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Chapter 1

1.1 General Introduction

In this thesis we explore encapsulins, a class of protein nanocages that was

discovered in 1994 by Valdés-Stauber et al.,1 further studied by Hicks et

al. in 19982 and that received increased attention after Sutter et al. pub-

lished the structure of Thermotoga maritima encapsulin in 2008.3 Since

then, a wide range of studies on the structure and potential application

of encapsulins have been done.

Encapsulins are one of many different protein nanocages.4 These pro-

tein nanocages are very diverse in size, shape and function, which can

be modified to create or change their function and have the potential

to be applied for different purposes. These modifications include dif-

ferent cargo, targeting or stabilizing agents on the exterior and changes

to the shape and size.5 The benefit of protein nanocages is that they

are biodegradable and are, in theory, not toxic or dangerous and can be

processed and excreted by the body. Virus-like protein nanocages can

be extra beneficial given that their native purpose is to infiltrate cells.

Thus, properties of nanoparticles as designed by nature are used to our

advantage.

We focus on encapsulins, which have the added benefit of being highly

stable protein nanocages. We study the initial steps to enable the use of

these encapsulins in therapy.

1.2 Aim and Outline of this Thesis

Through the work presented in this thesis we aim to gain more insight in

the recently discovered encapsulins. We expand on the present knowledge

and explore future applications of encapsulins.
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General Introduction

Prior to any experimental chapters, Chapter 2 summarizes the published

work that has been done on encapsulins prior to the publication of this

thesis. This chapter is an outline on various aspects of encapsulins, includ-

ing their structure, universality, cargo and modifications. This chapter is

the foundation on which the following chapters are built.

Chapter 3 provides more insight in the structure of encapsulins. Stud-

ies have shown high genetical and structural similarity between different

encapsulins, but detailed studies on the actual encapsulin structure are

scarce. In Chapter 3, we study the structure of Brevibacterium linens

encapsulins in high resolution, improving on the work done by Putri et

al.6 We relate this structure to the structure of other encapsulins (e.g.

the encapsulins derived from Thermotoga maritima) and we analyse ad-

ditional aspects of the encapsulin structure such as charge, flexibility and

its polymeric building blocks.

We expand upon the effects of modified cargo in Chapter 4, where the

native cargo of Brevibacterium linens encapsulins, dye decolorizing peroxi-

dase, is changed to l-asparaginase. This new cargo is enzymatically active

(it catalyzes the reaction of l-asparagine to l-aspartate) and can be used

to treat acute lymphoblastic leukemia. In Chapter 4, we see that protein

nanocages, in this case Brevibacterium linens encapsulin and the cow-

pea chlorotic mottle virus, can be modified to contain non-native cargo

and that these nanocages can be applied in medically relevant settings.

Chapter 4 also demonstrates that, depending on the protein nanocage,

the effects are different and that thus for various applications, multiple

protein nanocages should be studied.

While Chapter 4 contains a brief cell study, Chapter 5 expands on the

interaction between encapsulins and cells. In this chapter we study the

uptake, processing and cargo-protective properties of encapsulins in vari-

3
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ous cell types and we analyse the potential immunogenicity of encapsulins.

It provides a foundation for further studies to the potential of encapsulins

as drug delivery carriers.

In the previous chapters we primarily looked at the properties of the cargo

and the protein shell of encapsulins, but we left one aspect unexplored:

the modification and functionalization of the exterior of encapsulins. This

principle is described in Chapter 6, where Thermotoga maritima encap-

sulins have been modified with a cysteine knot miniprotein that inhibits

the activity of the protease trypsin. This modification can help to pro-

tect encapsulins from trypsin degradation if they were to be administered

to the body, but also serves to demonstrate the potential to modify the

encapsulin exterior.
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Chapter 2

Encapsulin: a New Protein

Nanocage

Abstract

Since Sutter et al. studied encapsulins in 2008, the amount of research on

encapsulins has increased significantly. Encapsulins are a class of protein

nanocages that have unique properties. In this review chapter, we explore the

published research that has been done on the encapsulin protein nanoparticles.

During this literature study, we found detailed information on the structure

and universality of encapsulins, as well as information on the different encap-

sulin cargo. Additionally, we study the modifications, both of the cargo and

the exterior, that have been made to encapsulins and the effects that these

modifications have. In doing so, this chapter creates the foundation on which

the following chapters are built.

The origins of this chapter are found in:

M. V. de Ruiter, R. Klem, D. Luque, J. J. L. M. Cornelissen, J. R. Castón; “Struc-

tural Nanotechnology: Three-dimensional Cryo-EM and its Use in the Development

of Nanoplatforms for in Vitro Catalysis”, Nanoscale, 2019, 11, 4130-4146
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2.1 Protein Nanocages

Protein nanocages are present in a large variety of organisms and come in

different shapes, sizes and function. A general example are viruses, which

consist of a protein shell encasing DNA or RNA. From these viruses re-

searchers have made virus-like particles (VLPs), that have the protein

shell but no longer contain the DNA or RNA. Additionally, other pro-

tein nanoparticles have been found such as bacterial microcompartments,

ferritin and lumazine synthase. Each protein cage has a different func-

tion in different organisms. For example, ferritins store iron and are found

in many different organisms, including humans.1 Bacterial microcompart-

ments are protein shells found in bacteria that contain enzymes or enzyme

cascades.2 Within these microcompartments, specific enzyme catalysed

reactions occur that are separated from the rest of the bacterial cell; thus

bacterial microcompartments protect the bacteria from potential toxins

and metabolites. Lumazine synthase is found in multiple organisms and

is an enzyme which itself can contain enzymatic cargo such as riboflavin

synthase.3 The list of known protein cages is significantly longer than the

examples provided here.

The diversity in function and particle morphology provides great poten-

tial for various applications that are not native to the protein nanocages;

VLPs can be used to transport modified genes, ferritins to transport

metallic ions or to function as a contrast agent, while bacterial micro-

compartments can contain non-native enzymes. Similar to the bacterial

microcompartments, encapsulins are found in bacteria and can contain a

protein as cargo. Thus, the protein nanocages can be used to alter the

cell metabolism and can function as a nanoreactor in the target cell. In

this chapter we focus on this protein nanocage.

8



2

Encapsulin: a New Protein Nanocage

2.2 Encapsulin General Introduction and

Structure

In 1994, Valdés-Stauber and Scherer described the isolation and charac-

terization of a bacteriocin that was produced by the bacteria Brevibac-

terium linens.4 Four years later, Hicks et al. found a circular, homomulti-

meric protease that was purified from Thermotoga maritima.5 These dis-

coveries remained relatively unnoticed until Sutter et al. further analysed

these particles and labelled them encapsulins, which started the research

on this new protein nanoparticle.6

Sutter et al. purified a protein nanocage from the T. maritima bacte-

ria and derived a crystal structure from these protein cages (Figure 2.1),

with which they could elucidate their function; the encapsulins and their

cargo were involved in iron homeostasis. They found ‘a spherical struc-

ture with an icosahedral T = 1 symmetry, a diameter of 240 Å and a

thickness of ∼25 Å.’6 Other sizes and icosahedral encapsulins have been

discovered since, such as the 300 Å T = 3 Myxococcus xanthus encapsulin

nanoparticle.7 The T. maritima encapsulins consist of 60 monomers, with

each monomer consisting of 3 domains: P, E and A. This is structurally

analogous to the major capsid protein gp5 of the HK97 virus as well as

that of the virus-like particle from Pyrococcus furiosus, which is discussed

later in this chapter.

These three domains in the monomer each determine a part of the main

structure: the P-domain contains the N-terminus and a conserved hy-

drophobic core; the E-domain is a loop that is the possible location of

contact between two monomers; the A-domain contains the C-terminus

and is involved with the five-fold symmetry axis, where a pore is also

located (among other locations).6

9



2
Chapter 2

Figure 2.1: The crystal structure of Thermotoga maritima encapsulin as

determined by Sutter et al.6 This image was taken from the RCSB Protein

Data Bank, entry 3DKT.

These pores allow for transport of small molecules and ions. Rahmanpour

et al. have shown that Rhodococcus jostii RHA1 encapsulins normally

have pores smaller than 5 Å, which is similar to other encapsulins given

their structural homology.8 While this is sufficient for ion transport, it

could block the passage of larger molecules across the protein shell. How-

ever, these pores did allow the transport of the large dye molecule 2,2’-

azinobis(3-ethylbenzo-6-thiazolinesulfonic acid (ABTS), which is larger

than 5 Å. Putri et al. confirmed that ABTS passes through the B. linens

10
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encapsulin membrane.9 This suggests that these pores are not fixed in

size, but are actually flexible and dynamic. The extent of this dynamic-

ity is yet to be studied and the effects of charge, hydrophobicity and size

may all contribute to whether or not a molecule can pass through the

encapsulin pores.

Williams et al. have engineered these pores in T. maritima encapsulins,

which natively have pores sized 3 Å.10 Using genetic modifications of ar-

eas around these pores, they were able to create pores ranging from 6 -

11 Å in size, while they retained the encapsulin structure. This occurred

primarily when specific amino acids were deleted rather than replaced.

Deletion did not result in deformed or non-forming particles, although it

is probable that deleting amino acids has its limits as well. They proved

that they had created larger encapsulin pores by demonstrating increased

Tb3+ transport across the protein shell compared with native T. maritima

encapsulin. Interestingly, they also found that trypsin addition did not

break down the cargo protein, suggesting that the encapsulin shell pro-

tects the cargo protein.

The encapsulin structure is generally robust, which was demonstrated by

Snijder et al.11 They also found that B. linens encapsulins that are loaded

with cargo are structurally weaker than empty encapsulins, because the

interaction of the cargo with the shell frustrates the shell by breaking

local symmetry. They studied this phenomenon using nanoindentation

and found a lower critical breaking force when the B. linens encapsulin

was loaded with either the native dye decolorizing peroxidase (DyP) or

non-native monomeric teal fluorescent protein (mTFP), compared with

cargo-free encapsulins. The cargo-free encapsulins from both B. linens

and T. maritima had the same critical breaking force, suggesting simi-

lar structural stability between the two encapsulins.11 They estimated ‘a

∼1 Mcal/mole free energy required to induce structural collapse.’ This

11
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suggests a mechanically rigid and resilient shell, that is both elastic and

robust.

Figure 2.2: The crystal structure of Thermotoga maritima encapsulin

has a good fit with the cryo-EM structure of Brevibacterium linens en-

capsulins. (A) the whole of the B. linens encapsulin in white, with in

grey the overlay of the T. maritima crystal structure. The T. maritima

monomers are highlighted in green, red and blue. (B) is a zoom of these

highlighted monomers. (C) shows the B. linens encapsulin with its na-

tive DyP cargo (red) and T. maritima crystal structure overlay in blue,

with the cargo and its binding sites highlighted in (D). (E) displays the

B. linens encapsulin with modified cargo; mTFP. This image was created

by Putri et al.9 and reprinted with the permission from ACS. Copyright

ACS, 2017.

12
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Putri et al. demonstrated that empty encapsulins are not really empty,

but contain some unidentified cargo.9 They studied different cargo in B.

linens (DyP, mTFP and no cargo) and found small differences to the

encapsulin shell structure, suggesting that the cargo binding to the en-

capsulin affects the structure. They also showed that encapsulins remain

stable under high and low pH, various salt concentrations and increased

temperature. The structure of T. maritima can be fitted to the B. linens

3D map (Figure 2.2), which suggests that the nanoparticles might have

similar origins, which is elaborated upon in later in this chapter.

The thermostability is further verified by the fact that encapsulins are

found in thermophilic bacteria such as T. maritima. These bacteria are

found in water with temperatures ranging from 55 to 90 ◦C, tempera-

tures at which most proteins denature.12 The harsh environments that

are present within the encapsulins, such as the presence of reactive oxy-

gen species (ROS) and high concentrations of iron-ions (elaborated upon

further in this chapter), also show that encapsulins are stable in extreme

environments.

Because encapsulins are protein nanocages, they may be susceptible to

proteases, which was shown by Valdés-Strauber et al.4 They also proved

that addition of nucleases, lipases, catalases, α-amylases and the proteases

ficin and papain did not affect encapsulin structure, suggesting that B.

linens encapsulins are robust and resilient against these proteases. Addi-

tional studies regarding temperature, long-term storage and pH changes

showed that encapsulins are stable, which is important when applying

encapsulins in medicine and industry.

13
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2.3 Encapsulin Universality

Encapsulins have been found in fifteen bacterial and two archaeal phyla.

The initial discovery linked to the function was shown by Sutter et al.6

They found that the genetic sequence encoding for these protein nanopar-

ticles shows high similarity between different bacteria, with large parts

of the sequence conserved. Giessen et al. elaborated on this genetic and

structural similarity by comparing more than 900 encapsulin genes13 and

Putri et al. further demonstrated the structural similarity by fitting the

crystal structure of T. maritima encapsulin to the cryo-EM derived 3D

structure of B. linens.9

In their comparative study, Giessen et al. found that structurally, en-

capsulins can be categorized into 4 groups; T = 1; T = 3; ferritin-like

protein (Flp)-fusions; and T3-like particles, with the majority belonging

to the T = 1 or T = 3 groups. This categorization correlates to the cargo

of the encapsulins. When encapsulating peroxidases or haemerythrin,

encapsulins mostly form T = 1 protein cages, while iron-mineralizing

encapsulin-associated firmicute (IMEF) cargo results in T = 3 nanopar-

ticles. For the Flp-fusions, nanoparticles with both T = 1 and T = 3

icosahedral conformation are found.13

Besides the structure, the cargo of encapsulins is also non-diverse. Out

of the 900 encapsulins, Giessen et al. identified 6 groups of protein cargo.

For the majority of these groups, the cargo is either involved with iron

storage and mineralization or the cargo is a peroxidase. Both types re-

quire compartmentalization, as large concentrations of iron-ions or ROS

resulting from peroxidase-catalysed reactions can damage the bacteria if

not contained.13
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Figure 2.3: The structure of the encapsulin resembles that of known virus-

like particles. (A) and (B) show the Thermotoga maritima encapsulin

compared with other protein nanocompartments that are created from

similar monomers. (C) demonstrates the similarity in the structure of

the monomers from T. maritima encapsulins and the virus-like particles

derived from Pyrococcus furiosus and HK97. The dimer interaction of T.

maritima monomers and P. furiosus monomers is demonstrated in (D),

while (E) shows the pores found in T. maritima encapsulins at the various

axes. This image was created by Nichols et al.15 and reprinted with the

permission from Taylor and Francis. Copyright Taylor and Francis, 2017.

In addition to the structural similarity, the genetic sequence encoding

for the C-terminus of the cargo protein of various encapsulins is also

maintained.7 This sequence is required for efficient cargo loading. Given

that the encapsulins are structurally similar and that this C-terminus se-

quence likely interacts with the protein shell, the C-terminus of the cargo

proteins is also conserved. Künzle et al. used the C-terminal peptide

sequence from the T. maritima Flp cargo, coupled it to a gold nanopar-

ticle and encapsulated this construct in encapsulins.14 They showed that

15
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while the peptide-tag is not required for encapsulation (it can be done

based on charge alone), it is required for particle formation under high

salt concentrations. This and other research, such as that from Putri

et al.,9 demonstrate that the C-terminal tag can be used to encapsulate

non-native cargo.

The genetic, structural and cargo similarity between the hundreds of

encapsulins suggests a common origin. When comparing the structure

of the encapsulins and their monomers with the HK97 bacterial virus

and the virus-like particles derived from P. furiosus,7 it is evident that

there are structural similarities (Figure 2.3).15 This suggests that encap-

sulins originated from bacterial viruses and over time became bacterial

nanocompartments.

2.4 Encapsulin Cargo and Function

Most native and modified encapsulin cargo contains an affinity tag on the

C-terminus that stimulates encapsulation. This interaction has been stud-

ied by Cassidy-Amstutz et al., showing that there is a minimal peptide tag

required for encapsulation of the protein cargo.16 With this minimal tag

they were also able to load cargo into encapsulin using an in vitro method,

showing that this tag was necessary. Rahmanpour et al. also showed this

retention of the C-terminus sequence in various bacterial DypB (native

encapsulin cargo of R. jostii encapsulin) homologues, with a C-terminal

sequence of 10 amino acids being strongly conserved.8 However, Künzle

et al. encapsulated positively charged gold nanoparticle based on charge

alone, without the need for the peptide tag. A highly positively charged

cargo could be encased in encapsulins, which has a net negative charge

on its interior, but only in low salt concentrations. In high salt concen-

trations, however, the tag was required to induce encapsulation of the

cargo.14
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As discussed before, encapsulins have different native functions, but the

variety is limited. The primary native cargo consists of either a peroxi-

dase, like the DyP in B. linens encapsulin,6 or proteins that affect iron

homeostasis,17 such as Flp (T. maritima) and IMEF.18 This is however

not all encapsulin functionality, as Giessen et al. have also demonstrated

encapsulin involvement in carbon fixation, oxidative and nitrosative stress

resistance and anaerobic ammonium oxidation,13 highlighting the broad

range of encapsulin functions.

Some encapsulins contain more than one type of enzyme, such as the

Mycobacterium tuberculosis encapsulins that package three enzymes; a

DyP, a bacterioferritin (BfrB) and a dihydroneopterin aldolase (FolB).

These all have antioxidant properties, suggesting a role in oxidative stress

response.19 The containment of multiple enzymes in a confined space

could increase the reaction rates of the catalysed reactions because the in-

creased local concentration of the substrates can influence the metabolic

pathways.

All these cargo proteins deal with environments that are normally haz-

ardous to an organism. The substrates and products in peroxidase catal-

ysed reactions are often toxic (ROS), while large concentrations of iron

ions are also unwanted in a cell. Thus, the compartmentalization of these

products prevents damage to the cell while it is still able to perform these

reactions or maintain iron homeostasis.

17
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2.5 Encapsulin Production

Encapsulins are genetically encoded in bacteria, often in an operon that

also contains their cargo protein(s) including the sequence for the peptide

tag. This principle can be used to produce encapsulins in Escherichia coli

bacteria or yeast. This operon can be expressed within these organisms

resulting in self-assembled, monodisperse protein nanocages that have en-

capsulated their cargo, which in turn can be purified from the encapsulin

producing organism.

The formation of encapsulins is hard to study as it happens within the

bacteria, making analysis difficult. Because of the previously described

stability, it is also difficult to have the encapsulins disassemble and re-

assemble to study the formation, which can be done with other protein

nanocages such as the cowpea chlorotic mottle virus (CCMV). It is only

possible to disassemble encapsulins at low pH conditions (pH 2), which

is not the natural environment in bacteria, as demonstrated by Künzle

et al.14 The encapsulins appeared to reassemble to their native structure

upon raising the pH. Snijder et al. elaborated on the formation of encap-

sulins. They found that incomplete 58-mer encapsulins still encapsulate

cargo, suggesting that the capsid formation is driven by the cargo and that

the formation is driven by addition of dimers instead of monomers to the

proto-encapsulin protein shell.11 They proposed a mechanism in which

first dimers form and these dimers subsequently join together forming

the encapsulin nanocage. We elaborate upon the formation of the encap-

sulin nanoparticle in Chapter 3.

This cargo driven particle formation can be related to the affinity tag

that is found in most cargo proteins, except for the P. furiosus encap-

sulin where the cargo is fused directly to the encapsulin protein. While

the affinity tag is important for cargo encapsulation, the exact method of

interaction between the tag and the encapsulin monomer is not fully un-
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derstood, but is elaborated on by Sutter et al.6 They suggest that leucine

and isoleucine found in the tag are buried in a hydrophobic pocket in the

interior of the encapsulin shell. Additionally, encapsulins contain some

material, even when no cargo is coded in the genetic sequence, further

suggesting a cargo driven particle formation.9

When during the production encapsulins are expressed in E. coli, the

cargo can be altered by genetically removing the sequence that codes for

the native cargo and introducing a new cargo sequence, while retaining

the C-terminal peptide tag.6, 20 This has been done with for example B.

linens encapsulin, into which fluorescent proteins were introduced.9 These

encapsulins can still be produced with equal yield compared with encap-

sulins that contain native cargo.

