken op welke tijdsschaal 
de nanodeeltjes van grootte veranderen. We hebben ontdekt dat, ondanks dat de capsiden niet 
volledig kunnen deassembleren, een verandering van de grootte mogelijk was. Hierbij nam de 
grootte toe tijdens een verlaging van de pH en juist af wanneer de pH verhoogd werd. Dit hele 
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proces vond plaats over een tijdsbestek van twee maanden. De experimentele resultaten zijn 
vervolgens beschreven met een wiskundig model dat gebaseerd is op de klassieke nucleatie 
theorie van virale capsiden. Op die manier is getracht om mogelijke onderliggende processen in 
kaart te brengen die de verandering in de grootte van de VW1-VW8 ELP-CCMV deeltjes mogelijk 
maken. De experimentele en theoretische resultaten samen laten zien dat de capsiden zeer 
dynamisch zijn en kunnen reageren op hun omgeving. Dit is veelbelovend voor de ontwikkeling 
van responsieve en adaptieve artificiële organellen.

Voor de meeste functies heeft een artificieel organel een actieve component nodig. We hebben 
daarom efficiënte manieren ontwikkeld waarmee VW1-VW8 ELP-CCMV capsiden beladen 
kunnen worden met cargo eiwitten, welke beschreven staan in hoofdstuk	4. Eerder ontwikkelde 
encapsulatie methoden voor CCMV deeltjes waren namelijk niet geschikt, omdat deze ofwel 
afhankelijk zijn van de volledige disassemblage van de capsiden ofwel niet toegepast kunnen 
worden in vivo. We zijn daarom op zoek gegaan naar alternatieve strategieën. We hebben laten 
zien dat het cargo eiwit groen fluorescent eiwit (mEGFP) in VW1-VW8 ELP-CCMV capsiden 
opgenomen kan worden in vitro (in een proefbuisje) door de activiteit van het enzym Sortase A 
dat mEGFP aan VW1-VW8 ELP-CCMV eiwit kan vastkoppelen, en door het mengen van een fusie 
eiwit van mEGFP en VW1-VW8 ELP-CCMV met ongefunctionaliseerd VW1-VW8 ELP-CCMV, 
gevolgd door co-assemblage. Beide methoden maken gebruik van de zelf-assemblage dynamiek 
die in hoofdstuk 3 beschreven staat. Verder hebben we een encapsulatie methode ontwikkeld 
die in vivo gebruikt kan worden. Hiervoor werden het VW1-VW8 ELP-CCMV capside eiwit en 
het mEGFP fusie eiwit gezamenlijk geproduceerd in bacteriën, waardoor ze in de bacteriecellen 
konden assembleren tot functionele capsiden. Vooral deze laatste encapsulatie strategie is 
veelbelovend voor de ontwikkeling van in vivo artificiële organellen.

De ontwikkelde in vivo cargo encapsulatie methode is vervolgens verder ontwikkeld om in 
plaats van het modeleiwit mEGFP een functioneel eiwit, PylD, in de VW1-VW8 ELP-CCMV 
capsiden te kunnen encapsuleren. In hoofdstuk	 5 wordt onze aanpak beschreven waarmee 
we de activiteit van de zo gevormde nanoreactors hebben gekoppeld aan de activatie van een 
intracellulaire respons. Het PylD enzym dat gebruikt wordt, katalyseert de laatste stap in de 
biosynthese van pyrrolysine, een niet-natuurlijk aminozuur. We hebben het PylD enzym in 
de VW1-VW8 ELP-CCMV nanodeeltjes geëncapsuleerd en we hebben geëvalueerd of de zo 
ontstane nanoreactors in vitro  een niet-natuurlijk aminozuur konden produceren. We hebben 
daarbij gezien dat de activiteit van het geëncapsuleerde PylD enzym hoger was dan die van vrije 
enzymen. We hebben vervolgens geprobeerd om het geproduceerde niet-natuurlijke aminozuur 
te gebruiken om de productie van EGFP te activeren in een cellijn die hiervoor afhankelijk was 
voor toevoeging van het aminozuur. Onze op VW1-VW8 ELP-CCMV gebaseerde artificiële 
organel precursor heeft dus de potentie om een respons in de cel te activeren.