2.6 Encapsulin Modification and Applica-

tion

Some encapsulins natively contain enzymes, such as DyP. Using this en-

zyme, enzymatic cascades can be created, such as the glucose oxidase

- peroxidase cascade, which was demonstrated by Putri et al. using B.

linens encapsulins.9 In this setting, the glucose oxidase was not encapsu-

lated, but the product of the glucose oxidase catalysed reaction (peroxide)

entered the encapsulin together with the added ABTS. The ABTS was

further converted by the encapsulated peroxidase in the presence of the

peroxide. Peroxidase activity has also been shown in R. jostii encapsulins

by Rahmanpour et al.8

Encapsulins have also been modified to contain different protein cargo,

which was demonstrated by Contreras et al.19 This can have benefits

such as the co-localization and potential stabilization and protection of

the cargo protein, which all could increase protein activity and longevity.
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Lau et al. demonstrated this protection using the fluorescent protein

cargo mNeonGreen, which was protected from proteasome-based degra-

dation in the yeast Saccharomyces cerevisiae.21 In addition, encapsulin-

based nanoreactors co-packaged with the split Venus components Ven-N

and Ven-C, with high loading yields, became fluorescent, demonstrating

the co-localization. This was further explored by encapsulating Aro10p,

an enzyme involved in tyrosine catabolism that might allow pro-drugs to

be activated in the body. The 5 Å pores allowed small molecule diffusion

and the enzyme showed the anticipated decarboxylation activity. The

cargo was again protected from protease degradation.

The modification of cargo and potential application was also shown by Pu-

tri et al., who demonstrated that the encapsulin cargo could be changed

from its native DyP to TFP and that the TFP was taken up in J774

macrophage cells, giving the encapsulins a cell staining function.9 Rurup

et al. demonstrated with mass spectrometry that encapsulins can con-

tain ∼12 dimeric TFP cargo proteins per cage.11, 20 This takes up more

space than the native DyP cargo, demonstrating that encapsulins have

the space to contain multiple or larger proteins. The fluorescent labelling

is useful for staining purposes, but primarily demonstrated the potential

to alter the protein cargo of encapsulins to a non-native protein.

Sigmund et al. demonstrated the encapsulation of non-native enzymes

by encapsulating an engineered peroxidase, polymerized diaminobenzi-

dine (APEX2), in encapsulins.22 This enzyme can be used for cellular

electron microscopy (EM) imaging and proximity labelling. The system

was expanded to encapsulate cystathionine γ-lyase which, in the pres-

ence of l-cysteine, catalyses the conversion of cadmium acetate in aque-

ous solution into cadmium sulfide nanocrystals. These nanocrystals were

confined in the nano-sized interior of the encapsulins and generated a

photoluminescence signal under UV-light.
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Other enzymatic cargo has also been encapsulated; Sigmund et al. en-

capsulated tyrosinase while retaining its activity,22 while Tamura et al.

encapsulated luciferase in Rhodococcus erythropolis encapsulins.23 These

enzymes were still active, indicating that they fold correctly and remain

correctly folded when encapsulated. Additionally, the addition of the

affinity tag did not nullify the enzyme activity. It also demonstrated

that enzymes can be encapsulated that might be relevant for medicinal

use. We expand on this principle in Chapter 4, where we show that l-

asparaginase can be encapsulated while retaining its activity.

Other than protein cargo, Giessen et al. used encapsulins to store iron,

showing that encapsulins can also contain metal ions, which is a known

feature of the ferritin nanoparticle.24 He et al. showed, using encapsulins

from M. xanthus, that encapsulins can also encase the ferritin nanopar-

ticle, which in turn functions as iron storage.25 This iron storage func-

tionality was also studied by Sigmund et al. for the creation of iron-

biomineralizing nanocompartments.26

Furthermore, Giessen et al. fused an AG4 peptide to the N-terminus

of the encapsulin monomers, making this peptide point inwards. In this

way, silver nanoparticles were encapsulated in the protein cage. The

silver ions that were released from this complex were used as an antibac-

terial agent.27 A similar principle has been utilized by Künzle et al. to

encapsulate gold nanoparticles,14 where they provided more insight into

the binding of the affinity sequence to the encapsulin. They coupled a

7 amino acid peptide sequence (similar to the peptide tag used with the

native cargo) to the gold nanoparticles. This tag interacts with a bind-

ing site in the interior of the encapsulin, located on the connecting point

of two monomers that form a dimer. This provided more insight in the

actual connection of particles in encapsulin. Additionally, they showed
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that particles could be loaded in encapsulin based on charge; the interior

of encapsulin contains negatively charged patches, causing a positively

charged cargo to be encapsulated. While this principle to encapsulate

proteins is limited given that the encapsulins needed to disassemble at

pH 2 prior to encapsulation of the cargo, it does open up the possibility

to encapsulate other materials, which in turn can be utilized in various

applications, for example to treat enzyme deficiency diseases, catalyse re-

actions or kill specific organisms or cells.

For the use of encapsulins as a drug delivery carrier, it is beneficial to

target specific cells. This targeting can be achieved by modifying the

exterior of encapsulins. Most encapsulins contain lysines, glutamic and

aspartic acids or, like T. maritima encapsulins, cysteine amino acids with

reactive groups on the exterior which can be utilized for chemical mod-

ifications. T. maritima is specifically interesting as it has 60 outward

facing thiol-groups on its exterior (and another 60 that theoretically are

exposed, but are more sterically hindered), that can be modified to cre-

ate a homologous modified functional surface. Using coupling molecules

such as the EMCS-linker or NHS-ester, other proteins, dyes, or targeting

ligands can be bound to the encapsulin exterior. While not used for tar-

geting purposes but for increasing the encapsulin stability, we explore this

chemical modification of the T. maritima encapsulin exterior in Chapter

6.

As an alternative to the chemical modifications, the genetic sequence of

encapsulins can be altered to include targeting loops or other moieties on

their exterior. As shown in Figure 2.1, there are loops on the exterior of

the encapsulin that could be used to insert an amino acid sequence with

a specific function. This principle has been utilized by Moon et al. to

create encapsulins with targeting peptides to specifically target hepato-

cellular carcinoma cells and Squamous cell carcinoma (SCC-7) cells.28, 29
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With this SP94 peptide on the exterior, they transported doxorubicin

as cargo attached to encapsulins, thus successfully killing HepG2 cancer

cells. With an FcBP peptide, they also showed the specific targeting

of fluorescently labelled FcBP-modified encapsulins to the SCC-7 cells,

while no uptake was found in other studied cell types. We further study

encapsulin uptake by various cells in Chapter 5.

Genetic modification of encapsulins has also been utilized by inserting a

genetic sequence for a SpyTag peptide in the encapsulin genetic sequence.30

Bae et al. used this to couple multiple proteins to the SpyTag peptide

using the SpyTag-SpyCatcher system. These proteins were fluorescent

proteins that target affibody ligands that were fused to the SpyCatcher,

which in turn was coupled to the SpyTag. This created multifunctional

nanoparticles with the potential to create a wide range of functionality.

Choi et al. used genetic insertion to present an OT-1 peptide (SIINFEKL)

to induce an immune response, like a vaccine.31 When mice immunized

with OT-1 were infused with B16-OVA melanoma cells, a specific immune

response was detected, suggesting that this ‘vaccine’ worked.

The principle to modify the surface for vaccination purposes was also

used by Lagoutte et al. to create a vaccine based on encapsulin nanopar-

ticles, this time modified with the M2e epitope.32 They showed that, in

conjunction with the immune response against the epitope, there was an

immune response against the cargo protein: green fluorescent protein.

This suggests that encapsulins can be used as a carrier of an antigen and

that the immune response can be enhanced by encapsulating the antigen

and modifying the exterior of the encapsulin. Given their larger size, the

uptake in macrophages can be increased compared with non-encapsulated

proteins,33 which we also explore in Chapter 5.
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Even though an increased immune response can be advantageous when

utilizing encapsulins as vaccine carriers, it is disadvantageous when used

as protein drug carriers. While we further explore this principle in Chap-

ter 5, Sonotaki et al. studied the possibility of PEGylating the encap-

sulin surface.34 They demonstrated that encapsulins can be PEGylated by

binding polyethylene glycol (PEG) to the exterior of encapsulins. These

encapsulins were modified to contain a his-tag on the C-terminus and the

encapsulin structure itself was not compromised. PEGylation can reduce

immunogenicity and increase bioavailability of proteins.

In this thesis, other modifications and utilizations of encapsulins, specif-

ically B. linens and T. maritima, are described, showing the potential

that encapsulins have for various other usages. The work described in

this Chapter demonstrates that, while encapsulins are novel, there is a

wide range of potential applications for which encapsulins can be used.
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Chapter 3

Cryo-EM Analysis of the

Structure of Encapsulins

Abstract

While the molecular structure of some encapsulins, such as Thermo-

toga maritima encapsulin, have been established, additional exploration

of other encapsulin structures will increase our understanding of, and abil-

ity to modify encapsulins. The genetic similarity between encapsulins has

been determined, but the impact of the small differences on the encapsulin

structure remains unknown. We address this deficiency by exploring the

native structure of Brevibacterium linens encapsulin with dye decoloriz-

ing peroxidase cargo. We compare this with the T. maritima encapsulin

structure, from which a crystal structure is available, which privodes more

insight in the uniformity and origin of encapsulins.

Allende-Ballestero, C.; Klem, R.; Luque, D.; Cornelissen, J. J. L. M.; Castón, J. R.

Cryo-EM Analysis of the Structure of Encapsulins. Manuscript in preparation.
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3.1 Introduction

Encapsulins are icosahedral protein nanoparticles ranging in size from

20 - 40 nm. The encapsulin atomic structure from Thermotoga maritima

(TmE), was resolved in 2008 by Sutter et al.1 Structures from encapsulins

derived from other bacteria have been determined since2, 3 and detailed

analysis of parts of the structure has been performed, such as the pores.4

They generally conform to a T = 1 or T = 3 structure and consist of 60

or 180 monomers, respectively. The structures show high similarity, both

in the complex structural level and at the monomer level, as shown with

the Mycococcus xanthus encapsulin (MxE) by McHugh et al.5

Imaging encapsulins at high resolution and determining the atomic struc-

ture provides structural insight and makes specific, targeted modification

of the encapsulins easier and can provide more insight into the origins

of encapsulins. In addition, detailed structural knowledge of encapsulins

can also increase the variety of cargo proteins, as the interaction between

the affinity tag that is present on most encapsulin cargo proteins and

the encapsulin shell itself is poorly understood.1, 6 Putri et al. provided

insight in the differences in the structure of B. linens encapsulin (BlE)

that contained different cargos.3 They used monomeric teal fluorescent

protein (mTFP) as a non-native cargo. In this study we focus on the BlE

structure when loaded with its native cargo (Dye decolorizing peroxidase

(DyP)).

While the cargo of encapsulins has thus far been modified to contain

protein dyes (such as GFP, mNeonGreen7 and monomeric teal fluores-

cent protein (mTFP))3 and enzymes (such as tyrosinase and others),8, 9

encapsulation of a medically relevant enzyme has not been done. We use

l-asparaginase (ASNase) as protein cargo in Chapter 4, here we study the

binding of the DyP to the encapsulin shell. An increased understanding of

this interaction could help with correctly loading non-native enzymes in
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encapsulins and help determining the maximum volume of cargo that can

be loaded. The correct structure and folding is essential when enzymes

are encapsulated, as they could otherwise have reduced or no activity.

In this chapter, we use cryo electron microscopy (cryo-EM) to analyze the

structure of BlE loaded with its native cargo DyP (BlE-DyP). We also

study how this structure compares with the crystal structure of Thermo-

toga maritima encapsulins, as determined by Sutter et al. in 2008,1 and

with other structures that have have demonstrated genetic or structural

similarity with encapsulins. This can provide more insight in how the

structure of the encapsulins relate to their function.

3.2 Results and Discussion

3.2.1 Production of BlE-DyP

To study the structural differences of encapsulins between various bac-

terial origins, we used encapsulins derived from BlE from our lab and

the crystal structure from TmE as determined by Sutter et al.1 To study

the cargo interaction with the encapsulin shell, we used the BlE with its

native cargo, BlE-DyP.

After purification we analyzed the encapsulins using fast protein liquid

chromatography (FPLC), dynamic light scattering (DLS) and transmis-

sion electron microscopy (TEM) (Figure 3.1A, B and C, respectively).

These data suggest the correct folding of encapsulin into ∼20 nm sized

particles.
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(a) (b) (c)

Figure 3.1: Characterization of the DyP-filled BlE: SEC (A), DLS (B)

and TEM (C). The scale bar in C represents 20 nm. With SEC, we

isolated the elution peak at 11.5 mL.

3.2.2 Production of BlE-ASNase

We also made a modified cargo by genetically removing the DyP sequence

and replacing it with type II ASNase. This was sequenced by Eurofins and

using the samples with the correct sequences we produced the encapsulins

in the same way as the BlE-DyP. Analyses of these BlE-ASNase are found

in Chapter 4.

3.2.3 Cryo-EM Structural Analysis of BlE-DyP

We used cryo-EM to study the structure of BlE-DyP. While Putri et al.

provided insight in the BlE structure,3 we obtained higher resolution (2.65

Å) images that provide more detailed information on the BlE structure

(Figure 3.2). The exterior diameter of BlE is 23 nm and the structure is

icosahedral, with two-, three- and five-fold symmetry axes (Figure 3.2A-

C, respectively). The interior is 18.5 nm, meaning that the thickness of

the shell is 4.5 nm. The main pores in this shell are located at the three-

and five-fold axes (Figure 3.2B and C). Additionally, we found a crevice

on both sides of the two-fold axis (Figure 3.2A).
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Figure 3.2: 3D reconstruction of BlE-DyP as seen centered on the two-fold

(A), three-fold (B) and five-fold (C) axis.

The pores at the three-fold axes are 7 Å in diameter and the five-fold axis

are 14 Å in size, with the crevices having a length of 31 Å. This pore size

at the five-fold axis is larger than the size found by Rahmanpour et al.

in the Rhodococcus jostii RHA1 encapsulin (RjE),10 who also suggested

that these pores are dynamic. We studied this dynamicity by analyzing

the flexibility of peptides in the encapsulin shell using the differences in

resolution as determined by cryo-EM; if a structure is very flexible, it will

result in a lower resolution. The structure of BlE shows little flexibility

at most of the encapsulin exterior except for the five-fold axes, where the

resolution is lower (Figure 3.3A).
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On the interior, we found higher incidents of flexibility, but the main

flexible points are also located at the five-fold axes (Figure 3.3B). This

supports the hypothesis proposed by Rahmanpour et al. that the pores

are dynamic.10 The extent of this dynamicity requires additional study. It

does suggest that, to a degree, size is not the determining factor for which

molecules can be transported across the protein shell. The influence of

other effects such as hydrophobicity and charge remain unknown.

Figure 3.3: Local resolution of BlE-DyP on the exterior (A) and inte-

rior (B). Blue highlights increased local resolution while red highlights

decreased local resolution.

Surrounding the pore at the five-fold axis of BlE are 5 loops, each consist-

ing of a TDHGYP amino acid sequence. When analyzing this sequence

with the online program ExPASy (ProtParam), we found that the pores

are negatively charged and hydrophilic (hydropathicity = -1.783). While

the exact nature of the pores requires further investigation, this does sug-

gest that negatively charged or hydrophobic molecules are less likely to

pass through the pores.
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The structure of BlE with a non-native cargo, ASNase, is not significantly

different from the structure of native encapsulin; BlE-DyP (see Chapter

4, Figure 4.4). This suggests that the cargo of BlE does not affect the BlE

structure, although the lack of cargo could still influence the structure,

as was suggested by Putri et al and Snijder et al.3, 11

Using cryo-EM, we determined the atomic structure of the BlE monomers

and we extrapolated the whole structure. These monomers interlock

with each other forming the icosahedral encapsulin structure, from which

dimers (Figure 3.4A and B), trimers (Figure 3.4C and D) and pentamers

(Figure 3.4E and F) can be discriminated. The E-loop connecting the

dimers is the main linker between trimers and couples multiple pentamers

in BlE. These multimers have been studied before, with suggestions that

encapsulins consist of pentamer or dimer complexes.12 We found that

the trimer organization is also present in the encapsulin structure. The

trimers show high interlocking with other trimers (Figure 3.4D), where

the E-loop again forms the bridge between trimers, which could explain

the high stability of encapsulins. In BlE and TmE, the dimers are likely

the main building block.
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Figure 3.4: Atomic structure of BlE DyP dimer (A), which is highlighted

in the complete BlE structure in (B). The orientation is centered on the

two-fold axis. The trimer (C) and the trimer in the complete BlE struc-

ture (D) are centered on the three-fold axis, while the pentamer (E) and

the pentamer in the complete BlE structure (F) are centered on the five-

fold axis.
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Figure 3.5: Similarity of trimers in BlE, MxE, the Hong Kong 97 Virus

and the bacteriophage P22. The triangulation number of each assembled

protein cage is profided above the trimers.

This trimeric organization is also seen in other encapsulins or encapsulin-

like structures (Figure 3.5). Regardless of the triangulation number

(1, 3, or 7), the trimeric organization is present. The difference in the

trimeric structure originates from the differences in the monomeric struc-

ture. These monomeric structures, however, have a high similarity be-

tween different encapsulins. BlE and TmE, that both conform to T =

1 structures, have high overlap of their monomer structures, while this

overlap is lower between BlE and monomers of protein nanocages that

conform to T = 3 or T = 7 (Figure 3.6).
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Figure 3.6: Overlay of atomic structure of BlE monomer with monomers

of other protein nanocages that have a similar structure. The BlE

monomer is always in green. TmE is, like BlE, a T = 1 icosahedral

structure, while the other monomers conform to T = 3 or T = 7 icosa-

hedral structures. The monomers were derived from the Protein Data

Bank with the following entries; Prohead HK 97: 3E8K,13 Head HK97:

2FT1,14 TmE: 3DKT,1 MxE: 4PT25, PfE: 2E0Z,15 P22: 5UU5.16

With these other encapsulins (MxE and PfE) and bacteriophages (HK97

head and prohead and P22), which conform to T = 3 or T = 7 structures,

the main difference is the orientation of the E-loop (Figure 3.6). McHugh

et al. showed that the structures with a T = 3 or T = 7 conformation

have their E-loop oriented parallel to the bulk of the monomer,5 which

is displayed in Figure 3.6, while the T = 1 TmE has its E-loop oriented

outward, similar to BlE monomers (Figure 3.6). Since the main body

(P and A-domains) are structurally conserved between all monomers, the

E-loop orientation is probably the defining factor that determines the

triangulation number of encapsulins. This is also visible in the trimeric

(Figure 3.5) and pentameric (Figure 3.7) organization of the different

encapsulins.
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Figure 3.7: Pentamers of BlE (A) and MxE (B). The orientation of the

E-loop (red) is the main difference between these pentamers. The MxE

pentamer was derived from the Protein Data Bank entry 4PT2.5

This suggests that the modification of this loop could allow the formation

of T = 3 BlE particles, meaning that the size of the encapsulin can be

modified. Potentially, given the similarity of the encapsulin monomers,

new protein nanocages can be made by mixing monomers from different

encapsulins, creating heteromultimeric encapsulins.

We found that the BlE structure is mainly negatively charged, with the

exterior being predominantly negatively charged, while the interior has

negatively charged patches (Figure 3.8A and B). Künzle et al. used these

patches in TmE to encapsulate positively charged gold nanoparticles.6

Figure 3.8: Charge distribution of BlE exterior (A) and interior (B) with

red corresponding to negative charge.
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3.2.4 Analysis of the Affinity Tag Binding Site

Figure 3.9: A 3D model of BlE with three monomers highlighted that

are involved in the binding of the DyP cargo. The binding sites are

highlighted with red dots.

The cargo in encapsulins interacts with the shell using an affinity tag.

This affinity tag on the cargo of different encapsulins is different, but

hydrophobic residues are highly conserved.17 This suggests that the bind-

ing sites of the encapsulins also have hydrophobic residues to provide

hydrophobic interactions. The binding sites for the DyP cargo are lo-

cated at the A-domains of the encapsulin monomers, in a clear triangular

shape (Figure 3.9). The triangular structure of the binding highlights

the trimers in the structural organization.

We overlayed this binding site from BlE with the binding site from TmE

(Figure 3.10A). Künzle et al. demonstrated the fitting of the affinity tag

into this binding site, while we give a detailed structural analysis of this

site.6
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Figure 3.10: (A) shows the binding site in both BlE (blue) and TmE

(white) and (B) demonstrates the arginine residue at the opening of the

binding site.

We found that there is significant structural similarity between the bind-

ing sites of both BlE and TmE, with primarily hydrophobic residues being

conserved in the genetic sequence. These hydrophobic residues are pheny-

lalanine, two leucines and an isoleucine and they are found in both types

of encapsulin (Figure 3.10A). This also suggests that indeed hydropho-

bic interactions stabilize the cargo within the encapsulin. The binding

site appears to be closed by an arginine in the TmE sample while it is

unblocked in the BlE sample when there was no cargo and hence the site

is not used by the affinity tag (Figure 3.10B). Given that permanent

closure of the binding pocket might prevent the affinity tag from binding,

the “open” and “closed” conformations are probably occurring in both

TmE and BlE and are probably dependent on whether or not the binding

site is occupied.
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3.2.5 Discussion

Since the first structural characterization of encapsulins done by Sutter

et al. the structure of encapsulins has slowly been revealed.1 In this chap-

ter, we performed a detailed structural analysis of BlE using cryo-EM.

This increased the structural understanding of encapsulins which in turn

provides insight in potential applications.

The high density of the encapsulin shell was an established fact, but

there are more pores than previously assumed. Pores are located at the

five-, three- and two-fold axes, but the exact nature of the two-fold axis

pores is not so much a pore as it is a crevice. We also found that the

five-fold axis pore is dynamic in nature, which was already suggested by

Rahmanpour et al.10 This implies that more molecules than initially as-

sumed can potentially pass this encapsulin shell.

Additionally, we found that, at least for T = 1 BlE and TmE, that dimers

are the leading building blocks for the encapsulins, which corresponds to

results from Snijder et al.12 Furthermore, we found trimeric organization

in BlE as well. The trimers are highly intertwined, which could explain

the high stability recorded for encapsulins. These trimeric interactions

could be related to the orientation of the E-loop of the monomers. When

pointed outwards, like in BlE and TmE, the particles conform to a T =

1 icosahedral structure and have clear interactions between trimers that

use the E-loop. The importance of the trimeric organization is further

supported by the fact that the DyP cargo interacts in 3 places with the

encapsulin shell.

However, when this E-loop is pointed parallel to the structure, like in

the MxE, this does not occur. The E-loops do not intertwine and this

suggests that a dimeric build-up of the particle is less stable as the in-

teraction between dimers is weaker than in BlE and TmE. The parallel
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nature of the E-loop results in two principles; it prevents the E-loop link-

ing to the P-domain because it is not pointing outwards and it blocks the

linking site for other E-loops. We suggest that in encapsulins the E-loop

orientation is critical in the formation of the highly stable T = 1 icosa-

hedral nanoparticles. This could be verified by modifying the E-loop of

BlE to be parallel to the rest of the monomer. If this results in a T = 3

or T = 7 encapsulin, like MxE or HK97, then it confirms that the E-loop

orientation is the main factor determining the encapsulin structure.

We found high structural similarity between TmE and BlE. Given that

the genetic sequence is also highly conserved, it is probable that the infor-

mation obtained for BlE can also be applied to other T = 1 encapsulins.

3.3 Conclusions

The structure of encapsulins is relatively dense, but is more porous than

previously assumed. At the two-, three- and five-fold axes, pores and

crevices are present. The pores at the five-fold axes are dynamic in nature.

Additionally, the triangulation number of the encapsulins is probably

determined by the orientation of the E-loop. The structural information

provides more insight in the possibilities of encapsulin as a drug or enzyme

carrier, especially regarding the transport of small molecules across the

protein shell.
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3.5 Experimental Section

3.5.1 Materials

All chemicals were purchased from Sigma-Aldrich unless stated otherwise.

Buffers were prepared using double deionized water from a Millipore sys-

tem.

3.5.2 Genetic Modification of Plasmids with BlE-

GFP to BlE-ASNase

Using “A plasmid Editor” (ApE, version 2.0.55), a gene encoding for Type

II ASNase was designed based on the genetic sequence derived from the

Protein Data Bank. A plasmid encoding for this gene was produced by

Eurofins, using a pEX-K4 plasmid. The 5’ restriction site was XbaI and

the 3’ restriction site was XmaI. The genetic sequence was optimized for

use in Escherichia coli (E. coli).

We transfected the plasmids into Nova Blue E. coli bacteria using the

heat shock mechanism. 5.4 μg plasmid was dissolved in 450 μL Milli-

Q. The Nova Blue E. coli bacteria were taken from 20 μL cryo stocks

(−80 ◦C) and placed on ice. One μL of the plasmid sample was taken

and added to the bacteria. This was put on ice for 5 min, after which a

heat shock (30 sec at 42 ◦C) was applied, followed by 2 min on ice. Next,

80 μL Super Optimal broth with Catabolite repression (SOC) medium

was added. From this mixture, 50 μL was placed on a shaker (MaxQ

4000, Thermo Fisher) for 1 h at 250 rpm. The 50 μL samples were plated

on agar plates supplemented with 0.1 mg/mL ampicillin (AMP) and 34

μg/mL chloramphenicol (CAM) to culture bacteria colonies. The plates

were placed in incubators at 37 ◦C overnight.
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After incubation, colonies were taken with a sterile pipette tip and trans-

ferred to a culture tube containing 6 mL LB medium supplemented with

0.1 mg/mL AMP and 34 μg/mL CAM to create starter cultures. This

was cultured at 37 ◦C overnight in an incubator rotating at 250 rpm. The

next day, cryo stocks were made using the culture tube content. For each

cryo stock, 750 μL sample was mixed with 250 μL 60% (w/v) glycerol and

transferred to 1 mL cryo-tubes.

The rest of the starter culture was used to extract the plasmids from.

Thus, the QIAprep Spin Miniprep Kit (Qiagen) was used to extract the

DNA from the bacteria, according to the protocol from the kit. After

purification, the plasmids were stored at 4 ◦C. The experiments follow-

ing this preparation were done using the DNA samples that showed the

highest concentration of DNA and had an absorbance λ= 260/280 ratio

closest to 1.8, with 1.8 indicating a high purity of the DNA with regards

to contaminations like RNA and proteins.

A starter culture was made with Rosetta gami DE3 E. coli that con-

tained the plasmid encoding for BlE-GFP. This was done as described

earlier in this chapter. From this starter culture, the DNA was extracted

using the QIAprep Spin Miniprep Kit. As before, the DNA samples with

the highest yield and purity (260/280 ratio) were taken. This DNA was

also stored at 4 ◦C.

Restriction digestion was performed using the stored DNA of the plas-

mids containing the genetic sequence coding for BlE-GFP, provided by

dr. Rurup, and the plasmids containing the genetic sequence for ASNase.

1 μL of XmaI (New England Biolabs), 1 μL XbaI (New England Biolabs),

5 μL cutsmart buffer (New England Biolabs) and 15 μL of the respective

DNA was mixed and with nuclease-free Milli-Q the volume was filled to

30 μL. This was put in a polymerase chain reaction (PCR (Primus 25
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Advanced Thermocycler, Peqlab)) with the following settings; 16 h at

37 ◦C, 20 min at 80 ◦C and then stored at 4 ◦C.

To separate the plasmids from the cut gene, agarose gel electrophore-

sis was used. A 1% (w/v) agarose gel was made (1 gram agarose dis-

solved in 100 mL nuclease-free Milli-Q, heated by microwave) with 10

μL SYBR safe ((Z)-4-((3-Methylbenzo[d]thiazol-2(3H)-ylidene)methyl)-1-

propylquinolin-1-ium 4-methylbenzenesulfonate (Thermo Fisher)) to vi-

sualize the DNA bands. The gel was run at 100 V until the bands were

clearly separated. Afterwards, the bands corresponding to the plasmids

containing the ASNase gene and the bands corresponding to the plas-

mids that contained the encapsulin gene without the GFP cargo, were

recovered using the Wizard R© SV Gel and PCR Clean-Up System Kit

(Promega). The gels were cut out and dissolved in membrane binding

buffer using 1 μL per 1 mg gel. Further, the protocol that was provided

with the Wizard R© Kit was followed.

After verification with the Nanodrop system (NanoDrop 1000 Spectropho-

tometer (Thermo Fisher)) to prove the presence of DNA, the samples

that contained sufficient amounts of DNA were used for ligation. The

ligation was performed by first mixing: 2 μL T4 DNA ligase buffer; 7.5

μL plasmids; 8.5 μL nuclease-free Milli-Q and 1 μL T4 DNA ligase. This

mixture was incubated for 2 h at room temperature. Next, the plasmids,

which should now contain the operon coding for BlE and ASNase, were

send to Eurofins for sequencing; this verified that the genetic modification

was performed correctly. The correct samples were transfected to Nova

Blue E. coli according to the heat shock mechanism described previously.

These bacteria were plated on agar plates and incubated overnight at

37 ◦C.
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After the incubation, starter cultures were made, as described previously,

to increase the amount of plasmids. The plasmids were extracted again

using the QIAprep Spin Miniprep Kit and the plasmids were transfected

to Rosetta gami DE3 E. coli, again using the heat shock mechanism de-

scribed before. Another starter culture was made with these Rosetta

gami DE3 E. coli bacteria, from which a cryo stock was made according

to procedures described earlier. These were stored at −80 ◦C.

3.5.3 Production of BlE

Using the cryo stock from the previous paragraph, new starter cultures

were made as described earlier in this chapter. After overnight incubation

at 37 ◦C at 250 rpm, the samples were transferred to a 2 L Erlenmeyer

which contained 500 mL LB medium (20 g LB broth dissolved in 1 L

Milli-Q, autoclaved) supplemented with 0.1 mg/mL AMP and 34 μg/mL

CAM. These were placed at 37 ◦C at 200 rpm and the optical density

at 600 nm (OD600) was checked. When it reached a value between 0.6 -

0.8, 50 μL isopropyl β-D-1-thiogalactopyranoside (IPTG) was added (final

concentration 0.1 mM) to stimulate gene expression. The protein produc-

tion was kept overnight at 22 ◦C and 200 rpm. Next, the samples were

centrifuged at 8,500 rpm, 10 ◦C, 15 min using a AllegraTM25R Centrifuge

(Beckman Coulter) with a fixed angle TA-10-250 rotor (Beckman Coul-

ter). The pellets were stored at −20 ◦C until further use.

Afterwards, the pellets were dissolved in 10 mL “encapsulin buffer” (20

mM Trizma Base, 150 mM NH4Cl, 20 mM MgCl2, pH set to 7.5 with

HCl). Using a tip sonicator (Branson Sonifier 250, 3 min, 50% duty

cycle, power 3), the bacteria were disrupted. Ten μL DNAse (Thermo

Fisher) was added and this was incubated for 2 h at room temperature.

Subsequently, the samples were ultracentrifuged at 40,000 rpm, 10 ◦C, for

15 min using a Sorvall WX 80 Ultra Series Centrifuge (Thermo Fisher)

with a fixed angle T-865 rotor (Thermo Fisher).
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The supernatant containing the encapsulins was recovered from the cen-

trifuge tubes and to each 10 μL RNAse (from bovine pancreas, Thermo

Fisher) was added. This was incubated for 2 h at room temperature, after

which the samples were placed on 10 mL 38% (w/v) sucrose. This was

ultracentrifuged at 40,000 rpm, 10 ◦C, for 17 h. The bottom 3 mL were

recovered and concentrated using Amicon spin filters (100 kDa Molecular

Weight Cut-Off (MWCO)) and centrifuging at 3,000 rpm at 10 ◦C with a

Heraeus Multifuge X3R centrifuge and a 7500 3607 rotor (both Thermo

Fisher) until there was 1 mL of the samples left.

Meanwhile, 10 - 50% continuous sucrose gradients were prepared by grad-

ually mixing 10% (w/v) sucrose with 50% (w/v) sucrose and transporting

it to centrifuge tubes (Sorvall X25 (Thermo Fisher)) using a peristaltic

pump (2232 Microperpex, LBK Bromma). The 1 mL samples were placed

on top of the gradient and this was ultracentrifuged at 28,000 rpm, 10 ◦C,

for 17.5 h using swing-out buckets (Surespin 630-36 (Thermo Fisher)).

After ultracentrifugation, the top 20 mL was removed and the next 9 mL

were recovered.

This fraction was placed in 12 - 14 kDa dialysis bags (Spectra/Por R©

4 Dialysis Membrane (Spectrumlabs)) and placed in 800 mL “storage

buffer” (20 mM Trizma Base, 150 mM NH4Cl, pH set to 7.5 with HCl)

at 4 ◦C while stirring. After 6 h the buffer was refreshed and this was

left overnight. The content of the dialysis bags was collected and concen-

trated to 1 mL using the 100 kDa MWCO Amicon spin filters.

Final purification was performed using FPLC (Äktapurifier (GE Health-

care Lief Sciences)), using a Superose 6 10/11 GL column (GE Healthcare

Life Sciences). The fractions containing the encapsulin was collected and

again concentrated to 1 mL with the 100 kDa MWCO Amicon spin filters.
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This sample was used to determine the concentration and formation of

particles using the Nanodrop system and dynamic light scattering (DLS)

(Microtrac Nanotract Wave W3043), respectively. For the DLS analysis

the viscosity and refractive index of water were used and for the encap-

sulin a refractive index of 1.54 was used.

3.5.4 Cryo-EM Analysis of BlE-DyP

Purified BlE-DyP particles (5 μL) were applied to R2/2 300 mesh copper-

rhodium grids (Quantifoil Micro Tools, Germany) and vitrified using a

FEI Vitrobot cryofixation unit. Data were collected on a FEI Titan Krios

electron microscope operating at 300 kV and images recorded on a Gatan

Bio-quantum K2 summit detector at a calibrated magnification of 50,000

yielding a pixel size of 1.047 Å. Detector is integrated into FEI’s auto-

mated data acquisition EPU software. A dose rate of 5.55 electrons/Å2/s

and 7 s exposure time were used to record 3837 70-frame movies with a

defocus range of -1.0 to -3.2 μm in 0.2 μm intervals.

To correct for beam-induced movement, frames of each movie were aligned

using whole-image motion correction.18 Contrast transfer function param-

eters of each averaged movie were determined using CTFFIND4.19 Images

showing astigmatism and/or motion signs were discarded, maintaining a

total of 3,739. General image processing operations were performed us-

ing Xmipp20 and Relion.21 A total of 316,007 particles were picked with

the Xmipp automatic picking routine. Alternatively, Relion reference-

free 2D classification was used to discard bad particles and a similar data

set of 291,878 particles was obtained. 3D classification with Relion re-

sulted in four classes using a BlE-DyP low resolution map and low-pass

filtered to 30 Å as initial reference. Final Relion iterative auto-refine

was performed including 271,489 particles (for the best 3D class). The

best resolution, 2.65 Å based on the gold-standard FSC = 0.143 criterion

corrected for the effects of a soft mask on the FSC curve using high-
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resolution noise substitution, was obtained using the complete data set

of 3D-selected particles.22 The final density map was corrected for the

modulation transfer function of the detector and sharpened by applying

the estimated B-factor.23 Local resolution variations were calculated us-

ing MonoRes.24

The polypeptide chain in a single asymmetric unit of the 2.65 Å cryo-

EM map was built using Coot crystallographic modelling25 and PHENIX

real-space refinement tool.26 The comparison of predicted and observed

SSE was used as starting point to register the amino acid sequence for

encapsulin. Predicted SSE were determined by PSIPRED. Predicted qua-

ternary structure was obtained by Swiss Model server. In this process,

the T. maritima quaternary structure was used as a template. Once the

backbone was registered, positions of the side chains were adjusted man-

ually and fit of the atomic model to the density map was improved by

iterative cycles of model rebuilding using Coot and PHENIX. To evaluate

and improve model accuracy, we used Molprobity integrated in PHENIX27

to reduce clashes, rotamers outliers and inconsistencies in geometry. In

addition, the geometry of the model was tested iteratively with PHENIX

validation tools, which helped to detect and correct residues outside al-

lowed regions in the Ramachandran plot. The Ramachandran plot showed

no residues in disallowed regions.

Graphics and structural alignment between encapsulins and phages were

produced by UCSF Chimera.28 The electrostatic potential for the BlE-

DyP capsid was calculated using DelPhi software29 and surface-colored

with UCFS Chimera.
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Chapter 4

Construction and Evaluation

of L-Asparaginase loaded

Protein Cages

Abstract

To explore the potential of protein nanocages in enzyme therapy we encap-

sulated l-asparaginase in two different protein cages. l-asparaginase depletes

the blood of l-asparagine in the treatment of acute lymphoblastic leukemia.

In this model system we used both the bacterial encapsulins and the cowpea

chlorotic mottle virus (CCMV), which are isolated from virus-infected plants.

As determined by cryo-EM, encapsulin- and CCMV-based cages have a porous

structure of the protein shell. We show that the encapsulated enzymes have

variable activity based on the nature of the protein cage and/or the enzyme

cargo. The particles containing l-asparaginase induce in vitro cell death in

acute lymphoblastic leukemia cells. The results show the potential of using

enzymes encapsulated in protein nanocages, combining the enzymatic activity

with the versality of the protein nanocages.

R. Klem, M. V. de Ruiter, V. M. Dombrowe, A. Juan, D. Gil-Cantero, C. Allende-

Ballestero, D. Luque, J. R. Castón, J. J. L. M. Cornelissen; “Activity and Leukemia

Cell Viability of Asparaginase-loaded Protein Cages”. Manuscript submitted.
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4.1 Introduction

In Nature a variety of protein nanocages is found with different functions;

for example, viruses employ protein cages to deliver genetic material to

host cells and bacterial nanocompartments sequester part of a metabolic

pathway. In artificial systems these well-defined protein architectures

have been used in, amongst others, materials science and biomedical ap-

plications. In the latter application the distinct size and shape, ability

to modify the surface and cargo and biocompatibility potentially gives

advantages in delivery, targeting and stability of encased therapeutic en-

zymes.

The enzyme l-asparaginase (ASNase) is prescribed to treat acute lym-

phoblastic leukemia (ALL), a type of cancer that is found predominantly

in children.1,2 ASNase catalyses the reaction from l-asparagine to l-

aspartate and, to a lesser degree, l-glutamine to l-glutamate.3 Contrary

to most other cells in the human body, ALL cells have reduced levels of

asparagine synthetase and rely on extracellular uptake for l-asparagine

supply.4,5 Therefore, intravenous injection of ASNase, which depletes l-

asparagine in the blood, can treat ALL. The cells are depleted of l-

asparagine; they can neither produce it nor take it up. This, along with

the reduced l-glutamine levels, results in specific cell death; this therapy

selectively kills ALL cells, but non-ALL cells are unharmed as they can

convert l-aspartate to l-asparagine through asparagine synthetase.6 AS-

Nase formulations have been improved by using various bacterial strains

as origins1,2 and by PEGylating the enzyme.7 However, low bioavailability,

immunogenicity and toxicity8,9 remain challenges to an optimal therapy.

One option to solve some of these drawbacks, is to encapsulate ASNase

in a protein nanocage. The nanocage can be modified on the exterior to

create functional nanocages for specific targeting,10,11,12 higher substrate

specificity13,14 and reduced immunogenicity.15,16,17 A variety of protein
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nanocages are used for encapsulating a broad range of enzymes,18 includ-

ing virus-like particles,19,20 lumazine synthase capsids13,21 and ferritin.22

These protein nanocages offer high stability and reduce the toxicity of

their cargo,19,21,23 while the nanocages are often porous, which allows

transport of substrates and products across the protein shell.

To explore the potential of protein nanocages in enzyme therapy we en-

capsulated the enzyme ASNase into protein cages. We used both the cow-

pea chlorotic mottle virus (CCMV) capsid, which is isolated from CCMV-

infected plants, and the bacterial encapsulin. The resulting nanocages are

monodisperse with diameters of 20 and 24 nm, respectively.