Uiteindelijk is het grote voordeel van een artificieel organel systeem dat bestaat uit enkel 
eiwitcomponenten, dat het genetisch in een cel geïncorporeerd kan worden. Dat wil zeggen 
dat de cel het hele systeem zelf kan produceren en zo dus allerlei extra functionaliteiten kan 
verkrijgen. Hoofdstuk	6 verkent de bescherming van een gedestabiliseerd cargo eiwit als een 
voorbeeld van intracellulaire functionaliteit van VW1-VW8 ELP-CCMV nanodeeltjes. Hiervoor 
werden N-terminale degradatie domeinen toegevoegd aan het eerder gebruikte mEGFP-VW1-
VW8 ELP-CCMV eiwit om het te destabiliseren in E. coli bacteriën. Vervolgens hebben we 
getracht het cargo eiwit te beschermen tegen degradatie door het te coproduceren met VW1-
VW8 ELP-CCMV capsiden. Eenzelfde aanpak is toegepast in een humane cellijn, HEK293T. 
Ondanks dat er interessante initiële resultaten zijn verkregen, zijn er nog een aantal zaken in 
zowel het E. coli als het HEK293T systeem die verder onderzocht moeten worden om tot een 
succesvol systeem te komen waarin VW1-VW8 ELP-CCMV artificiële organellen een functie 
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kunnen vervullen in de cel.
Samen beschrijven de verschillende onderzoekshoofdstukken de voortgang die is gemaakt 

in de ontwikkeling van ELP-CCMV nanodeeltjes tot functionele artificiële organellen die in de 
toekomst toegepast kunnen worden in cellen. De belangrijkste bevindingen van elk hoofdstuk 
zijn samengevat in hoofdstuk	 7. Verder worden daar de blijvende uitdagingen besproken 
en wordt het belang van de resultaten die beschreven staan in dit proefschrift voor het 
onderzoeksveld gereflecteerd. Als laatste worden toekomstige richtingen voor de ontwikkeling 
van eiwit-gebaseerde artificiële organellen besproken.
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Dankwoord
Zo, er zitten opeens weer vijf jaar aan de TU/e op. Een tijd die door de aanwezigheid en steun van 
een heel aantal mensen zoveel prettiger en leuker is geworden dan die anders geweest zou zijn. 
Ik wil al deze mensen bij deze dan ook heel hartelijk bedanken!

 
Allereerst mijn promotor Jan. Jan, we kenden elkaar al uit Nijmegen, waar ik in jouw 
onderzoeksgroep een van mijn masterstages gedaan heb. Het project beviel me erg goed en 
de gezelligheid in de groep misschien nog wel beter. Dus toen ik na mijn buitenlandse stage 
weer terug in Nederland was, hadden we het al snel over een promotietraject in jouw groep die 
inmiddels naar Eindhoven verhuisd was. Bedankt dat je me de kans gegeven hebt om aan dit 
interessante en uitdagende project te beginnen. Ik waardeer het heel erg hoe jij me de afgelopen 
jaren begeleid hebt. We konden altijd goed duizend-en-een nieuwe ideeën bedenken tijdens 
onze meetings, waardoor er daarna weer genoeg interessante dingen uit te zoeken waren. Ook 
wil ik je bedanken voor het vertrouwen dat je altijd in mij gehad hebt, ook toen ik dat zelf even 
helemaal kwijt was. Doordat jij de weg altijd voor je zag, kon ik die op mijn eigen tempo weer 
terug vinden. Heel erg bedankt voor je begrip hierin.