CCMV, with a T = 3 icosahedral structure,24 can be used for enzyme de-

livery. CCMV is easily and reversibly disassembled into its subunits and

reassembled into an empty or filled virus-like particle (VLP) by chang-

ing the pH and salt concentration.25,26,27 This self-assembly mechanism

has been exploited to encapsulate enzymes such as glucose oxidase,28

peroxidase29 and cytochrome P450.30 CCMV has a broad biodistribu-

tion and low toxicity in vivo and has a minimal chance of replication in

mammalian cells, because of its plant origin.

Encapsulins are found in various bacteria, are ∼24 nm in size and consist

of 60 monomers forming highly stable T = 1 or T = 3 particles.31 They

naturally contain protein cargo, such as dye decolorizing peroxidase or

ferritin-like protein, but they vary in cargo and function.32 In bacteria,

encapsulins often function as nanocompartments that act like organelles.

The sturdy nature of encapsulins potentially assists in stabilizing the

cargo enzymes and maintaining a specific environment; they remain sta-

ble at both high and low pH. The cargo can be modified by changing the

genetic sequence of the operon that encodes for the cargo and encapsulin

monomers, provided that the C-terminus sequence of the cargo, which
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links the cargo to the shell, remains unaltered.33,34 We use encapsulins

derived from Brevibacterium linens (BlE), although many other bacteria

contain similar protein nanocages.32

In this research we introduce the medicinally relevant ASNase encapsu-

lated in two protein nanocages of both viral (CCMV) and bacterial origin

(BlE). The activity of encapsulated ASNase in encapsulin and CCMV-

based cages is compared with native ASNase. Furthermore, we evaluate

their ability to induce cell death in ALL cells to show their potential for

the treatment of ALL. We show that the encapsulated enzyme remains

active and that the particles can induce cell death in the ALL cells using

low nM or even pM concentrations. The results show the potential of

using enzymes encapsulated in protein nanocages for medical use.

4.2 Results and Discussion

4.2.1 Production, Purification and Analysis of En-

capsulated ASNase

We designed the ASNase that was encapsulated in Brevibacterium linens

encapsulin (BlE-ASNase) by genetic substitution of the native BlE cargo

(dye decolorizing peroxidase (DyP)) for the genetic sequence encoding for

the ASNase Type I monomer (Chapter 3). The filled encapsulins were

expressed in and purified from Escherichia coli (E. coli) bacteria using

the protocol designed by Rurup et al.35,36 They were further purified us-

ing size exclusion chromatography (SEC) (Figure 4.1A). The fractions

corresponding to the peak at an elution volume of 12.5 mL were isolated

and analysed by dynamic light scattering (DLS), which showed the par-

ticles were sized ∼20 nm, which corresponds to T = 1 particles (Figure

4.1B). The BlE-ASNase assembly was further confirmed by transmission

electron microscopy (TEM) of negatively stained particles (Figure 4.1C).
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(a) (b) (c)

(d) (e) (f)

Figure 4.1: Characterization of the ASNase-filled particles, for BlE-

ASNase: SEC (A), DLS (B) and TEM (C). For CCMV-ASNase: SEC

(D), DLS (E) and TEM (F). Scale bars in C and F are 50 nm.

To make the CCMV-ASNase complex, we used commercial ASNase from

E. coli and native CCMV, which we produced and isolated from the

cowpea plant. We removed its native RNA cargo using a protocol de-

scribed in literature.29 To effectively encapsulate new cargo in CCMV, a

sufficient negative charge is required to induce the cargo encapsulation.

Therefore, the ASNase was modified with 20 kDa polystyrene sulfonate

(PSS) polymers using an NHS-Maleimide heterobifunctional linker. This

PSS-modified ASNase (ASNase-PSS) was purified using SEC, and subse-

quently mixed with free CCMV capsid protein dimers to assemble spon-

taneously. This was again purified using SEC (Figure 4.1D), in which

the 12 mL elution volume peak corresponds to the virus-sized structures
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and the 18 mL elution volume peak corresponds to the free capsid pro-

teins. For CCMV, uniform monodisperse particles of ∼19 nm were found

using DLS (Figure 4.1E) and TEM (Figure 4.1F), which corresponds to

a size that was reported for an icosahedral CCMV particle with T = 1

symmetry.28

The purified BlE-ASNase and CCMV-ASNase were further analysed using

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

to determine the composition of the proteins (Figure 4.2A and B) and

verify that the nanocages both contained ASNase.
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(a) (b)

(c)

Figure 4.2: SDS-PAGE on a 4 to 15% stain-free gel for (A) CCMV-

ASNase and (B) BlE-ASNase. We used Precision Plus Protein Standards

(Bio-Rad) as ladder. The gels were analysed with Image Lab software.

(C) SDS-PAGE of BlE-ASNase after repurification by a 20 - 50% sucrose

gradient. We used fraction 10 for the cryo-EM analysis.
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4.2.2 ELISA of Encapsulated ASNase

We performed an enzyme-linked immunosorbent assay (ELISA) to assure

that ASNase was not present in the solution after purifying the BlE and

CCMV or that it was bound to the exterior of the nanocages (Figure

4.3). Non-encapsulated ASNase showed a signal that is concentration

dependent. The blank (air) and the negative control showed no signal,

which indicates that the primary anti-ASNase antibody binds specifically.

The BlE-ASNase and CCMV-ASNase samples also showed no increased

absorbance. Thus, the samples are stable and the ASNase is protected

within the cage and cannot be reached by the antibody. The ASNase-PSS

showed similar absorbance compared to the native enzyme. The PSS does

not block the primary antibody from binding ASNase. From the absence

of a signal for both the BlE-ASNase and CCMV-ASNase, we conclude

that there is no detectable free enzyme present in the solution and thus

that any observed activity must be the result of encapsulated ASNase.

Figure 4.3: ELISA of native ASNase, BlE-ASNase and ASNase-PSS, both

native and encapsulated in CCMV.
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4.2.3 Cryo-EM Reconstruction of ASNase loaded Par-

ticles

We used cryo-EM to analyse the structures of both BlE-ASNase and

CCMV-ASNase particles and we obtained a 3D reconstruction (3DR) for

each of the two sets of particles (Figures 4.4 and 4.5). In addition to the

loaded encapsulin particles (Figure 4.4A, white arrows), BlE-ASNase

samples contained heterogeneous vesicle-like structures (Figure 4.4A,

white arrowheads) that we discarded. Based on a 0.143 Fourier shell

correlation (FSC) threshold, the resolution was 4.5 Å for BlE-ASNase.

The outer diameter, determined from spherically averaged radial density

plots of the 3DR, was 236 Å and the inner diameter was 190 Å.

The encapsulin map is an icosahedral shell with an average thickness of

23 Å and the particle is based on a T = 1 lattice. The capsid-like particle

is formed by 12 slightly outward-protruding pentamers, with numerous

rod-like structures that correspond to α-helices (Figure 4.4B). The par-

ticles have numerous relatively small channels, ∼5-8 Å in diameter, that

extend through the protein shell, located at the two-, three-, and fivefold

axes, as well as around them (Figure 4.4C). Docking analysis showed

that BlE map was similar to the T = 1 encapsulin map of Thermotoga

maritima (TmE). The docked TmE crystallographic model (PDB entry

3DKT) matched with the secondary-structure elements of the cryo-EM

map (Figure 4.4D), indicating a similar fold for both encapsulins. In

addition, most pores in the TmE shell colocalized with the pores in BlE.

To infer ASNase-related cargo organization, 3DR of BlE-ASNase particles

were calculated without imposing icosahedral symmetry. The resulting

map (average resolution ∼12 Å) showed an irregular cargo density with

major connections to the inner surface of BlE close to the three-fold axis

(Figure 4.4E, arrow). While at least one tetrameric ASNase (PDB 3ECA)

is docked in this internal density, the internal volume of BlE (∼3.6·106

Å3) suggests that additional copies of ASNase can be encapsulated.
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Figure 4.4: (A) Cryo-EM image of ASNase-loaded encapsulin. Arrows

indicate BlE-ASNase; arrowheads point to vesicle-like material. Bar =

500 Å. (B, C) Radial color-coded map with icosahedral symmetry of BlE-

ASNase viewed along a two-fold symmetry axis contoured at 4 σ above

mean density. Outer (B) and inner (C) surfaces are shown. Arrows indi-

cate pores at the five-, three- and two-fold axes (D,4 and ◦, respectively).

(D) BlE-ASNase outer surface viewed along a three-fold axis, with docked

TmE atomic coordinates. Encapsulin monomers at the three-fold axis

are depicted in red, green and blue. (E) Radial color-coded map with-

out symmetry of BlE-ASNase from inside, with docked ASNase tetramer,

contoured at 2.5 σ above the mean density. Arrow indicates the major

connection to the inner encapsulin surface at the three-fold axis.
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CCMV-ASNase samples analysed by cryo-EM contained homogeneous

spherical particles (Figure 4.5A). Two-and three-dimensional classifica-

tion methods resulted in an icosahedral capsid with a T = 1 lattice of

200 Å in diameter, formed by 60 capsid protein subunits. Although the

number of particles included in the 3D map was very large, the resolution

for the CCMV-ASNase capsid was limited to 5.6 Å (0.143 FSC thresh-

old), suggesting a high structural flexibility for the icosahedral shell. The

capsid has large pores at the three-fold axes with a triangular shape (50

Å long each side), and at the five-fold axes the pores are 20 Å in diameter

(Figure 4.5B). After imposing icosahedral symmetry, the cryo-EM map

had a spherical density in the capsid interior with a ∼60 Å radius that

corresponds to the packed tetrameric ASNase (Figure 4.5C). Secondary

structural elements were identified by docking the CCMV capsid protein

X-ray map (PDB entry 1CWP) into the cryo-EM map. The concordance

of the two maps is clear except for the C-terminal end (residues 179-190)

of the capsid protein, which was adjusted to a neighbouring cryo-EM den-

sity. CCMV capsid protein dimers are the building blocks of this cage

(containing 30 dimers), with a well-defined dimeric interaction surface.

The hinge angle formed between capsid protein dimers was 48◦ (Figure

4.5E). In the swollen T = 3 CCMV capsid and in other phthalocyanine-

and glucose oxidase-loaded T = 1 capsids, the hinge angle is ∼60◦, and

the dimeric contacts are diminished.28,37 This suggests that the cargo af-

fects the dimer organization of CCMV, which could influence the whole

CCMV structure.
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Figure 4.5: (A) Cryo-EM image of CCMV-ASNase particles. Bar =

500 Å. (B, C) Radial color-coded map with icosahedral symmetry of

CCMV-ASNase viewed along a two-fold axis of symmetry contoured at 4

σ above the mean density. Outer (B) and inner (C) surfaces are shown.

CCMV-ASNase from inside shows docked ASNase tetramer in the internal

density. (D) CCMV-ASNase viewed down a five-fold axis from outside,

with docked CCMV protein atomic coordinates (red). (E) Capsid pro-

tein dimers in CCMV-ASNase T = 1 capsids. Side view (top), top view

(bottom). The hinge dihedral angle is indicated.
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4.2.4 Activity of Encapsulated ASNase

We used proton nuclear magnetic resonance spectroscopy (1H NMR) to

monitor the catalytic reaction, quantify the produced l-aspartate and

extract kinetic information. l-asparagine does not convert to l-aspartate

in D2O in the absence of ASNase (Figure 4.6). The 1H NMR spectra of

l-asparagine and l-aspartate show different chemical shifts, therefore, the

catalytic reaction can be monitored over time by 1H NMR spectroscopy.

The activity of the enzyme-constructs was monitored upon the addition of

10 mM l-asparagine to various concentrations (1 nM to 1 μM) of ASNase.

The average turnover number (Kcat) of the free ASNase was 42 ± 6 s-1

under the set conditions (Figure 4.7A).

Figure 4.6: Selected region of 1H NMR overlaid spectra of: 10 mM l-

asparagine (bottom); 10 mM l-asparagine after 24 h (middle); 10 mM

l-aspartate (top). All analyses were performed in D2O. With 1H NMR,

we found a clear difference in the chemical shift between the substrate (l-

asparagine, bottom) and the product (l-aspartate, top) of the conversion

catalysed by ASNase. Moreover, 24 h incubation of l-asparagine (middle)

without addition of ASNase does not affect the NMR spectrum; there is

no conversion of l-asparagine to l-aspartate in the absence of ASNase.
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(a) (b) (c)

Figure 4.7: 1H NMR spectra showing the conversion of l-asparagine to

l-aspartate as catalyzed by (A) native ASNase, (B) CCMV-ASNase and

(C) BlE-ASNase. The bottom line is at t = 0 with time increasing to t

= 22 h at the top.

Once the ASNase is modified by the PSS polymer, the Kcat decreases to

3.5 ± 0.1 s-1. Stephanopoulos et al. showed that modification of enzymes

can reduce its activity.38 This is often caused by changes to the tertiary

structure of the enzyme or the partial blocking of the active site. When

ASNase is encapsulated in CCMV, the Kcat was 5.2 ± 0.3 s-1 (Figure

4.7B). This is lower than the native ASNase but showed increased activ-

ity compared with non-encapsulated ASNase-PSS. These differences in

activity might be caused by stabilization of the enzyme by the capsid, as

seen previously for other VLP systems, but can also be caused by a differ-

ent local environment19 (e.g., pH, salt, and/or specific cations). However,

BlE-ASNase had a highly decreased conversion speed of Kcat = 0.0017 s-1

(Figure 4.7C).

The lower conversion with BlE-ASNase indicates that the activity is re-

duced after converting 5 mM l-asparagine (Table 4.1). After 2 h, 5 mM l-

asparagine is converted regardless of the substrate starting concentration,

which is slower compared to non-encapsulated ASNase. In the following

22 h, a significantly smaller amount of l-asparagine is converted (Table

4.1). The protein shell forming the encapsulin limits the passage of l-
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asparagine to the encapsulated enzyme, as opposed to the freely available

ASNase that has no protein shell surrounding it. The charge distribu-

tion on the walls of the narrow channels can be a major limiting factor.

However, the significantly reduced activity after 2 h in the presence of

BlE-ASNase suggests other reasons for this reduced activity, which is po-

tentially caused by product inhibition from l-aspartate remaining within

the encapsulin (Table 4.1). The negative charge surrounding the small

pores of the encapsulin (Chapter 3) can limit the passage of l-aspartate,

resulting in an increased local concentration. This diffusion limitation

was not observed for the CCMV-ASNase complex, presumably because

of the substantially larger pores in the CCMV shell (Figure 4.5B-C).28,39

Table 4.1: Conversion of different concentrations of l-asparagine to l-

aspartate by BlE-ASNase after 2 and 24 hours.

2 hours 24 hours

[Asn]initial (mM) Asn (%) Asp (%) Asn (%) Asp (%)

5 40 60 42.86 57.14

10 93.33 6.66 54.72 45.28

20 97.11 2.88 84.31 15.68

The percentage of converted l-asparagine depends its starting concen-

tration (Table 4.1). When starting at 5 mM, 60% of the substrate is

converted after 2 h, while for 10 mM starting concentration, only 6.66%

is converted and for 20 mM it is 2.88%. The exact percentages are not

completely accurate, as the low concentrations determined by the inte-

grals were on the lower limit of NMR detection. However, there is a clear

difference between the starting concentrations that is large enough to infer

that the first ∼1 mM of l-asparagine is converted within 2 h. Interest-

ingly, with the 5 mM starting concentration, the maximum conversion is
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reached within 2 h, as the l-asparagine:l-aspartate ratio is the same after

24 h. These data suggest that the conversion speed of l-asparagine to

l-aspartate is slowing down over time and reaches (near) 0 at this ratio

of 40:60 in the BlE-ASNase samples. This could be caused by product

inhibition of the enzyme; the l-aspartate does not leave the BlE.

The differences in activity between BlE-ASNase and CCMV-ASNase can

also be a result of the difference their synthesis; for CCMV-ASNase, AS-

Nase is bought, mixed with capsid proteins and encapsulated, while for

BlE-ASNase, the ASNase monomers and the encapsulin monomers are

formed simultaneously. In E. coli, the encapsulin is formed together with

the ASNase monomers; active tetramers of ASNase might not always

have been formed when they are encapsulated in BlE. This can explain

the reduced activity compared to CCMV-ASNase which encapsulates pre-

formed, active ASNase tetramers. Another potential disadvantage is the

56 amino acid C-terminal segment that is covalently bound to ASNase,

directing its encapsulation in BlE. This fragment might affect the enzyme

structure which in turn could reduce its activity.

4.2.5 Induction of ALL Cell Death by Encapsulated

ASNase

We studied the efficiency of encapsulated ASNase in inducing cell death

in ALL cells over 72 h and compared it with non-encapsulated ASNase

(Figure 4.8). We found that ASNase is effective in killing acute lym-

phoblastic leukemia (ALL) cells in the pM concentration range. Increas-

ing the concentration over 25 pM did not further decrease cell viability (P

< 0.001) and not all cells died (24 h samples, Figure 4.8A). Depletion of

l-asparagine does not instantly kill all ALL cells, but probably triggers

a cell death mechanism that takes time. Thus, sustained l-asparagine

reduction is preferred when used therapeutically.
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(a)

(b)

(c)

Figure 4.8: Cell viability after treatment with non-encapsulated ASNase

(A), BlE-ASNase (B) and CCMV-ASNase (C). For BlE-ASNase (B), the

x-axis is in nM instead of pM. We used BlE-mTFP as a control for BlE.

BlE-mTFP is BlE with monomeric Teal Fluorescent Protein cargo. CP

are the CCMV capsid proteins without ASNase cargo. ASNase-PSS is

ASNase modified with PSS without the CCMV protein cage.

75



4
Chapter 4

When encapsulated in BlE, ASNase activity is reduced and a 1,000x

higher concentration (nM range as opposed to the pM range for native

and CCMV-ASNase) is required for an effect similar to that produced by

native ASNase (Figure 4.8A and B). However, increasing the concentra-

tion to more than 25 nM does not increase cell death, which is probably

caused by the product inhibition. Alternatively, it also suggests that ALL

cell death probably is a process that takes time and adding more than a

specific amount of ASNase is not beneficial to the therapy.

In contrast to BlE-ASNase, CCMV-ASNase induces cell death in ALL

cells as effectively when compared with native ASNase (Figure 4.8C). At

the lowest concentration (up to 12.5 pM), CCMV-ASNase shows a higher

induction of cell death compared with that of native ASNase (Figure

4.8A) (P < 0.001). This suggests that the CCMV-ASNase does consist

of active tetramers and that the encapsulation imposes an improvement

in this effect over the free enzyme. However, it requires further study to

definitively support this hypothesis.

4.2.6 Discussion

The change in effective ALL cell death cannot be explained solely by the

difference in enzyme activity as measured by NMR. These measurements

showed a 2.5·104 and 8 times lower ASNase activity in encapsulin and

CCMV, respectively, compared to the unmodified enzyme. When com-

pared to the free ASNase, the induction of cell death is 103 times lower

for BlE-ASNase and is the same with CCMV-ASNase. Figure 4.8 shows

that BlE and CCMV subunits without the enzyme are not toxic at the

used concentrations and the observed reduced cell viability is therefore

only the result of ASNase activity (green in Figure 4.8B, grey in Figure

4.8C).
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A possible reason for this discrepancy is the increased stability of the

enzyme in either protein nanocage. The NMR experiments were done in

D2O, but the cell experiments were done in culture medium. This cul-

ture medium can affect free proteins and the ASNase can therefore be

degraded by both proteases that are present in the culture medium and

by the binding of medium components to the enzyme, which can induce

conformational changes of the ASNase or block the active site, for exam-

ple by inhibitors.40,41 As intended, the protein cages can form a protective

shell and thus prevent the inactivation of the ASNase, which was also ob-

served in literature for an unstable enzyme in a bacteriophage.19

While with cryo-EM we were able to analyse the structure of both BlE

and CCMV, the exact structural conformation of the ASNase cargo in

these cages remains unknown. For CCMV-ASNase, we added ASNase

modified with PSS to CCMV capsid proteins and these assembled into

particles, with one ASNase tetramer per particle based on the cryo-EM

data.28 There is no further structural modification of the enzymes and

they are already correctly folded before addition to CCMV capsid pro-

tein. We used the same non-encapsulated ASNase with and without the

PSS and they both showed high activity. The data suggest that the PSS

modification does not affect the ASNase structure.

For the BlE-ASNase, the tetramer formation and encapsulin loading hap-

pens in the bacteria and can therefore not be controlled. The exact fold-

ing and tetramer formation of the ASNase in BlE is thus unknown. With

cryo-EM we estimated the volume in the encapsulin cage that was filled

with ASNase cargo, which matched ∼1 tetramer. However, these data

are not conclusive and require additional study. Because of the different

orientations of the ASNase cargo in the encapsulin, it is difficult to obtain

a high resolution map of the cargo of the encapsulin.
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With SDS-PAGE we studied the number of ASNase monomers per encap-

sulin cage (Figure 4.2B), but the amount of monomers does not necessar-

ily correlate to correctly folded active tetramers. However, this does not

undermine the conclusion that the protein shell is an important barrier

for substrate and product crossing. If BlE on average contains more than

one active ASNase tetramer (SDS-PAGE data suggest 15 monomers (Fig-

ure 4.2C)), the induction of cell death is still 1,000x lower than CCMV

which contains one active ASNase tetramer. This is probably caused by

the differences in the diffusion of substrate and product into and out of

the protein shell. The most likely hypothesis is that both the influx and

efflux of l-asparagine and l-aspartate into and out of the encapsulin are

limited, but the low efflux of l-aspartate causes product inhibition.

BlE nanoparticles are resistant to degradation caused by changes in pH or

salt concentration.33 While in this setting CCMV-ASNase induces ALL

cell death at a 1000x lower concentration compared with BlE-ASNase, in

other settings the stability provided by BlE could provide a benefit over

other protein nanocages. Thus, it is important to study different protein

nanocages depending on the application.

4.3 Conclusions

We successfully encapsulated ASNase in both CCMV and Bl encapsulin.

We show that ASNase, when encapsulated, remains active. Depending on

the choice of nanoparticle, however, the activity of ASNase can be similar

to that of the native enzyme, or significantly altered. The cage porosity,

not only determined by the channel diameters, but also by the distribution

of channel charges, is a major factor to be evaluated. This principle

can be used to create monodisperse nanoreactors that contain enzymes

with specific activity. This is also seen in the cell experiments, in which

ASNase encapsulated in CCMV shows activity in inducing ALL cell death
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similar or even better to that of the native ASNase, while a 1,000x higher

concentration is required when encapsulated in BlE. Overall, we show

that the encapsulation of ASNase in protein nanocages holds potential

for combining enzyme therapy with the advantages of protein cages.
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4.5 Experimental Section

4.5.1 Materials

Buffers were prepared using double deionized water from a Millipore sys-

tem. Plasmids containing BlE with green fluorescent protein (GFP) cargo

were kindly provided by dr. Rurup. The encapsulin plasmids were cul-

tured in E. coli Nova Blue and expressed in E. coli Rosetta Gami (DE3).

CCMV was purified from the cowpea plant and its native genetic cargo

was removed to acquire the free capsid protein dimers (CP) according

to literature procedures.42 All reactions were carried out at 20 ◦C and

proteins and assemblies were stored at 4 ◦C. All other materials were

obtained from Sigma-Aldrich unless stated otherwise.
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4.5.2 Fabrication and Encapsulation of Negatively

Charged ASNase in Virus-like Particles

The enzyme loaded VLP complex was carried out similarly to literature

procedures,28,43 albeit with a different enzyme. To get negatively charged

ASNase, the enzyme was reacted to sulfo-EMCS (40 μM) (Thermo Fisher)

in phosphate buffered saline (PBS). This was purified using ZEBA 7k

MWCO columns (Thermo Fisher) and subsequently reacted with an ex-

cess of thiolated polystyrene sulfonate (PSS-SH) polymers of 20 kDa,

which were pre-incubated with an excess of tris(2-carboxyethyl)phosphine

(TCEP) to reduce the disulfide bonds. This was purified by SEC with a

GE Healthcare FPLC Äkta purifier 900 combined with a Frac 950 fraction

collector. We used a 10 mM NaCl, Tris HCl buffer (pH 7). Samples were

purified over a preparative column superose 6 10/100 GL (GE Health-

care) with a 24 mL bed volume. The purified ASNase-PSS complex was

encapsulated by mixing this with free CP in a 1:180 ratio, in assembly

buffer (50 mM Tris, 100 mM NaCl, 10 mM KCl and 5 mM MgCl2 pH 7.2)

and incubating overnight at 4 ◦C. The formed VLPs were again purified

using SEC.

4.5.3 Production and Purification of BlE-ASNase

We used the plasmid DNA from BlE with GFP cargo. This contained an

operon of GFP (with the spacer and affinity sequence that links the cargo

protein to the capsid proteins) and encapsulin genes. The gene coding

for GFP, which contained restriction sites at the beginning (XbaI) and

end before the spacer and affinity sequence (XmaI), was removed using

restriction enzymes. The gene coding for ASNase (Eurofins) was inserted

by ligation. The plasmid was inserted in E. coli Nova Blue bacteria using

heat shock membrane permeabilization and cultured to enhance plasmid

production. The plasmids were extracted from the E. coli Nova Blue

cells using QIAprep Spin Miniprep Kit (Qiagen) and inserted into E.
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coli Rosetta Gami DE3 bacteria. These bacteria were cultured and the

encapsulins were extracted according to a protocol based on work by

Rurup et al.,35,36 which is detailed in Chapter 3.

4.5.4 Dynamic Light Scattering

We performed DLS using a Nanotrac wave W3043 from Microtrac. Data

were extracted using the company’s software. The solution viscosity and

refractive index of water were used, as well as a refractive index of 1.54

for the sample.

4.5.5 Transmission Electron Microscopy

For conventional electron microscopy, 5 μL samples were applied to glow

discharged carbon-coated grids and negatively stained with 2% (v/v)

aqueous uranyl acetate. Images were acquired on a HEOL JEM-1011

electron microscope (JEOL Ltd., Tokyo, Japan) operated at 100 kV, with

a 4K·2.7K ES1000W Erlangshen CCD camera (Gatan, Warrendale, PA,

USA) at a nominal magnification of 24,000x.

4.5.6 SDS-PAGE

We performed SDS-PAGE on precast stain free 4-15% gels from Bio-

Rad. Known concentrations of the enzyme, BlE and CCMV were used to

estimate the encapsulation efficiency. A Bio-Rad protein precision plus

ladder was used as a reference. The SDS-PAGE was run on 200 V for 0.5

h with a denatured 10 μl sample mixed with 10 μl gel loading dye (Bio-

Rad) with 10% (v/v) β-mercaptoethanol. SDS-PAGE data were analysed

using image lab software (Bio-Rad).
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For additional purification the BlE-ASNase sample was re-purified by ul-

tracentrifugation through a 20-50% (w/v) linear sucrose gradient (273,620

x g, 1 h 15 min). The gradient was prepared in 20 mM Tris-HCl, 150 mM

NH4Cl, pH 7.5 buffer. Fractions (1 ml) were concentrated 10-fold by ul-

tracentrifugation (302,986 x g, 2 h). All purification steps were performed

at 4 ◦C. We collected fractions of the sucrose gradient and performed an

SDS-PAGE. Fraction 10 was used for cryo-EM.

The intensity of both proteins bands from fraction 10 were measured using

a Quantity One volume measure tool. The background signal to the inten-

sity measures was subtracted, thus resulting in a final normalized bands

intensity quantification. These quantification values were assumed to be

equivalent to ∼grams of proteins (2,268 for encapsulin and 766 for AS-

Nase). BlE and ASNase ∼moles were estimated dividing ∼grams by their

molecular weight (2,268 ∼grams/32 kDa) for BlE and (766 ∼grams/40

kDa) for ASNase. This resulted ∼moles = 71 for BlE and 19 for ASNase.

To calculate the molar ratio between these proteins the BlE moles were

divided by ASNase moles, resulting in a 3.75:1 ratio. This means that

per one ASNase there are ∼4 copies of BlE monomer. This means that

up to 15 copies of ASNase monomers are internalized inside of the T = 1

icosahedral capsid (a T = 1 capsid is formed by 60 copies of the coat BlE

protein). In other words, a maximum of three ASNase tetramers would

be encapsulated inside BlE.

4.5.7 ELISA

The ELISA was performed by incubating the samples at a concentration

between 10 and 0 nM on ELISA plates overnight, followed by 3x washing

with 1x PBS (pH 7) and blocking of the unreacted groups of the plate

with 10% bovine serum albumin. The plate was incubated overnight with

10,000x diluted rabbit IgG antibody for ASNase from Abcam and washed
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with PBS (as before). A Rabbit IgG Elisa kit from Abcam was used

according to the protocol of that kit. Absorbance was measured at λ =

450 nm on a Tecan i-control infinite 200 Pro as an endpoint measurement.

4.5.8 Cryo-EM and Image Processing

BlE-ASNase or CCMV-ASNase samples (5 μL) were applied to R2/2 300

mesh copper-rhodium grids (Quantifoil Micro Tools, Germany) and vit-

rified using Leica Automatic Plunge Freezer. Data were collected on a

FEI Talos Arctica electron microscope operating at 200 kV and images

recorded on a FEI Falcon III detector at a nominal magnification of 73,000

yielding a pixel size of 1.42 Å. A total dose of 30 electrons/Å2 was used

to record 148 (for BlE-ASNase) or 3,786 (for CCMV-ASNase) 40-frame

movies with a defocus range of 1.0 to 3.3 μm.

The frames of each movie were motion corrected, dose-weighted and

summed with the MotionCor2 frame alignment program.44 Contrast trans-

fer function parameters were determined with CTFFIND445 using un-

weighted summed images. Images showing a stigmatism and/or motion

signs were discarded, maintaining a total of 137 and 3,369 for BlE-ASNase

and CCMV-ASNase, respectively. General image processing operations

were performed using Xmipp46 and Relion.47 Graphics were generated by

UCSF Chimera.48 Particles were picked with the Xmipp automatic pick-

ing routine. Relion reference-free 2D classification was used to discard

bad particles, resulting in data sets of 9,548 and 383,770 particles for BlE

and CCMV, respectively.

3D classification imposing icosahedral symmetry (I2) with Relion resulted

in three classes using as a reference volume a model obtained with the

EMAN2 initial model routine,49 or the map of Zn-Pc loaded CCMV T =

1 capsid.37 The best classes (6,251 particles for BlE-ASNase and 237,489

particles for CCMV-ASNase) were iteratively auto-refined using Relion.
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The resolution reached was 4.48 Å for BlE-ASNase and 5.58 Å for CCMV-

ASNase. The best BlE-ASNase class was further 3D classified without

imposing icosahedral symmetry (C1) and the resolution was 11.83 Å.

The resolutions were based on the gold standard Fourier shell correlation

(FSC) FSC = 0.143 criterion corrected for the effects of a soft mask on

the FSC curve using high-resolution noise substitution. The resolutions

were obtained using the complete data set of 3D-selected particles. The

final density map was corrected for the modulation transfer function of

the detector and sharpened by applying the estimated B-factor.

The Chimera fitting tool was used to dock the atomic crystallographic

model of Thermotoga maritima encapsulin (PDB entry 3DKT) into our

cryo-EM encapsulin maps. Monomer corresponding to the chain A from

the T = 3 capsid of CCMV (PDB entry 1CWP) was first fitted as a rigid

body using UCSF Chimera. Then, the C-terminus (residues from 179 to

190) was docked as a jelly body using Coot version 0.8.750 to place them

in its appropriate density of the cryo-EM map.

4.5.9 Data Deposition

The I2 BlE-ASNase and CCMV-ASNase cryo-EM maps are deposited in

the Electron Microscopy Data Bank with accession numbers EMD-4606

and EMD-4607, respectively.
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4.5.10 Activity of Encapsulated ASNase

To prepare the samples for NMR, ASNase and the complexes were dis-

solved and diluted in D2O with 0.05% wt. 3 (trimethylsilyl)propionic-

2,2,3,3-d4-acid, sodium salt (TSP). Residual H2O and buffer constituents

were removed using ZebaSpin columns with an MWCO of 7 kDa. l-

asparagine was added and the l-asparagine depletion and l-aspartate

formation were analysed over time with NMR. All NMR experiments

were carried out in a Bruker Avance II 600 MHz spectrometer (14.1 T)

provided with a 5 mm triple-nucleus (TXI) probe head with z-gradients

coil with maximum gradient strength of 50 G/cm-1. Chemical shifts are

reported in ppm and referenced to TSP. 1H NMR water suppression pulse

sequence with excitation sculpting and gradients from Bruker pulse pro-

gram library was applied. The following NMR acquisition parameters

were applied: 64 scans, 1 sec delay time and 1.7 sec of acquisition time.

With the software Mnova (Mestrelab), the NMR data was processed.

With Mnova integrals were calculated and used to determine the con-

centrations of l-asparagine and l-aspartate, given the known starting

concentration and corresponding peak integral. During the reaction, the

integrals of the l-asparagine and l-aspartate peaks were added and the

percentage of each compound was calculated.

4.5.11 Induction of ALL Cell Death by Encapsu-

lated ASNase

To determine the induction of cell death by ASNase (either encapsu-

lated or not), we cultured the human ALL cell line SUP-B15 (ACTT)

according to the ACTT-CRL 1929 protocol. We used Iscove’s Modified

Dulbecco’s Medium (IMDM) that contained 4 mM l-glutamine, 4.5 g/L

glucose and 1.5 g/L NaH2CO3 which was supplemented with 20% (v/v)

fetal bovine serum (FBS), 100 U streptomycin and 0.1 mg Lpenicillin.
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Cells were seeded at 100,000 cells per well in a Greiner 96 well plate. To

these cells we added the ASNase in various formulations and concentra-

tions in a 1:10 (v/v) ratio. Cells were cultured at 37 ◦C, 5% CO2 for 24,

48 and 72 h, after which the samples were centrifuged at 125x g for 5

min in a 15 mL tube (Eppendorf Centrifuge 5702). The cell pellets were

resuspended in PBS. With a FACS ARIA II (BD Biosciences), 10,000

counts per sample were analysed. Just prior to the measurement, propid-

ium iodide was added to each sample to differentiate between alive and

dead cells, on which we based our cell viability percentage.

4.5.12 Statistics

The statistical analysis was performed using R 3.4.3 software. We used

a univariate ANOVA derived linear model to determine the statistical

differences between different concentrations within one treatment. Using

a t-test with pooled standard deviations, we calculated the significance

between treatments.
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Chapter 5

Uptake, Retention and

Immunogenicity of

Brevibacterium linens

Encapsulin in Cells

Abstract

While encapsulins could be useful as a vessel for enzymes to treat various

diseases or as a vaccine carrier, the effects of encapsulins on cells and that of

cells on encapsulins remain unknown. We analyse the uptake and processing

of Brevibacterium linens encapsulin and its cargo (monomeric teal fluorescent

protein) in various cell types and study the immunogenicity of these encap-

sulins in RAW264.7 and J774 macrophages. Increasing the understanding of

the interaction between encapsulin and cells allows for more specific modifica-

tions to the encapsulin to apply them in therapeutic applications.
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5.1 Introduction

Nanoparticles can be used to transport cargo, such as proteins, small

molecules and genes, to cells. However, different nanoparticles have differ-

ent uptake routes in cells since many aspects influence the internalization.1

The uptake route determines the fate of the nanoparticle and its cargo

after it enters the cell. Particles that end up in endosomes/lysosomes

are more prone to degradation than particles that enter the cell via ac-

tive membrane transport and end up in the cytoplasm.2, 3 For potential

medical use, it is important to know the fate of nanoparticles in the cells

and how this can be modulated. The more detailed the knowledge on

uptake and processing of nanoparticles in cells, the more specific a po-

tential modification can be made. In this chapter, we study the uptake

of encapsulins in various cells.

Encapsulins are bacterial protein nanoparticles in the size range of 20

- 40 nm.4 Their structure often adheres to a T = 1 or T = 3 icosahe-

dral symmetry and the structure consists of 60 or 180 protein monomers

that form the protein nanoparticle. In this work we use encapsulins de-

rived from Brevibacterium linens (BlE). While BlE naturally contains a

dye decolorizing peroxidase, we used BlE modified to contain monomeric

teal fluorescent protein (mTFP) cargo for easier detection in cell studies.5

The cellular uptake mechanism of encapsulins has not been studied yet,

but it is important to do so, because the uptake route determines the

fate of the nanoparticles after entering the cell.1 When transporting en-

zymes, the cargo has to pass the cell membrane but ideally does not end

up in lysosomal structures. When transporting genes, the cargo has to

end up in the nucleus, which requires it to pass the nucleic envelope as

well. Finding out the native uptake of encapsulins provides insight into

which modifications are required for optimal encapsulin uptake, but also

for prolonged encapsulin retention at a target site.
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Furthermore, since encapsulins are nanoparticles, they are more likely to

end up in immune cells such as macrophages when administered to people

compared to smaller molecules or non-foreign proteins.6 This means that

they are more likely to be broken down in the macrophages and trigger

an immune response.7 The latter is also more likely to occur given that

encapsulins are bacterial in origin. Therefore, we studied the immunolog-

ical response of encapsulins. The uptake of encapsulins in macrophages

is important in two ways: when encapsulins are used as enzyme carrier

the immune response is a side effect that should be prevented. On the

other hand when encapsulins are used as vaccine carrier they might ben-

efit from a stronger immune response.8

In this chapter we study the uptake of encapsulins in different cells and

the mechanism thereof. We predominantly focus on macrophages to study

the potential immune response triggered by encapsulin administration as

well. This study develops a method which could be of great advantage

when exploring potential modifications to enhance encapsulin properties

for targeted drug delivery.

5.2 Results and Discussion

5.2.1 Uptake of Brevibacterium linens Encapsulins

in Various Cells

To study the processing of encapsulins in cells, we loaded BlE with mTFP

(BlE-mTFP). The emission of this fluorescent protein can be analysed at

λem = 530/30 nm when excited at λex = 460 nm. First, we studied the

time it takes for encapsulins to be taken in HeLa cancer cells using 2-

(4-Amidinophenyl)-1H-indole-6-carboxamidine (DAPI) as marker for the

nucleus and Wheat Germ Agglutinin (WGA) for the cell membrane.

97



5

Chapter 5

Figure 5.1: Confocal microscopy images of the uptake of BlE-mTFP in

HeLa and C2C12 cells. The blue signal corresponds to DAPI (cell nuclei)

and WGA (cell membranes), the green signal corresponds to the mTFP.

Scalebars represent 20 μm for HeLa and 50 μm for C2C12 images.

In these HeLa cells we found no uptake of encapsulins. We studied the

uptake of BlE-mTFP in HeLa cells after incubating up to 24 h, with

different concentrations of BlE-mTFP (0 - 500 nM), based on previous

uptake studies in J774 cells.5 After incubation we removed the medium

containing the BlE-mTFP and fixed the cells (Figure 5.1, top row). Since

other protein nanoparticles are internalized by HeLa cells,9 this outcome

was unexpected. It is unlikely that the mTFP is broken down that rapidly,

meaning that the lack of signal is likely due to the lack of uptake of BlE-

mTFP. Hence, we chose a different non-macrophage cell line, C2C12, to

study the uptake. In the C2C12 cells, which are mouse myoblast cells,

we found minor uptake after 4 h and 24 h (Figure 5.1, bottom row).
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Figure 5.2: The uptake of BlE-mTFP in RAW264.7 macrophages as de-

termined by flow cytometry. The y-axis corresponds to the percentage of

cells that had mTFP taken up to a limit detectable by flow cytometry. In

the 24 h sample, the morphology of the macrophages changed, for which

the flow cytometry dot plot gating strategy had to be changed. The error

bars represent the standard deviation (N = 3).

The low uptake in cells is in line with research done by Moon et al.,10 who

also found no uptake of encapsulins in various cell lines (HeLa, HepG2,

KB and MDAMB231) unless they added targeting moieties on the exte-

rior. We chose the RAW264.7 macrophage cell line to study the uptake,

even though the uptake mechanisms are likely to be different compared

with non-macrophage cells like HeLa and C2C12.11

We found that the encapsulins are taken up slowly in the RAW264.7

cells (Figure 5.2). After 24 h all cells showed fluorescence at λem =

530/30 nm, indicating uptake of mTFP. Before all RAW264.7 cells had

internalized the mTFP (and thus probably BlE), 24 h had passed. This

also means that the mTFP cargo was still showing fluorescent signal, sug-

gesting that the cargo is protected from rapid degradation. Finally, the

uptake of BlE-mTFP resulted in morphological changes of the RAW264.7
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cells. We observed this by the changes in forward and side scatter from

the flow cytometry, suggesting differentiation of the macrophages.