Paul, we ontmoetten elkaar in mijn tweede jaar toen we interessant gedrag observeerden in onze 
VW1-VW8 ELP-CCMV deeltjes, waarvan we hoopten dat jij het met een theoretisch model zou 
kunnen verklaren. Jij was meteen enthousiast en dit bleek het begin van een leuke en vruchtbare 
samenwerking, waarbij ook Roya Zandi	en Alireza Ramezani betrokken raakten. I would like to 
thank the three of you for the interesting discussions we had about the experiments and theory 
that are described in chapter 3 of this thesis and will hopefully be published soon. It was really 
great to look at our nanoparticles through your eyes and think about aspects that I would not 
have thought about otherwise. Paul, ik wil jou nog heel hartelijk bedanken voor het op je nemen 
van de taak van copromotor.

Verder wil ik de andere commissieleden nog heel hartelijk bedanken voor het lezen en van 
commentaar voorzien van mijn proefschrift. Allereerst Prof. Maarten Merkx, die de afgelopen 
jaren het kantoor naast het mijne bewoonde. Ik hoop dat je niet teveel last hebt gehad van de 
lachbuien die af en toe het bewijs waren van hoe leuk mijn kantoorgenoten waren (daarover 
later meer). Ik wil je ook hartelijk bedanken voor de interessante discussies die we tijdens 
chemical biology meetings al gehad hebben. Prof. Ilja Voets, ook een bekende uit Eindhoven. 
Ik wil je ook heel hartelijk bedanken voor het plaatsnemen in mijn promotiecommissie. Prof. 
Roeland Nolte, een bekende uit de Nijmegen tijd, wil ik ook heel hartelijk bedanken voor de 
interessante discussies die we aan het begin van mijn promotietijd maandelijks voerden met 
het CCMV cluster. Daar kwamen toch altijd weer interessante inzichten uit. Ook hartelijk dank 
voor het plaatsnemen in mijn promotiecommissie. Furthermore, I would like to thank the other 
external members of my committee, Dr. Stefan Schiller and Dr. Tobias Giessen for their critical 
assessment of my dissertation and their participation in the defense ceremony.

Daarnaast wil ik ook iedereen bedanken met wie ik de afgelopen jaren heb mogen samenwerken. 
Lise, toen ik begon, zat jouw promotietijd er bijna op. Jij leerde me alle kneepjes van het tot 
expressie brengen en karakteriseren van CCMV-deeltjes. Dankzij jouw georganiseerdheid en 
input had ik een behoorlijk soepele start van mijn promotie. Leuk dat we de resultaten van de 
experimenten die we samen met Daan hebben opgezet ook vrij snel hebben kunnen publiceren. 

Appendix

184



A

Al vrij snel voegden Daan en Chiara zich bij de groep en was het CCMV-team compleet. I 
appreciated how we, although we were working on quite different projects, still could tackle 
common problems together. Thank you for the input during work discussions and for the great 
time we had during our trip to the US for the GRC and some serious sightseeing! I would also like 
to thank the members of the protein-based nanomedicine cluster Jan Pille, Mona, Duc and Edu 
for their input during the cluster meetings and for their help in finding solutions to problems 
that occurred along the road. Loai, bedankt voor je input over het CCMV dynamics project dat 
mede door jouw enthousiasme nu een mooi hoofdstuk heeft opgeleverd en beschreven staat in 
hoofdstuk 3. Alex Mason, thank you for all the great advice you have given me about doing and 
presenting research and all kinds of specific problems along the road.

Daarnaast heb ik ook met een aantal mensen buiten de eigen vakgroep mogen samenwerken, 
waar ik veel van geleerd heb. Zo heeft Anne Spoelstra mij veel geleerd over elektronenmicroscopie 
en microtomie, waarvoor ik haar heel hartelijk wil bedanken. Hierbij wil ik ook Paul Bomans en 
Rick Joosten bedanken voor het onderhouden van de elektronenmicroscopen en voor het helpen 
als er zich een probleem voordeed. In addition, I would like to thank Anat Akiva for helping me 
with embedding bacterial samples in resin. Verder wil ik Rob Mesman	en Prof. Laura van Niftrik 
bedanken voor hun enthousiasme en interesse in onze artificiële organellen en voor hun hulp bij 
onze pogingen deze in bacteriën te visualiseren.

Ook wil ik hier de studenten bedanken die ik heb mogen begeleiden. Jullie hebben allemaal 
hard gewerkt aan jullie projecten, ook al waren die soms erg uitdagend, en zo belangrijke 
bijdragen geleverd aan mijn promotieproject ongeacht of die deze thesis gehaald hebben. Kim 
en Kim jullie waren mijn eerste studenten en begonnen tegelijk, waardoor we veel van elkaar 
hebben kunnen leren. Jullie resultaten hebben mij in ieder geval vele interessante inzichten 
opgeleverd. Daarna startte Niek aan een toch wel heel uitdagend maar gelukkig ook leerzaam 
en interessant project. De mooie octopus die je 3D-geprint hebt, is de laatste jaren goed van 
pas gekomen als friemeldingetje tijdens allerlei brainstormsessies. Tot slot Douwe. Ik vond het 
heel leuk om jou als scheikundige te begeleiden bij je eerste stappen in de biochemie. Bedankt 
allemaal voor jullie inzet! 

Dan ben ik aangekomen bij twee mensen die tijdens mijn promotie van grote steun geweest 
zijn en dat gelukkig ook willen zijn tijdens mijn verdediging. Marleen en Wiggert, ik ben heel 
bij dat jullie aan mijn zijde willen staan. We hebben de laatste jaren heel wat af gebrainstormd 
en daarbij prachtige whiteboard tekeningen gemaakt. Al zeg ik het zelf. Wiggert, ik kon met 
jou altijd fijne gesprekken voeren over onderzoek en alles daarbuiten. De interessante kijk die 
jij op de dingen hebt, gaf me vaak weer nieuwe inzichten. Marleen, wij wisten elkaar altijd weer 
te motiveren om hard aan het werk te gaan, of dat nou op kantoor was of bij bodypump. Ik heb 
genoten van onze theepauzes en vrijdagmiddag muziekquizjes. Al heb ik misschien nog wel het 
meest genoten van hoe we zo fijn langs elkaar heen kunnen praten en dan ondertussen onze 
eigen problemen oplossen. Ik wens jullie allebei heel veel succes toe met de afronding van jullie 
eigen promotietrajecten. Ik heb er alle vertrouwen in dat dat helemaal goed komt!

Tijdens een promotietraject doe je natuurlijk onderzoek. In mijn geval heeft dat zich voornamelijk 
afgespeeld in het Biolab dat zorgvuldig beheerd wordt door Peggy. Peggy, bedankt voor het altijd 
georganiseerd houden van het lab en alles daaromheen. En ik wil je ook heel hartelijk bedanken 
voor je luisterende oor en goede adviezen. Zonder fijne collega’s is een lab ook maar een lege 
ruimte. So I would like to thank all Biolab members for the nice working atmosphere and for 
complaining together when we were annoyed about our experiments… Bas Rosier, bedankt 
voor je input op de niet-natuurlijke aminozuur incorporatie in EGFP, die beschreven staat in 
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hoofdstuk 5. Glenn and Anna-Maria, thank you for your input and help with the mammalian 
expression experiments that are described in chapter 6. It was great to be able to build on all the 
expertise that you already had acquired in this area. Pascal Pieters, bedankt voor het meedenken 
bij het opzetten van de bacteriële expressie experimenten in de plate reader die beschreven 
staan in hoofdstuk 6. Voor bepaalde technieken kon ik daarnaast altijd gebruik maken van het 
analytische lab. Joost	and Lou, thank you very much for keeping the lab running so smoothly.	
Joost, ik wil jou in het bijzonder ook nog bedanken voor al je hulp bij het begrijpen en werkend 
houden van de Agilent HPLC. Tot slot kon ik voor het meten van Q-TOF samples altijd terecht 
bij Loes, Iris, Sylvia, of Sebastian waarvoor ik hen heel hartelijk wil bedanken. Het zijn heel wat 
samples geweest over de jaren!