The confocal microscopy analysis (Figure 5.3) showed that the RAW264.7

internalize the mTFP that was loaded in the BlE, suggesting that the en-

capsulins were also taken up. They remain in small clusters, indicating

containment in lysosomes, endosomes or similar small vesicles, and do not

enter the nucleus of the cell. LYSO-RED, which stains acidic organelles

like lysosomes, was not selective (Figure 5.3 and 5.4). Therefore, colo-

calization was impossible to indicate. But since the green signal is not

homogeneously spread but appears in “dots”, the mTFP cargo remains

contained in either the encapsulins or a different vesicle such as lysosomes.

Figure 5.3: The uptake of BlE-mTFP in RAW264.7 cells as determined

by confocal microscopy. By creating Z-stacks of the same X and Y coordi-

nates, we made a 3D rendition of the cells. Blue indicates the DAPI that

colours the nucleus. Red is the LYSO-ID Red Detection Reagent, which

stains lysosomes. Green indicates the mTFP cargo that was contained

in the BlE. The cells were incubated with 30 nM BlE-mTFP for 3 h and

subsequently fixed.
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Figure 5.4: RAW264.7 cells stained with LYSO-ID (except for C) A)

Untreated B) Chloroquine and C and D) BlE-mTFP encapsulin. Here,

100 nM BlE-mTFP was added and incubated for 24 h. Scalebars represent

20 μm.

We expanded the study with confocal microscopy in J774 cells, which is a

different mouse macrophage cell line. Here we found, after the cells were

treated with BlE-mTFP, a similar outcome to RAW 264.7 cells. Again,

the LYSO-ID red staining was not selective and there are “dots” of green

indicating the mTFP cargo, which co-locate with the encapsulin shell if

mTFP is still encapsulated (Figure 5.5). Given the similarity of the

results compared with the RAW264.7 macrophages (Figure 5.4), it is

likely that other macrophages do also internalize BlE-mTFP.
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Figure 5.5: J774 cells stained with LYSO-ID (except for C) A) Untreated

B) Chloroquine and C and D) BlE-mTFP encapsulin. Here, 100 nM BlE-

mTFP was added and this was incubated for 24 h after which the cells

were fixed. Scalebars represent 20 μm.

In both RAW264.7 and J774 macrophages, the mTFP cargo is present in

some cells after 3 h and, given that it is localized in “dots” in the cell, it is

likely that the mTFP cargo is present in the lysosomes or endosomes. If

the cargo is released from these vesicles, the whole cytoplasm would likely

be a homogeneous green. Despite endosomes and lysosomes breaking

down proteins and other foreign materials, the uptake in all the cells after

24 h indicates that the protein cargo (mTFP) is not broken down (Figure

5.2). As mTFP is a protein, it would likely degrade in the lysosomes. Its

presence after 24 h suggests that the BlE shell serves as a protective cage,

protecting the mTFP-cargo. Given that they are present in macrophages,

which are known to degrade protein entities,12, 13 the encapsulin shell has

a highly protective function.
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(a) (b) (c)

(d) (e)

Figure 5.6: Confocal microscopy images of RAW264.7 cells incubated for

4 hours with Bl-mTFP and subsequently fixed after 0 h (A), 2 h (B), 4 h

(C), 24 h (D) and 48 h (E). The green signal corresponds to the mTFP.

The scalebars represent 200 μm.

To further study what happens to encapsulins and the mTFP cargo after

they are internalized by RAW264.7 cells, we incubated the cells with 50

nM BlE-mTFP for 4 h, after which we removed the sample and replaced

it with medium. Then, after various timepoints, we fixed the cells and

analysed them with confocal microscopy (Figure 5.6). We found that

directly after 4 h incubation the RAW264.7 cells had taken up the mTFP

cargo and therefore likely the BlE (Figure 5.6A). The intensity of this
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signal remains similar after 2 and 4 h post-incubation (Figure 5.6B and

C). Interestingly, the intensity increases in the samples 24 and 48 h post-

incubation (Figure 5.6D and E). Given that the source of the green signal

(BlE-mTFP) was removed, the increased signal cannot be explained by

renewed uptake of BlE-mTFP. We suggest that the mTFP resides in the

encapsulins during the first three timepoints (up to at least 4 h). Given

that each encapsulin nanoparticle contains ∼12 mTFP monomers,14 it is

possible that self-quenching occurs.15 However, it has been suggested that

the “barrel” shape of fluorescent proteins has a protective function pre-

venting the quenching,16 which suggests that the mTFP structure might

be altered. This quenching is lost after 24 h post-incubation, when the

BlE shell is broken down and the mTFP cargo is released. It is proba-

ble that the BlE breakdown occurs in the endosomes and that the free

mTFP is instead released into the cytoplasm avoiding breakdown. This

hypothesis is supported by the fact that after 48 h post-incubation, the

signal is as intense as 24 h, and thus the mTFP is not degraded.

Given that macrophages are known to internalize larger particles, we

also studied the difference in uptake between mTFP and BlE-mTFP in

RAW264.7 cells (Figure 5.7). We found that mTFP is not taken up at

either 50 nM or 250 nM concentration for the first 2 h and that there

is a slight uptake after 24 h. This uptake is negligible compared with

mTFP encapsulated in BlE, which shows uptake after 2 h at 50 nM, and

high uptake after 4 and 24 h. The number of cells at 24 h is reduced

compared with 4 h, likely because of shortage of culture medium, since

the encapsulins were added in a 1:1 ratio to the medium. The reduction

of cell count is unlikely due to BlE being toxic, as there is also a low cell

count with the mTFP only samples. While the mTFP might be toxic,17

the mTFP is not internalized by the cells and mTFP has no extracellular

toxicity. The experiment demonstrates that the encapsulation of mTFP

enhances its uptake in RAW264.7 macrophages.
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Figure 5.7: Fluorescence of RAW264.7 cells after treatment with BlE-

mTFP and mTFP with different concentrations and incubation times.

The blue signal corresponds to the DAPI stain (nucleus) while the green

signal corresponds to mTFP. Scalebars represent 100 μm.
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5.2.2 Uptake Route of Brevibacterium linens En-

capsulin

We learned that encapsulins most likely end up in lysosomes, but the

exact route of uptake remains unknown. To study this uptake route, we

blocked various uptake pathways to determine which one is used by BlE.

First, we tested the efficiency of the blockers by studying the uptake of

dextran and polystyrene, which use specific pathways to enter cells. Table

5.1 provides an overview of the blockers, the pathways they block and the

pathways used by the control material.

Table 5.1: Overview of pathway blockers and control materials.

Blocker Blocking Pathway

Amiloride Macropinocytosis

Cytochalasin D Macropinocytosis and phagocytosis

Concanavalin A All pathways

Hyper sucrose All pathways

Control Uptake Pathway

Dextran Macropinocytosis

Polystyrene Phagocytosis

While dextran is taken up via macropinocytosis and polystyrene by phago-

cytosis, the blockers did not show a clear specificity; either they are not

specific (in RAW264.7 cells), or other uptake mechanisms are enhanced

by a feedback loop. Dextran is also taken up when the micropinocyto-

sis uptake pathway is blocked by amiloride, which should inhibit dex-

tran uptake. Polystyrene uptake is reduced by every used blocker, even

amiloride, which should not affect phagocytosis (Figure 5.8). These data

affect the analysis with encapsulins, given that the blockers are not com-

pletely blocking the selective pathways, or alternative uptake routes are

used when the main route is blocked.
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Figure 5.8: The uptake of dextran (A) and polystyrene (B) in RAW264.7

cells, when cell uptake pathways were blocked by various blockers. Error

bars represent the standard deviation (N = 3).

Encapsulin uptake appears to be affected more by the cell type than the

blocking of uptake pathways. In the RAW264.7 cells, the blocking of var-

ious uptake pathways does not affect encapsulin uptake, suggesting that

either the blocking did not work or that the encapsulins are internalized

by a different mechanism when one is blocked (Figure 5.9A). In J774

macrophages, the cell uptake is reduced by every blocker, suggesting that

encapsulins are not taken up by just one pathway, but that multiple path-

ways are involved (Figure 5.9B). This was also observed by de Ruiter et

al. with CCMV,9 a nanoparticle with similar dimensions as encapsulin

(Chapter 4).
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Figure 5.9: The uptake of BlE-mTFP in RAW264.7 (A) and J774 (B)

cells, when cell uptake pathways were blocked by various blockers. Error

bars represent the standard deviation (N = 3).

While the number of J774 cells that internalized BlE-mTFP was lower

when uptake pathways were blocked, we also found a difference in in-

tensity of the mTFP cargo in the cells. With both hyper sucrose and

cytochalasin D the intensity of the mTFP signal is lower compared with

both the amiloride and no blocker. The intensity is increased when more

mTFP and thus more particles are taken up by a cell. So, while not as

many J774 cells internalized encapsulins when blocked by amiloride, the

intensity of the fluorescent signal in cells that were not treated with a

blocker is similar. This suggests that the cells that did internalize encap-

sulin, did so in a similar amount. The other two blockers (hyper sucrose

and cytochalasin D) resulted in fewer encapsulins being taken up per cell

(Figure 5.10A).
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Figure 5.10: Intensity of BlE-mTFP when J774 (A) and RAW264.7 (B)

cells are blocked with various blockers. We used 10,000 hits per sample

for the flow cytometry analyses.

In RAW264.7 macrophages, the differences in intensity are clearer. While

the blockers did not reduce the amount of cells that took up the encap-

sulin, there is a difference in the amount of encapsulins that was taken

up per cell. Again, the blocking by amiloride did not reduce the amount

109



5

Chapter 5

of encapsulins taken up per cell, as the intensity is similar to the control

without a blocker. When treated with hyper sucrose or cytochalasin D,

the RAW264.7 cells take up fewer encapsulins per cell (Figure 5.10B).

These data suggest that the encapsulins are predominantly taken up by

micropinocytosis and phagocytosis. However, this is dependent on the

cell type to which the encapsulins are administrated and blocking one

pathway does not completely inhibit the uptake of encapsulins, which

suggests that multiple routes are used or that one pathway is enhanced

when another is blocked.

Therefore, these data are not conclusive enough to determine which up-

take pathway is the main route by which encapsulins are internalized by

macrophages. However, given that if blocking one pathway stimulates en-

capsulin uptake by a different pathway, multiple pathways are involved.

Additionally, there is a large difference between cell types on the final

encapsulin uptake.

5.2.3 Immunogenicity of Brevibacterium linens En-

capsulins in RAW264.7 Cells

Given that encapsulins are derived from bacteria, it is probable that these

encapsulin will induce an immunological response. To study this response,

we first investigated the differentiation of RAW264.7 macrophages by

studying the morphology of the cells in combination with analysis of clus-

ters of differentiation (CD). When RAW264.7 macrophages differentiate

into either M1 or M2 macrophages, their morphology changes, which we

determined with both microscopy and flow cytometry (Figure 5.11).
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Figure 5.11: RAW264.7 macrophages were incubated with LPS (M1 dif-

ferentiation), IL-4 (M2 differentiation), a combination of both, or neither.

We used 10,000 hits per sample for the flow cytometry analyses.

Figure 5.11 shows the different morphologies of the M1 macrophages (in-

duced by lipopolysaccharide (LPS))18 and M2 macrophages (induced by

interleukin 4 (IL-4))19 when analysed using microscopy. The M1 differen-

tiated macrophages also create a new subpopulation in the flow cytometry

experiment. This subpopulation is seen in the forward scatter set against

the side scatter, further verifying the morphological change.

Additionally, we used flow cytometry to study the CD86 and CD206

expression. These correspond to the M1 (CD86) and M2 differentiation

(CD206).20 While we found increased values of CD86 when the samples

were treated with LPS, we found no changes in CD206 expression in-

duced by IL-4. The CD analyses were not sufficient for further analysis

with BlE-DyP and BlE-mTFP, prompting us to use a different method

to study immunogenicity.
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Figure 5.12: NO levels in macrophages treated with different stimulants.

We used two types of mouse macrophages, J774 and RAW264.7. Error

bars represent the standard deviation (N = 3).

This method uses the principle that M1 macrophages produce nitric ox-

ide (NO), while M2 macrophages do not.21 Therefore, determining the

NO concentration using the Griess reagent can be used to study the

RAW264.7 differentiation. The LPS stimulated J774 and RAW264.7

macrophages, both resulting in increased NO levels, verifying the as-

say and the M1 differentiation of the macrophages after LPS treatment.

Stimulating the cells with IL-4, which induces M2 differentiation, does

not result in increased NO levels, as M2 macrophages do not produce

NO. Stimulation with encapsulins results in increased NO levels, sug-

gesting that the encapsulins induced M1 differentiation of macrophages

(Figure 5.12). These immunogenicity studies are very preliminary and

should be extended in later research, especially if encapsulins are to be

used for medical purposes, but they do suggest that encapsulins induce

an immunogenic response.
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5.2.4 Discussion

In this chapter we studied the uptake, retention and immunogenicity of

BlE in cells. This approach was quickly limited, because BlE are not

taken up in every cell type. We found no significant uptake in HeLa and

C2C12 cells, which corresponds to research done by Moon et al.,22 while

we did find uptake in two types of macrophages (J774 and RAW264.7).

Macrophages are more likely to take up encapsulins as macrophages take

up particles as part of their biological function.13 The specificity of cells

that do or do not take up encapsulins requires further study, but this

specificity can be utilized. If encapsulins are indeed not taken up in most

cell types, it could mean that non-specific targeting is reduced when en-

zymes or other particles are encapsulated in encapsulins and thus that

the encapsulins can be used as drug carriers. It does then, however, re-

quire a targeting system, such as the one introduced by Moon et al.10, 22

This increased specificity can be of benefit to many therapies as it could

reduce side effects and toxicity, while requiring a lower overall dose.

Additionally it is worthwhile to study the exact reasons why encapsulins

are not or poorly taken up by most cells, while similarly shaped and sized

protein nanoparticles, such as VLPs, are taken up.9 It is probable that

the surface of encapsulins is the primary reason for this lack of internal-

ization. Analysing this could lead to specific modifications on other drug

carriers, like VLPs or bacteriophages, that could limit unwanted cellular

uptake, increasing their possibilities to be used in medicine.

With the clear difference in uptake between mTFP and BlE-mTFP, we

demonstrate that encapsulins as a carrier can help increase the inter-

nalization of cargo in a cell. Often, protein cargo gets degraded in the

lysosomes, but our data suggest that with encapsulins, this issue is cir-

cumvented. We found that mTFP appears to be released from the en-

capsulins and resides in the cytoplasm of the RAW264.7 cells, where it
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remains stable for at least 24 h. This suggests that the encapsulin shell

protected the cargo in the lysosomes and releases the intact cargo in the

cell. It is plausible that the lysosomes degrade the encapsulins which

results in cargo release. This would make encapsulins a great candidate

for the delivery of therapeutic proteins and other molecules. However,

this requires additional study to conclusively determine the fate of encap-

sulins after internalization. This should also be studied with different cell

combinations with encapsulins that have exterior targeting modifications.

The selective uptake by macrophages in turn can be utilized for vacci-

nation purposes. If encapsulins are internalized only by macrophages and

they increase the internalization of the target cargo (an epitope), then

this could lead to an increased immune response. Encapsulating epitopes

in or adding them to the exterior of encapsulins could provide the basis

for new vaccine formulations, as was demonstrated by Lagoutte et al.23

While cancer cells can have increased uptake of particles because of the

enhanced permeability and retention effect,24 we found no increased up-

take in HeLa cells. Macrophages also internalize particles more actively

than other cells and we did find increased uptake in macrophages, but

only after 24 h; the uptake is gradual. The exact mechanism differs per

macrophage cell type, as demonstrated in the differences between J774

and RAW264.7 macrophages. Any further studies should take this into

account.

The uptake in macrophages is interesting because of the related immune

response, which can be both an advantage and a disadvantage. It is

advantageous if the encapsulins are used for vaccine purposes, in which

the increased uptake can trigger an increased immune response compared

with non-encapsulated antigens. If the cargo is a therapeutic enzyme

(such as l-asparaginase, described in Chapter 4), an immune response is

disadvantageous. This can potentially be countered by the modification
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of the exterior of encapsulins with polyethylene glycol or human serum

albumin, but this requires additional study.

5.3 Conclusions

The uptake of BlE is low in all the tested cells that were not macrophages.

In the macrophages the BlE-mTFP showed higher fluorescence intensity

caused by the mTFP cargo that was internalized compared with non-

encapsulated mTFP. In addition to the increased uptake, the encapsulins

are also able to protect the cargo from probable lysosomal degradation

and result in the cargo ending up in the cytoplasm. This principle makes

encapsulins interesting for future research in their function as a drug

carrier. This uptake in macrophages does result in an immunological

response, showing macrophage differentiation to M1, which means that

there is potential to use encapsulins as a vaccine delivery carrier.
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5.5 Experimental Section

5.5.1 Materials

All chemicals were obtained from Sigma-Aldrich unless stated otherwise.

Buffers were prepared using double deionized water from a Millipore sys-

tem.

5.5.2 Production of Encapsulins

The BlE were produced in the same fashion as described in Chapter 3. We

used a plasmid provided by dr. Rurup that contained the operon coding

for mTFP (with the spacer and affinity sequence on its C-terminus) and

BlE. This complex could be excited at λex = 460 nm and visualized using

an emission at λem = 530/30 nm.

5.5.3 Cell Culture

RAW264.7 cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s

Medium (DMEM) which contained 4 mM l-glutamine, 4,500 mg/L glu-

cose, 1 mM sodium pyruvate and 1,500 mg/L NaHCO3. This was supple-

mented with 20% (v/v) fetal bovine serum (FBS), 10 μg/mL streptomycin

and 0.2 mg/L penicillin. When at 80% confluence, the cells were split us-

ing trypsin to detach them from the T75 culture flasks. After 2 min, 4 mL

medium was added to deactivate the trypsin, after which the cells were

collected, centrifuged (Eppendorf centrifuge 5702; 1,500 rpm, 5 min), the

supernatant was removed and cells were resuspended in DMEM. Depend-

ing on the dilution, 0.5 - 1 mL was added to a new flask, filled to 10 - 12

mL DMEM and incubated at 37 ◦C and 5% CO2.

J774 cells were cultured similarly to RAW264.7. To detach the cells,

instead of trypsin, versene (Gibco) was added to the cells and this was

incubated for 5 - 10 min after which the cells were centrifuged.

116



5

Uptake, Retention and Immunogenicity of Brevibacterium linens
Encapsulin in Cells

HeLa cells and C2C12 were cultured similarly to RAW264.7 cells. The cul-

ture medium (DMEM) was instead supplemented with 2 mM l-glutamine,

1% (v/v) pen-strep and 10% FBS. During the cell splitting, the centrifu-

gation step was performed at 1,400 rpm for 4 min.

5.5.4 Encapsulin Uptake Study

For the analysis of the uptake of BlE-mTFP in various cells, first the cells

were cultured in a flat-bottom 96-wells plate at 5,000 cells per well. This

amount of cells was determined after optimization experiments. These

cells were incubated overnight at 37 ◦C and 5% CO2, after which differ-

ent concentrations of BlE-mTFP in PBS were added, always in triplo.

For the initial uptake studies to determine optimal incubation times and

concentration, a range from 0 - 500 nM BlE-mTFP was added and incu-

bated for 0.5 - 24 h. Next, the exposure medium was removed, washed

with PBS, fixed, stained with DAPI and WGA and analysed with confo-

cal microscopy.

To study what happens to BlE-mTFP after internalization, the cells were

incubated as before, but this time treated for only 4 h with 50 nM BlE-

mTFP. After 4 h, the medium with BlE-mTFP was removed and replaced

with new medium without BlE-mTFP. After various timepoints (0 - 48

h) the cells were fixed and analysed with confocal microscopy.