Naast dat ik tijdens mijn promotie heel wat uurtjes in het lab gestaan heb, heb ik ook veel tijd 
doorgebracht op kantoor. Ik heb STO3.21, dankzij al onze mooie planten ook wel “The green 
office”, gelukkig altijd mogen delen met hele fijne mensen. En ook buiten kantooruren hebben 
we het zeker gezellig gehad tijdens een aantal leuke kantooruitjes. Ik herinner me opeens het zo 
zorgvuldig geplande, maar behoorlijk uitgelopen diner-rouler weer… Richard, when I started, 
your time at the TU/e came almost to an end. Still, I learned a lot from you about doing research 
in the short time we shared an office, which I really enjoyed. Junhong, you had the luxury of 
having two offices to work in, but luckily you swung by our office quite often. I really enjoyed your 
eighties-themed birthday party! Dan Eline met wie ik de eerste drie jaar het kantoor heb mogen 
delen. Naast dat wij goed met elkaar kunnen lachen, kunnen we ook heel goed over allerlei 
dingen praten. Je hebt me heel regelmatig geholpen om de dingen wat meer in perspectief te 
plaatsen en de weg vooruit te zien. Ik vind het fijn dat we elkaar nog (bijna) elke week bij yoga 
zien, zodat we even kunnen bijkletsen! Boris, wij hebben ook bijna onze hele promotietijd samen 
op kantoor gezeten. Er werd vaak serieus gewerkt, maar ik kon ook altijd goed om je droge humor 
lachen. Met de toewijding die jij hebt voor je project, gaan die laatste dingetjes voor de afronding 
ook helemaal goed komen! Galen, you were only in the office for a short time, but still it was very 
nice to have you as an office mate. Tot slot Marleen die tegen het einde van mijn promotietijd het 
kantoor kwam versterken. We hebben heel wat dagen een privékantoor gehad met zijn tweetjes, 
wat zowel erg productief als gezellig was. Laten we zeggen dat een goede werksfeer gewoon heel 
belangrijk is voor de productiviteit. A big thank you to all of you for making the time in the office 
really nice and productive!

Ik had het geluk dat ik mijn promotieonderzoek mocht doen in het MST cluster, dat bleek te 
bestaan uit een fijne groep mensen die naast van hard werken ook van gezelligheid houden. Zo 
waren allerlei zaken goed georganiseerd voor iedereen, maar werd er ook gezellig samen geluncht, 
koffie/thee gedronken en geborreld. I would like to thank all the members of the Van Hest group 
as well as	all of the MST members for creating this nice work and social environment! Een aantal 
mensen wil ik hier nog persoonlijk bedanken. Marjo	en Tanja, bedankt voor het regelen van 
alle administratieve dingen, maar zeker ook voor de leuke activiteiten. Henk, bedankt voor het 
draaiende houden van het keukentje op vloer 4. Hans en Ruud, bedankt voor het inzetten van 
al mijn bestellingen en het razendsnel oplossen van allerlei leveringsproblemen. Christine, 
bedankt voor het schoon houden van ons kantoor, ook al maakten we je het met al die planten 
niet gemakkelijk. 