For the comparison between the uptake of mTFP and BlE-mTFP, the

cells were cultured as before, with BlE-mTFP or non-encapsulated mTFP

(that was purified during the FPLC step of the encapsulin purification)

being added at 50 or 250 nM concentrations and incubated for 4 or 24 h.

Next, the cells were washed, fixed and analysed with confocal microscopy.

The concentration of mTFP and BlE-mTFP was equalized based on the

λ= 458 nm peak determined using UV-vis. Analysis of just BlE showed
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no signal at λ= 458 nm, suggesting that this is a suitable method for the

determination of mTFP concentration.25

5.5.5 Uptake Mechanism Study

To study the uptake mechanism that is used to internalize BlE-mTFP,

RAW264.7 and J774 cells were seeded in 24-wells plates at 100,000 cells

per well. These were incubated overnight at 37 ◦C and 5% CO2. Next, 40

μM cytochalasin D, 7.5 mM amiloride, 250 μg/mL concanavalin A or 0.45

mM sucrose was added to the wells in a maximal volumetric ratio of 1:10

(blocker to medium). This was incubated for 30 min at 37 ◦C and 5%

CO2. Subsequently, 5 μM dextran (Thermo Fisher), 1 μM polystyrene

or 100 nM BlE-mTFP was added and this was incubated for 2.5 h at

the aforementioned settings. Following the incubation, the medium was

removed and the cells were detached with versene (Gibco). The samples

were centrifuged for 3 min at 300 x g and the pellet was resuspended in live

cell imaging solution (Thermo Fisher) and stained for life/dead analysis.

The cells were analysed with flow cytometry using λex - em 488 - 585/42

nm (Propidium Iodide), 488 - 530/30 nm (BlE-mTFP and polystyrene),

375 - 450/40 nm (Calcëın violet AM) and 633 - 660/20 nm (dextran)

filters.

5.5.6 Flow Cytometry

Prior to flow cytometry analysis, the cells were treated with the required

fluorescent labels by adding them to the medium and incubating for vari-

ous times. Subsequently, the cells were removed from the wells plate and

transferred, in medium, to 15 mL tubes. Then, the cells were centrifuged

at 125 x g for 5 min. The supernatant was removed and the cell pellet

was resuspended in PBS. Just prior to analysis with the flow cytometer,

propidium iodide (PI) was added to the sample and briefly incubated. PI

served as a stain for dead cells, which were excluded during the analysis.
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The cells were analysed with a FACS ARIA II (BD Biosciences) flow

cytometer until 10,000 counts were obtained. Using the forward scatter

(FSC) and side scatter (SSC), gates were set creating a subpopulation

of only single cells. Subsequently, a gate was set around the cells that

showed no fluorescence (PI-negative) at λex = 488 nm and λem = 585/42

nm. This way, only single, viable cells were selected for further analysis.

Depending on the assay, different analyses were performed. For CD86-

FITC and CD206-PE, the fluorescence was measured at λex = 488 nm and

λem = 530/30 and λex = 488 nm and λem = 585/42, respectively, without

the prior PI selection.

5.5.7 Fluorescence Microscopy

For the non-confocal fluorescence microscopy, cells were plated at a den-

sity of 2,500 cells per well on a 96-wells plate (Greiner) and incubated

overnight at 37 ◦C and 5% CO2. The next day, BlE or other treatments

were added and incubated for varying time points. After incubation, the

cells were washed with PBS for 5 min, after which they were fixed with 200

μL 4% formaldehyde for 10 min. Next, the cells were washed three times

with PBS for 5 min. After fixing the cells, they were stained with 100 μL

4’,6-diamidino-2-phenylindole (DAPI (Thermo Fisher), diluted 1:10,000)

for 10 min to stain the nucleus. After two washing steps with PBS, 50

μL Wheat germ agglutinin (WGA (Biotium)) was added and incubated

for 20 min to stain the cell membrane, followed by two more wash steps.

The cells were analysed with a Olympus IX71S1F-3 microscope equipped

with an X-cite Series 120 pc Q laser and an Olympus TH4-200 lamp.

Fluorescence excitation and emission were done at λex = 360 - 370 and

460 - 490 nm and λem = 460 and 525 nm.
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5.5.8 Confocal Microscopy

For the confocal microscopy, cells were cultured in flat bottom 96-wells

plates. After treatment and fixing the cells, they were analysed using a

Nikon Confocal A1 microscope with NIS-Elements software. The laser

settings that were used were λex - λem of 405 and 425 - 475 nm for DAPI

and WGA, 488 and 500 - 550 nm for mTFP and 561 and 663 - 738 nm

for LYSO-ID RED, respectively. Images were processed with ImageJ.

5.5.9 NO Detection with Griess Reagent

The Griess reagent is used to detect NO2
-, the oxidized product of ni-

trogen oxide (NO). A calibration curve was made by creating nitrite free

water by degassing Milli-Q with helium and then dissolving NaNO2 in

it. Next, 30,000 RAW264.7 cells were plated per well on a 96-wells plate.

The cells were treated with various materials; BlE-mTFP, LPS, IL-4 and

PBS as a negative control. After 4, 8, 24 and 48 h incubation at 37 ◦C, 5%

CO2, the liquid was recovered and mixed 1:1 with Griess reagent mod-

ified. After incubating for 15 min, the absorbance at was measured λ=

540 nm using a Tecan Infinite 200 Pro, in triplo.
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Exterior Modification of

Thermotoga maritima

Encapsulin with EETI-II

Knottins

Abstract

A big hurdle for the use of protein based drugs is that they are easily degraded

by proteases in the body. We demonstrate the possibility to functionalize Ther-

motoga maritima encapsulins with an mEETI-II knottin miniprotein from the

cysteine stabilized knot class. The resulting particles did not show aggregation

and retained part of their protease inhibition function. This resulted in protec-

tion from trypsin induced degradation of the protein cage. The used chemistry

is easy to apply and thus suitable to protect other protein systems from degra-

dation. Moreover, this proof of principle opens up the use of other knottins,

which can be attached to protein cages to create a heterofunctionalized protein

nanocage. This allows for example specific targeting and tumor suppression.

Overall, this is a promising strategy to chemically modify a protein cage.

R. Klem, M. V. de Ruiter, J. J. L. M. Cornelissen; “Protecting Encapsulin Nanopar-

ticles with Cysteine-Knot Miniproteins”, Mol. Pharm., 2018, 15, 2991-2996.
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6.1 Introduction

Protein based formulations are increasingly used in drug applications due

to their high efficiency and biocompatibility. They are applied as for ex-

ample recombinant protein vaccines,1 as treatment for cancer2 and show

promise for the treatment of other diseases.3 One of the major drawbacks

of proteins as drugs is the reduced bioavailability, in part because these

get degraded by proteases. To protect the proteins from degradation, they

can be functionalized with polymers such as polyethylene glycol (PEG),

which can increase efficacy but this still has various drawbacks related

to the specificity of glycosylation.4 To address the issue of protease-based

protein degradation more specifically, we seek to improve the stability of

proteins using a modification strategy based on knottins.

Knottins are a class of miniproteins that are natural enzyme-inhibitor

toxins. Their defined cysteine-stabilized knot structures result in a high

thermal stability, protection from proteases5 and allow a great degree

of freedom to modify their loops.6 The modified loop peptide sequence

can be used for high affinity binding onto specific receptors and pro-

teins, which exceeds the binding affinities of free peptides. Therefore,

these short peptides hold great promise as stable and cheap antibody

substitutes. A multitude of knottins and their derivatives have been

developed or found in nature and are combined in a database.7,8 They

function as analgesics,9,10 antimalarials11 and pesticides.12 Knottins are

not immunogenic6 and can function in a variety of medical ways, such as

anti-cancer drugs, anti-viral drugs and in vivo imaging.13,14

Knottins can also be used to inhibit specific proteins, such as trypsin,

which is inhibited by the Ecballium elaterium trypsin inhibitor II (EETI-

II) knottin, which can be modified while maintaining its structure.15 The

EETI-II knottins have three specific loops and one of these loops has a

specific amino acid sequence that blocks the active site of trypsin using
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competitive inhibition.16 Sankaran et al. showed, using a kinetic anal-

ysis, that the inhibition is a mix of competitive and non-competitive

inhibition.13 This inhibition has a ∼10 nM affinity,17 which is caused by

the specific amino acid sequence combined with the specific shape of the

loop that is formed by the cysteines in the knottin.18 This makes EETI-II

a suitable candidate for our study, given that trypsin is a main protease

component of the digestive system of many vertebrates. Thus, trypsin is

an important target in order to protect the protein of interest.

Protein-based nanocages are a class of protein materials that can ben-

efit from such extra protection. These protein nanoparticles can func-

tion as biocompatible and biodegradable drug delivery platforms that can

be used for the delivery of for example active small molecules, genes,19

proteins20 and nanoparticles.21 Protein cages include viruses, ferritins and

recently discovered bacterial nano- and micro-compartments, including

encapsulins. Encapsulins derived from Thermotoga maritima (TmE) are

an especially interesting protein cage because of their native stability at

high temperatures and over a wide pH range. TmE are icosahedral parti-

cles of 22 nm with a T = 1 symmetry, consisting of 60 capsid protein (CP)

monomers,22 which can load foreign cargo.23 On each of these monomers

one cysteine group is solvent exposed, allowing specific chemical modi-

fications that can alter the encapsulin exterior and functionalize it in a

controlled and defined manner.24

In this study, we genetically modified the EETI-II knottin to create a

flexible and accessible N-terminus and we replaced the only lysine in the

native knottin with a serine to avoid binding to other binding sites. We

connected this knottin to TmE with a heterofunctional linker (EMCS)

and created a functionalized protein nanocage with trypsin inhibitive

properties.
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6.2 Results and Discussion

6.2.1 Availability of Thiol-groups on the Tm Encap-

sulin Exterior

The production of TmE resulted in ∼20 nm sized nanoparticles as mea-

sured with DLS and FPLC (Figure 6.1). To verify that the thiol groups

were available for binding, we reacted TmE with Oregon Green 488

maleimide-coupled dye. This was purified and subsequently analysed us-

ing UV-vis. Using the peak at λ = 488 nm, which corresponds to the

Oregon Green 488 absorption, and ε = 70,000 M-1 cm-1, we determined

the Oregon Green 488 concentration to be 2.49 μM by using the Lambert-

Beer law (Equation 6.1).

A = ε ∗ C ∗ d (6.1)

(a) (b)

Figure 6.1: Structural analysis of TmE with A) DLS and B) FPLC. With

FPLC, we collected fractions corresponding to the peak at 12.5 mL.

The peak at λ = 280 nm corresponds to TmE which, when corrected for

the Oregon Green 488 using a correction factor of 0.12 at λ = 280 nm

and ε = 36,565 M-1 cm-1, was used to calculate a TmE monomer concen-

tration of 9.50 μM. This gives a degree of loading of 26.2%, yielding 15
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dyes per encapsulin nanoparticle (Figure 6.2). This verified that the thiol

groups on the exterior of TmE can be modified using maleimides. How-

ever, the binding efficiency of Oregon Green 488 could not be increased

beyond 26%, likely because the thiols from the cysteines that are accessi-

ble on the exterior, Cys 123, reside in a pocket22 and these might become

hindered. This results in less accessible thiol groups. Additionally, be-

cause encapsulins are a dynamic system, even if the Oregon Green 488

dye enters the pocket, the orientation of the thiol group can be different,

preventing the binding of the dye.

Figure 6.2: UV-vis spectrum of TmE with maleimide coupled Oregon

Green 488 dye attached to the exterior thiol groups.
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6.2.2 Production and Activity of EETI-II knottins

To selectively bind the EETI-II knottin to TmE, we modified the EETI-II

genetic sequence to replace a lysine from one of the loops with a serine

(mEETI-II). This makes the N-terminus the only available binding site for

bio-orthogonal binding with NHS-ester substitution. Furthermore, both

the original and modified knottins where expressed in Escherichia coli

with a flexible N-terminal linker. To verify that the knottins were suc-

cessfully formed and produced, we performed MALDI-TOF. For EETI-II

knottin, the expected weight was M = 3,589.1 D and the observed weight

was M = 3,590 D. For mEETI-II, which was derived from EETI-II but

with the replaced lysine, the expected weight was M = 3,548 D and the

observed weight was M = 3,548.9 D (Figure 6.3).

(a) (b)

Figure 6.3: MALDI-TOF analysis of EETI-II knottin (A) and mEETI-II

knottin (B).

130



6

Exterior Modification of Thermotoga maritima Encapsulin with EETI-II
Knottins

(a) (b)

(c) (d)

Figure 6.4: Differences in trypsin activity by A) EETI-II, B) mEETI-II,

C) RGD-knottin and D) trypsin inhibitor from bovine pancreas. The

y-axis indicates the difference in absorbance compared with t = 0.

Thus, EETI-II knottins were correctly produced and altered to mEETI-II.

To determine the inhibitory capabilities of the knottins, they were mixed

with trypsin and added to the Na-Benzoyl-L-arginine 4-nitroanilide hy-

drochloride (L-BApNA) substrate. Upon cleavage by trypsin, L-BApNA

forms para-nitroaniline and the absorption at λ = 405 nm increases. The

mEETI-II knottin shows similar trypsin inhibition compared to the EETI-

II knottins (Figure 6.4A and B). The control sample (RGD knottin)26

did not inhibit trypsin (Figure 6.4C), while the trypsin inhibitor from

bovine pancreas showed minor trypsin inhibition (Figure 6.4D).
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6.2.3 Binding and Activity of Knottins to Thermo-

toga maritima Encapsulin

We connected EMCS to the amine group of the mEETI-II knottins and

reacted this to the TmE. The mEETI-II knottins cannot be distinguished

with UV spectroscopy when attached to the protein nanocage – both

absorb at λ = 280 nm. The change in extinction coefficient (ε) of the

knottins (with the added tryptophan) is not significant compared with the

ε of 60 encapsulin monomers. Therefore, the main method of detection is

by monitoring the trypsin inhibition capacity of the knottins (comparable

to the experiments demonstrated in Figure 6.4). We found that TmE,

without functionalization with knottins, already inhibit trypsin activity.

Figure 6.5: Absorbance at 405 nm which is present when l-BApNA is

cleaved by trypsin. The x-axis shows the concentrations of the different

inhibitors. All measurements were performed after 1 h incubation. The

error bars indicate the standard deviation (N = 3).
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Compared to TmE, TmE-mEETI-II showed enhanced but not complete

inhibition within the concentration range studied but not as significant

as unbound mEETI-II. This is probably caused by steric hindrance of

the knottins by the encapsulin complex; the binding of a complex to

knottins is known to decrease the knottin activity.13 After 1 h and at 1 μM,

mEETI-II fully inhibits trypsin, TmE inhibits 32.43% and TmE-mEETI-

II inhibits 64.33%. At 0.5 μM, the difference between functionalized and

non-functionalized TmE is still significant (P ≤ 0.001 determined with

an unpaired t-test) (Figure 6.5). At lower concentrations, the effects of

TmE, either functionalized or not, are not significantly different from the

positive control.

(a) (b)

Figure 6.6: A) The rate of l-BApNA cleavage by trypsin in the presence

of TmE (•), mEETI-II (N) and TmE-mEETI-II (�). B) TEM images of

TmE encapsulins both protected and unprotected by mEETI-II knottins,

both before and after trypsin treatment. Scalebars represent 20 nm.
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We determined the rate of conversion based on the absorbance at λ = 405

nm using the slope in the linear range (t = 0 – 20 min). These data were

fitted with a sigmoidal fit with a dose response function using OriginPro

9.1 (Figure 6.6A). The EC50 of each compound was determined using

this fit; the EC50 for mEETI-II was 0.13 μM, for TmE-mEETI-II 0.73 μM

and for TmE the EC50 was ≥ 1 μM, but could not be fitted to a sigmoid

curve.

Figure 6.7: SDS-PAGE of TmE and mEETI-II before mixing (lane 1),

ladder (lane 2) and TmE-mEETI-II (lane 3). The TmE monomers have

a mass of ∼30 kDa (determined using ExPASy ProtParam). The TmE

monomers and the native TmE cargo (ferritin-like protein) are highlighted

by the arrows. We could not observe a difference between TmE monomers

that did and did not have an mEETI-II knottin attached to it due to the

small size of the knottin compared to the TmE monomer (3 kDa and 30

kDa, respectively). Other assays were also not sufficient to quantify the

amount of knottins bound to TmE.
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Equipping TmE with mEETI-II does not change the structure of the pro-

tein cages (Figure 6.6B). Both native TmE and the TmE-mEETI-II were

treated with trypsin, and with the TmE we found a complete loss of the

structural integrity. The TmE-mEETI-II did aggregate, but kept the in-

dividual cage structure (Figure 6.6B).

We performed SDS-PAGE to verify that no inhibition was caused by un-

bound mEETI-II in the TmE-mEETI-II sample. The filtration steps were

sufficient to remove unbound mEETI-II from TmE encapsulins, given the

absence of a band at 3.5 kDa in the SDS-PAGE experiments (Figure 6.7).

6.2.4 Discussion

In this study we used TmE as a model to functionalize protein nanocages

with EETI-II knottins. TmE can be functionalized specifically by bind-

ing compounds to the exterior cysteines, which we show are available for

chemical binding (Figure 6.2). Sonotaki et al. have PEGylated Rhodococ-

cus erythropolis N771 encapsulins demonstrating exterior modification.27

Specific functionalization has not been studied. Moon et al. genetically

engineered a targeting loop in TmE,24,28 but this method might be lim-

ited because they altered the monomers forming the encapsulin shell.

We chemically modified the encapsulins with the trypsin inhibiting knot-

tin EETI-II. The knottin required modification to prevent non-specific

binding. The native EETI-II knottin contains a lysine15 that could bind

the EMCS linker and connect the knottin to the encapsulin in such a

way that the active loop cannot be accessed. Therefore, we modified

the EETI-II knottin to replace the lysine with a non-reactive serine and

extend the N-terminus with an SGSGS-sequence to increase the length

between the knottin and the encapsulin surface. As shown using the

trypsin inhibition assay, these modifications were successful and did not

affect the knottin activity (Figure 6.3 and Figure 6.4A and B).
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Since EETI-II consists of 35 amino acids but contains no phenylalanine,

tyrosine or tryptophan, UV-vis detection is not possible. Thus, we added

a tryptophan to the C-terminus to both EETI-II and mEETI-II. This

allowed for UV-vis detection when the knottin was cleaved from the teal

fluorescent protein (TFP). However, when bound to TmE, which consists

of 60 monomers of 268 amino acids, the single tryptophan is not sufficient

to detect the presence of knottins attached to encapsulins. This makes it

impossible to use UV-vis absorption to determine the number of knottins

attached to one TmE.

To study this, the biological activity of EETI-II was used to determine if

it was bound to TmE. However, this proved to be non-conclusive. Non-

functionalized encapsulins have an inhibitory effect on trypsin (Figure

6.6A and Figure 6.3), probably caused by competition between TmE and

L-BApNA as substrate for trypsin. This EC50 is significantly lower than

TmE functionalized with mEETI-II. Here, the TmE show a significantly

increased inhibition, which we attribute to the presence of mEETI-II,

but they do not achieve similar EC50 as mEETI-II alone. Potentially, the

bulk of the TmE limits the inhibitory effect of mEETI-II. This issue can

potentially be overcome by using a longer linker, which results in a more

available knottin. But the data do suggest that the mEETI-II knottins

are bound to TmE and increase trypsin inhibition and thus TmE stability.

The hypothesis that mEETI-II functionalized TmE are more stable is

strengthened further by Transmission Electron Microscopy (TEM) anal-

yses. These show that TmE are degraded when trypsin is added, while

TmE-mEETI-II keep their individual morphological structure, but ag-

gregates are formed (Figure 6.6B). This could be a result of interactions

between the TmE–mEETI-II–trypsin complexes, or hydrophobic inter-

actions between TmE. The structural origin of this aggregation requires

further investigation.
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The chemical modification of TmE via the thiol groups is also demon-

strated and can be expanded beyond the use of knottins. Other molecules,

such as PEG, targeting moieties29 and tumor suppressors30 could be added

chemically to the TmE. Additionally, other reactive groups, including the

amines and carboxylic acid groups from the lysines and ascorbic and glu-

tamic acids, respectively, could be utilized for to create heterofunctionally

modified encapsulins.