Voor alle gezelligheid in Helix en daarbuiten wil ik eerst het “bitterbal”-groepje bedanken. Ik 
heb me de afgelopen jaren heel gelukkig geprezen met zo’n fijne groep collega’s. We begrepen 
elkaars struggles, die nou eenmaal bij een promotietraject horen, heel goed, maar hebben 
gelukkig ook heel wat afgelachen met elkaar. Simone, luisterend oor, mede plantenliefhebber 
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en bak-enthousiasteling. Ik kon altijd bij jou terecht als ik er even niet uitkwam, of dat nou 
werk gerelateerd was of heel iets anders. Laten we snel weer een taartje eten samen! Daan, 
benchgenoot en mede CCMV-fanaat. Bedankt voor je gezelligheid in het lab, het hooghouden 
van de Limburgse eer en de oprechte interesse die je altijd toonde. Op feestjes was je vaak een van 
de gangmakers en ik hoop dat die energie en lach snel weer terugkomen! Maaike, vogelliefhebber 
en TEM-specialist. Volgens mij kijk jij gewoon graag door een oculair, of dat nu op een verrekijker 
zit zodat je vogeltjes kunt zien of op een fancy microscoop, zodat je hydrogels kunt bekijken. Je 
kunt over beide in ieder geval heel enthousiast vertellen, wat heel aanstekelijk werkt. Lenne, 
sportieveling en een van de nuchterste mensen de ik ken. Jij hebt me heel wat keren laten inzien 
dat dingen eigenlijk best wel meevielen. Ik zal jouw wijze woorden “leef niet om te werken, 
maar werk om te leven” nooit vergeten. Ook heb ik heel erg genoten van de wandelingen, 
etentjes en spellen samen met jou en Maaike. Rens, photoshop-meester en foes-vervanger. Ik 
heb echt genoten van je prachtige creaties en je droge humor, waarmee je soms onverwacht uit 
de hoek kwam. Femke, organisatietalent en muzikant. Het was altijd gezellig als jij erbij was bij 
theepauzes en activiteiten. Ook was de gestructureerdheid waarmee jij jouw promotieonderzoek 
hebt uitgevoerd bewonderenswaardig en inspirerend. Wiggert, woordgrappenmachine en 
snackspecialist. Om jouw woordgrappen heb ik toch altijd wel het hardst kunnen lachen, ook 
al duurde het soms beschamend lang voordat ik ze door had… Iris, (Wie is) De Mol-liefhebber 
en creatieveling. Ik heb altijd genoten van de mooie creaties die jij maakte met de naaimachine 
of gewoon op papier. Ik vind het ook heel knap hoe jij de laatste jaren het moederschap zo goed 
combineerde met het afronden van jouw promotie.

Daarnaast wil ik Annelies, Bastiaan, Marleen en Roy bedanken voor de gezellige 
spellenavonden, zowel live als online, etentjes, borreltjes en tripjes. Bastiaan, leuk dat je er ook 
nadat je naar Parijs verhuisde gewoon nog bij was. En het wordt tijd dat we dat tripje naar Parijs 
nou toch echt gaan maken! Annelies, ik vind het knap hoe jij je thesis zo gestructureerd thuis 
hebt kunnen schrijven, maar gelukkig wel altijd nog te vinden was voor wat gezelligheid. Dankzij 
jouw “dat doen we gewoon”-mentaliteit, kwamen we soms in de grappigste situaties terecht. Roy, 
jouw smaak wat betreft speelkaarten is misschien wel wat beperkt, maar het mocht de sfeer 
gelukkig niet drukken. We hebben er hartelijk om kunnen lachen, alhoewel, jijzelf iets minder. 
Naast gezelligheid kon ik bij jou ook terecht voor het serieuze werk. Zo schreven we samen een 
review, waarvan een gedeelte in hoofdstuk 1 van dit proefschrift staat. Maar ook voor al mijn 
synthese vragen (en bestellingen) kon ik bij je terecht. Heel fijn, dankjewel daarvoor.