6.3 Conclusions

In conclusion, we show the possibility to functionalize a protein, in this

case the Thermotoga maritima encapsulin nanoparticle, with mEETI-II

knottins. We can modify these knottins without affecting their activity

and use them to protect TmE from trypsin induced degradation. This

concept can be applied to other nanocages and proteins to protect them

from trypsin degradation or add a new functionality.
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6.5 Experimental Section

6.5.1 Materials

Chemicals were purchased from Sigma-Aldrich unless stated otherwise.

Milli-Q water was obtained by ultrafiltration (Millipore Adv. A10, 18

MΩ cm at 25 ◦C).

6.5.2 Equipment

UV-vis measurements to determine protein and DNA concentrations were

performed using a Thermo Fisher Scientific Nanodrop 1000 and a Perkin

Elmer Lambda 850 spectrometer. Standard quartz cuvettes with a 1 cm

path length were used. Kinetic absorption measurements for the trypsin

inhibitor assays were performed using a TECAN infinite 200 pro plate

reader. For TEM analysis samples (5 μL) were applied onto Formvar-

carbon coated grids. After 1 min, the excess of liquid was drained using

filter paper. Uranyl acetate (5 μL, 1% w/v) was added and the excess

of liquid was drained after 15 sec and the samples were dried for 30 min

at room temperature. Imaging was performed on an FEG-TEM (Phillips

CM 30) operated at 300 kV acceleration voltages. Dynamic light scat-

tering (DLS) measurements were performed using a Microtrac Nanotrac

Wave W3043. The viscosity and refractive index of water and the re-

fractive index of proteins (1.54) were used. Matrix assisted laser des-

orption/ionization time-of-flight (MALDI-TOF) analysis was performed

with a Waters MALDI SYNAPT G1 high definition mass spectrometer

on a sinapic acid matrix.
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6.5.3 Purification of Thermotoga maritima Encap-

sulin

TmE were produced and purified using the method described by Ru-

rup et al.25 and in the experimental section of Chapter 3. There were

slight modifications to these protocols to accomodate the fact that these

were different encapsulins. The protocol for the purification of TmE dif-

fers slightly from that of Brevibacterium linens encapsulins. The sample

was ultracentrifuged after RNAse addition at 234,000 x g, 17 h, 10 ◦C,

and subsequently dissolved the pellet in 1 mL encapsulin buffer (20 mM

Trizma base, 150 mM NH4Cl, 20 mM MgCl2, 1 mM β-mercaptoethanol,

pH 7.5).

6.5.4 Fluorophore Binding on Thermotoga maritima

Encapsulin

TmE were rebuffered to 0.1x PBS buffer with 0.1% (v/v) TWEEN-20

using Zeba spin 7k MWCO desalting columns (Thermo Fisher). Oregon

Green 488-maleimide dye was dissolved in DMSO at 1 mg/mL and mixed

with TmE in a 1:120 ratio (encapsulin to Oregon Green 488). The reaction

was incubated for 1 h at 21 ◦C and purified twice using the Zeba spin

column.

6.5.5 Molecular Cloning of (m)EETI-II Constructs

The molecular cloning of (m)EETI-II constructs was performed similar

to a protocol described by Sankaran et al.,13 but with several modifica-

tions. ssDNA sequences corresponding to the β-trypsin inhibitor knottins

were ordered from Eurofins MWG Operon, Germany. The 3’-terminal

contained a stop codon.
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The following genetic sequence was used for EETI-II:

GAATCCGGCTCCGGCTCCGGCTGCCCGCGTATTCTGATGCGTT

GCAAACAGGATTCCGATTGCCTGGCGGGCTGCGTGTGCGGCC

CGAATGGCTTTTGCGGCTGGTAA

and for mEETI-II:

GAATCCGGCTCCGGCTCCGGCTGCCCGCGTATTCTGATGCGTT

GCTCCCAGGATTCCGATTGCCTGGCGGGCTGCGTGTGCGGCC

CGAATGGCTTTTGCGGCTGGTAA.

The SGSGS-spacer is highlighted in blue, the lysine which was changed

to serine in bold and the added C-terminal tryptophan in red. The ge-

netic constructs had 5’ BsrGI and 3’ NheI restriction sites, which were

used to insert the gene behind the gene for TFP through restriction di-

gestion enzymes on the suppliers’ and the pET-15b plasmid. The samples

were purified with agarose gel electrophoresis, using Wizard R© SV Gel and

PCR Clean-Up System (Promega) followed by ligation with T4 DNA lig-

ase (New England Biolabs Inc.). The resulting pET15b TFP-knottin

plasmids were transformed to NovaBlue ultracompetent cells (Novagen)

and grown overnight on LB agar plates containing 100 mg/L ampicillin.

Plasmids were extracted from individual colonies using a Qiagen spin

miniprep kit and sequenced by Eurofins using a standard T7 terminal

reverse primer. Afterwards, the two different plasmids were transfected

into Rosetta Gami (DE3) pLysS competent cells (Novagen) and grown

overnight on LB agar plates containing 34 mg/L chloramphenicol and

100 mg/L ampicillin. Individual colonies were grown in LB medium con-

taining the mentioned antibiotics. For long-term storage, 15% glycerol

bacterial stocks were made, which were stored at −80 ◦C.
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6.5.6 Expression and Purification of (m)EETI-II

Knottins

The expression and purification of EETI-II and mEETI-II knottins was

performed according to the protocol by Sankaran et al.13 As an alternative

to the dialysis purification, size exclusion liquid chromatography (SEC)

was performed using an ÄKTA purifier with a Frac-950 fractionation

collector (GE Healthcare Life Sciences) equipped with a Superdex 75

10/300GL (GE Healthcare Life Sciences) column. Both methods yielded

comparable results. Concentrations of the knottins were determined from

the absorbance λ = 280 nm with an ε= 5,875 M-1 cm-1.

6.5.7 Binding of (m)EETI-II Knottins to Thermo-

toga maritima Encapsulin

The knottins were mixed with a freshly prepared batch of sulfo-EMCS (N-

ε-malemidocaproyl-sul-fosuccinimide ester, Thermo Fisher) solution at a

50x molar excess for 1 h at room temperature. The unreacted sulfo-EMCS

and side products were removed from the knottins using 3k MWCO cen-

trifugal filters (Amicon Ultra) with 3x buffer refreshment (0.1x PBS, 0.1%

(v/v) TWEEN-20). TmE was rebuffered to the same buffer using Zeba

spin 7k MWCO desalting columns (Thermo Fisher). The concentrations

of both knottins and encapsulins were measured with a nanodrop system

and the EMCS-knottins were reacted to the encapsulin at a 100x molar

excess for at least 1 h at 21 ◦C. The unbound knottins were removed by

applying a Zeba spin 40k MWCO desalting column on the TmE-mEETI-

II solution twice.
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6.5.8 SDS-PAGE Analysis of Trypsin Digestion of

Thermotoga maritima Encapsulin

Fifteen μL TmE, either with or without mEETI-II knottins attached to

it, were added to 15 μL of a 50/50 mixture of β-mercaptoethanol and

Laemmli sample buffer (Bio-Rad). The mixtures were incubated at 99 ◦C

for 5 min to denature the proteins. The samples were analysed with

SDS-PAGE on a 4 - 20% gel (Bio-Rad). The unstained ladder was 10

μL of Precision Plus ProteinTM Standard (Bio-Rad). Electrophoresis was

conducted at 100 V for 1 h. Gels where activated with UV-light for 5

min on a stain-free enabled UV transilluminator and imaged with a Gel

DocTM EZ system with Image Lab software (Bio-Rad).

6.5.9 Trypsin Assay

TmE were rebuffered to 0.1x PBS + 0.05% (v/v) TWEEN 20 with 7k

MWCO Zeba Spin columns. The samples were added to a flat-bottom

96-wells plate (Greiner) in triplo to a final concentration ranging from 0

- 1 μM. Trypsin was added to a final concentration of 0.1 mg/mL. Imme-

diately prior to analysis 10 μl L-BApNA was added (final concentration

142.2 μg/mL). We measured the absorbance at λ = 405 nm.
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Summary

Encapsulins are protein nanocages whose discovery by Sutter et al. has

created potential for a new area of study. While no applications have

been studied yet, the potential of encapsulins is evident from studies

demonstrating their potential to encapsulate different proteins and to use

encapsulins to transport therapeutic particles, such as dyes and metals.

From this foundation, that is described in Chapter 2, we explored the

possibilities of encapsulins in the following chapters.

This starts with the characterization of encapsulins. While the structure

of Thermotoga maritima encapsulin (TmE) was known and while there

is significant genetic similarity between different encapsulins, we found

that the structure of Brevibacterium linens (BlE) is slightly different. Us-

ing cryo-EM we were able to create a near atomic resolution map of the

∼20 nm particle, which is described in Chapter 3. Here we found that

while the fundamental structure of BlE likely consists of dimers, trimers

can also be observed. Additionally, the E-loop appears to affect the size

and structure of the encapsulins. Furthermore, we recognized loops on

the exterior of BlE that can be modified to connect various functional

molecules. While we did not place new exterior modifications on the BlE,

we were able to chemically modify TmE with a trypsin inhibitor (Chap-

ter 6). This demonstrated the potential to modify encapsulins and give

them additional functionality, which can be expanded with for example

targeting moieties, diagnostic tools and stabilizers.
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This modification was not limited to the exterior of encapsulins. It was

already demonstrated that encapsulins can accommodate non-native pro-

teins, but medically relevant cargo has not been studied. In Chapter 4, we

demonstrate the modification of BlE with l-asparaginase (ASNase). The

enzyme remained active, although its activity was decreased. We hypoth-

esize that this is due to the encapsulin shell being dense, as demonstrated

in the structural analysis in Chapter 3, limiting transport of the prod-

uct (l-aspartate). While this dense shell provides the protection for its

cargo (Chapter 5), it also affects the potential enzyme cargo. We also

found that the encapsulins with ASNase had a biological effect; acute

lymphoblastic leukemia cells died because of the BlE-ASNase. However,

this effect was not as pronounced as with the native ASNase and the AS-

Nase encapsulated in the more porous CCMV-based capsid. Potentially,

different enzymes for other medical purposes can be created and studied.

For medical applications a detailed understanding of their interactions

with cells is essential. This domain of encapsulins had not been studied

sufficiently before. In Chapter 5, initial studies on the internalization of

encapsulins and their potential immunogenicity are discussed. We found

that not all cells internalize encapsulins; both HeLa and C2C12 cells ei-

ther did not internalize encapsulins, or did so at a slower rate and only at

high encapsulin concentrations, while macrophages do internalize encap-

sulins. This demonstrates the potential that encapsulins have in targeted

drug delivery. Their native uptake in non-macrophage cells seems to be

very low, which would result in reduced side effects if encapsulins are used

for therapy.

150



Another potential issue is immunogenicity, as we did find M1 differentia-

tion in RAW264.7 macrophages that were treated with encapsulins. This

would reduce efficiency of encapsulins as a drug delivery system, but could

be beneficial if encapsulins are used for vaccine delivery.

We also found that the internal cargo (in our case mTFP) was not de-

graded by the macrophages even 48 h after incubation after being released

from the encapsulin. These data suggest that encapsulins are taken up in

macrophages, end up in lysosomes, are broken down, but do sufficiently

protect their cargo which in turn ends up in the cytoplasm. This also

demonstrated the potential for encapsulin as a drug delivery cargo sys-

tem and could be used in enzyme therapy.

All these aspects combined show that encapsulins have the potential to be

used as drug or vaccine carrier, but can potentially also be used for other

applications as well. However, these are just the initial steps. Further

research is required to create encapsulins with targeting loops and anal-

yse their specificity, to further study the internalization of encapsulins

and to test different, medical cargo. In this thesis the fundamentals of

encapsulins are explored and this thesis supports additional research.
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Samenvatting

Encapsulines zijn nanokooien die bestaan uit eiwitten. De ontdekking

ervan door Sutter et al. heeft een nieuw onderzoeksveld geopend. Hoewel

er nog geen praktische toepassingen voor encapsulines zijn, is de po-

tentie duidelijk geworden door studies die aantoonden dat encapsulines

verschillende eiwitten konden encapsuleren en dat encapsulines gebruikt

kunnen worden om therapeutische deeltjes, zoals kleurstoffen en metalen,

te transporteren. Vanuit deze basis, die beschreven is in Hoofdstuk 2,

hebben we de verdere mogelijkheden van encapsulines onderzocht. Dit

staat beschreven in Hoofdstuk 3 tot en met 6.

We beginnen met de karakterisatie van encapsulines. Hoewel de struc-

tuur van de Thermotoga maritima encapsulines (TmE) bekend was en er

significante overeenkomsten zijn in de genetische code van verschillende

encapsulines, observeerden wij dat de structuur van Brevibacterium linens

encapsulines (BlE) kleine verschillen vertoont ten opzichte van TmE. Met

cryo-EM hebben we een 3D map gemaakt met een bijna atomaire resolu-

tie van het ∼20 nm grote deeltje, hetgeen staat beschreven in Hoofdstuk

3. Hier ontdekten we dat hoewel de encapsulines zijn opgebouwd uit

dimeren, we ook trimer konden onderscheiden. Bovendien lijkt de E-

loop de grootte en structuur van het nanodeeltje te bëınvloeden. Tevens

vonden we lussen aan de buitenkant van BlE, die mogelijk gemodificeerd

kunnen worden om verschillende functionele moleculen aan te verbinden.
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Hoewel we geen nieuwe functionele groepen aan de buitenkant van BlE

hebben geplaatst, hebben we dit wel gedaan door aan de buitenkant van

TmE chemisch een trypsine remmer te koppelen (Hoofdstuk 6). Dit

toonde de potentie aan van het modificeren van encapsulines om ze een

nieuwe functionaliteit te geven, hetgeen gebruikt kan worden voor speci-

fieke targeting, diagnostisering en stabilisering.

De modificatie van encapsulines bleef niet gelimiteerd tot de buitenkant.

Er was al aangetoond dat encapsulines ook niet-natuurlijke eiwitten kon-

den bevatten, maar medisch relevante eiwitten waren nog niet getest.

In Hoofdstuk 4 staat de modificatie van BlE met als nieuwe lading l-

asparaginase (ASNase) beschreven. Het enzym bleef actief, maar de ac-

tiviteit was verminderd. Dit komt waarshijnlijk door de hoge dichtheid

van de encapsuline kooi die om de ASNase heen zat, zoals beschreven

in Hoofdstuk 3, waardoor de transport van het product, l-aspartaat, ge-

limiteerd was. Hoewel dit dichte omhulsel de lading beschermt (Hoofd-

stuk 5), lijkt het ook de activiteit van de enzym-lading te bëınvloeden.

De BlE-ASNase heeft ook een biologisch effect; acute lymphoblastische

leukemie cellen gingen dood na toedieding van BlE-ASNase. Dit effect

was niet zo groot als bij het meer poreuze op CCMV-gebaseerde cap-

side met ASNase. Andere enzymen, die gebruikt kunnen worden voor

andere (medische) toepassingen, zouden ook gemaakt, geëncapsuleerd en

bestudeerd kunnen worden.

Om encapsulines te gebruiken in medische toepassingen is het belangrijk

om een gedetailleerd begrip van hun interacties met cellen te hebben. Dit

domein van het onderzoek naar encapsulines was nog niet goed onder-

zocht. In Hoofdstuk 5 tonen we de eerste studies naar de opname van

encapsulines in cellen en de mogelijke immunogeniciteit van encapsulines.

Niet alle cellen nemen encapsulines op; in zowel HeLa cellen als C2C12

cellen was er geen opname of was er heel lage opname bij een relatief
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hoge concentratie encapsulines, terwijl macrofagen wel hoge opname bij

lagere concentraties toonden. Dit toonde de mogelijkheid om encapsu-

lines te gebruiken voor het specifiek toedienen van medicatie. De opname

van encapsulines is laag in cellen die niet macrofagen zijn en dit kan re-

sulteren in verminderde bijwerkingen als encapsulines gebruikt zouden

worden om medicijnen te transporteren.

Ook bleken de encapsulines te zorgen voor een immuun reactie, aangezien

we M1 differentiatie aantroffen in RAW264.7 macrofagen die behandeld

waren met encapsulines. Hoewel dit de efficientie van encapsulines als

transportsysteem voor medicijnen zou verminderen, kan het wel voordelig

zijn als de encapsulines gebruikt zouden worden voor het toedienen van

vaccins.

Tijdens deze celstudies bleek ook dat de lading van de encapsulines, in

dit geval het fluorescente mTFP, niet afgebroken werd door de macrofa-

gen, zelfs na 48 uur incubatie nadat ze uit de encapsulines waren gekomen.

Dit suggereert dat de de encapsulines, met lading, in de lysosomen terecht

komen en daar worden afgebroken, waarna de lading (mTFP) in het cy-

toplasma terecht komt. Ook deze resultaten bevestigen de potentie van

encapsulines om als transportsysteem voor medicijnen te functioneren en

om eiwitten specifiek toe te dienen. Dit kan gebruikt worden in bijvoor-

beeld enzyem therapie.

Al deze aspecten gecombineerd laten zien dat encapsulines de potentie

hebben om as transportmiddel te functioneren, maar dat er mogelijk ook

andere toepassingen zijn. Dit zijn echter wel slechts de eerste stappen.

Meer vervolgonderzoek is nodig om encapsulines te maken met modifi-

caties aan de buitenkant die ervoor zorgen dat specifieke cellen getarget

kunnen worden. Deze complexen moeten dan geanalyseerd worden om

hun specificiteit en opname van hun lading in kaart te brengen. Hiervoor
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kunnen ook verschillende ladingen die (medisch) relevant zijn gekozen

worden. In deze thesis staat de fundametele informatie die als bouwsteen

kan dienen voor dit verdere onderzoek.
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List of Abbreviations

ABTS 2,2’-azinobis(3-ethylbenzo-6-thiazolinesulfonic acid)

ALL acute lymphoblastic leukemia

AMP ampicillin

asn l-asparagine

ASNase l-asparaginase

asp l-aspartate

Bl Brevibacerium linens

BlE Brevibacterium linens encapsulin
◦C degree Celsius

CAM chloramphenicol

CCMV cowpea chlorotic mottle virus

CD cluster of differentiation

CP capsid protein

DAPI 4’,6-diamidino-2-phenylindole

DLS dynamic light scattering

DMEM Dulbecco’s Modified Eagle’s Medium

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DNAse deoxyribonuclease

DOL degree of labeling

DyP dye-decolourizing peroxidase

EC50 half maximal effective concentration

ELISA enzyme-linked immunosorbent assay



EM electron microscopy

EMCS N-ε-malemidocaproyl-oxysuccinimide ester

FBS fetal bovine serum

FLP ferritin-like protein

FPLC fast protein liquid chromatography

FSC Fourier shell correlation (EM-microscopy) or forward scatter (flow

cytometry)

GFP green fluorescent protein

IL interleukin

IMEF iron-mineralizing encapsulin-associated firmicute

IPTG isopropyl β-D-1-thiogalactopyranoside

L-BApNA Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride

LPS lipopolysaccharide

MALDI-TOF matrix assisted laser desorption/ionization time-of-flight

(m)EETI-II (modified) Ecballium elaterium trypsin inhibitor II

MWCO molecular weight cut-off

MxE Myocococcus xanthus encapsulin

NHS N-Hydroxysuccinimide

NMR nuclear magnetic resonance

OD optical density

PBS phosphate buffered saline

PCR polymerase chain reaction

PDB protein data bank

PEG polyethylene glycol

PfE Pyrococcus furiosus encapsulin

PI propidium iodide

PSS polystyrene sulfonate

RGD arginine-glycine-aspartate

RjE Rhodococcus jostii encapsulin

RNA ribonucleic acid

RNAse ribonuclease
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ROS reactive oxygen species

rpm rotations per minute

RT room temperature

SCC squamous cell carcinoma

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC size exclusion chromatography

SSC side scatter

TEM transmission electron microscopy

(m)TFP (monomeric) teal fluorescent protein

Tm Thermotoga maritima

TmE Thermotoga maritima encapsulin

TSP (trimethylsilyl)propionic-2,2,3,3-d4 acid

UV ultraviolet

VLP virus-like particle

WGA wheat germ agglutinin
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