Pascal en Imke, wij kenden elkaar al vanuit Nijmegen, toen we daar samen stage liepen op het 
lab. Ook al is Eindhoven geen Nijmegen, dankzij jullie goede humor en heerlijke klaagsessies 
was het er toch gezellig, haha! Amy, you were always very energetic and enthusiastic, which you 
spread to the world around you. I also appreciated the great talks I had with you about research 
and life in general.

Dan over naar de fijne mensen die er de afgelopen jaren voor gezorgd hebben dat ik in mijn 
vrije tijd genoeg leuke dingen te doen had. Eerst de (inmiddels oud-) Haasjes uit Nijmegen, die 
altijd garant stonden voor gezelligheid en leuke activiteiten! Ook al was het door de afstand, en 
zeker door corona, soms lastig, ik vond het altijd leuk om jullie weer te zien tijdens weekendjes, 
verjaardagen en allerlei feestjes. Saskia, Bommie, dankjewel dat jij er altijd voor me bent! We 
hebben altijd veel lol samen, maar je bent er ook als het even wat minder gaat. Chocolade in je 
brievenbus maakt een quarantaineperiode echt significant beter! Ik heb er bewondering voor 
hoe jij het roer zo hebt omgegooid en er nu helemaal voor gaat om fysio te worden. Ik hoop dat 
we nog heel lang zulke goede vriendinnen zijn! Dames van de eetclub, ik vind het nog steeds leuk 
dat wij elkaar dik twee jaar geleden voor het eerst ontmoetten, allemaal onbekenden voor elkaar 
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en een beetje zenuwachtig voor wat we moesten verwachten. Het voelde al snel heel vertrouwd, 
waardoor we heerlijk over onze, soms best verschillende, levens kunnen praten met elkaar. Ik 
vind onze etentjes altijd supergezellig en hoop dat er nog vele zullen volgen. Aurélie, we met 
when you just moved to Eindhoven and I’m glad we did. I always really enjoy our dinners, hikes 
and other activities together.

Tot slot wil ik nog graag mijn familie bedanken. Ik denk dat we er met de tijd steeds meer achter 
komen hoe we in sommige aspecten soms toch wel akelig veel op elkaar lijken. En op andere 
manieren weer totaal niet. Het levert in beide gevallen in ieder geval interessante gesprekken 
op! Wouter, ik vertel altijd maar wat graag over mijn grote broer die allemaal ingewikkelde 
dingen doet voor Defensie. Ik vind het mooi om te zien hoe jij het in Den Haag allemaal zo 
fijn voor elkaar hebt en er zoveel plezier uit je werk haalt. Sam, mijn kleine broertje kan ik je 
niet echt noemen hè. Maar ik ben wel zeker een trotse “grote” zus als ik zie hoe jij de dingen op 
je eigen manier doet, gewoon zoals het voor jou goed voelt. Dat is zeker bewonderenswaardig. 
En dan papa en mama, die me al van kleins af aan vertelden dat ik maar onderzoeker moest 
worden als ik steeds zulke lastige vragen stelde. Dan kon ik al die ingewikkelde kwesties zelf 
uitzoeken. Ik denk niet dat ik ze al allemaal beantwoord heb, maar jullie hebben me wel altijd 
gesteund in de keuzes die ik maakte op zoek naar antwoorden. Doordat ik weet dat ik altijd op 
jullie terug kan vallen, kan ik mijn eigen weg bewandelen. Papa, zo waren wij zelfs nog een paar 
weken thuiswerkbuddy’s toen heel Nederland op slot ging en we dat allebei best zwaar vonden. 
En mama, jij hebt met je nuchtere kijk op de dingen heel wat, achteraf gezien, niet-bestaande 
problemen voor me opgelost. Ik ben heel blij met jullie als ouders.

Tijd om het verhaal nu echt uit te blazen en te beginnen aan een nieuw avontuur! Iedereen 
nogmaals hartelijk bedankt voor de afgelopen jaren en ik wens jullie het allerbeste voor al júllie 
avonturen.
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