
TOWARDS THE

DIRECTED EVOLUTION OF VIRUS-LIKE PARTICLES

DERIVED FROM POLYOMAVIRUSES

 Erik Teunissen



Towards the directed evolution of virus-like particles
derived from polyomaviruses
Erik A. Teunissen

Ph.D. Thesis

Department of Pharmaceutics, Utrecht Institute for Pharmaceutical Sciences,
Faculty of Science, Utrecht University, The Netherlands
June 2014

ISBN
978-90-393-6167-2

Cover
Erik A. Teunissen

Background
Dark matter distribution in the universe based on the Millennium Simulation (Springel, 2005)

Layout
Erik A. Teunissen

Print
CPI Wöhrmann Print Service, Zutphen

Copyright © 2014 Erik A. Teunissen
All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted by any means – electronic, 
mechanical, photocopying, recording, or otherwise – without written permission from the author. Although every precaution has 
been taken in the preparation of this book, no liability is assumed for damages resulting from the use of the information contained 
herein for any purpose, including, but not limited to, terrorist attacks and the manufacture of weaponized viruses or other weapons 
of mass destruction.



TOWARDS THE

DIRECTED EVOLUTION OF VIRUS-LIKE PARTICLES

DERIVED FROM POLYOMAVIRUSES

ter verkrijging van de graad van doctor
aan de Universiteit Utrecht

op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan,
ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen op donderdag 12 juni 2014
des middags te 4.15 uur

Op weg naar de gerichte evolutie van virusachtige partikels 
afgeleid van polyomavirussen

(met een samenvatting in het Nederlands)

door

Proefschrift

Erik Albert Teunissen

geboren op 9 juli 1986
te East Melbourne, Australië



Promotoren
Prof. dr. D.J.A. Crommelin
Prof. dr. P.J.M. Rottier

Copromotor
Dr. E. Mastrobattista

This research is supported by the Dutch Technology Foundation STW, which is part of the Netherlands 
Organisation for Scientific Research (NWO), and which is partly funded by the Ministry of Economic 
Affairs (project number 10243).



Take heed and bear witness to the truths that lie herein…
– Book of Cain





Table of contents
Chapter I General introduction 9

Chapter II Biomedical applications of virus-like particles derived from 
polyomaviruses

19

Chapter III Batch-to-batch variability of Escherichia coli S30 extracts can be 
reduced by normalizing S30 total protein content

51

Chapter IV Different proteins require different S30 extract protein concentrations 
for optimal expression

65

Chapter V Assembly of hamster polyomavirus VP1 into virus-like particles takes 
place in Escherichia coli but not after cell-free synthesis

81

Chapter VI Proof of concept for the directed evolution of virus-like particles 
derived from polyomaviruses

105

Chapter VII Detection of virus-like particles in serum by transmission electron 
microscopy and nanoparticle tracking analysis

129

Chapter VIII Investigation into combined nucleic acid – epitope vaccination with 
virus-like particles derived from hamster polyomavirus VP1

145

Chapter IX Summarizing discussion and future perspectives 167

Appendices Nederlandse samenvatting 185

Curriculum vitae 195

List of publications 197

Dankwoord | Acknowledgements 201





Chapter I
General introduction



10

CHAPTER I1



11

GENERAL INTRODUCTION 1

Introduction

Gene therapy

Cancer, single gene hereditary diseases, cardio-
vascular diseases, infectious diseases, neurologi-
cal diseases… These are just examples of dis-
eases that could, in principle, be treated or even 
cured by gene therapy [1]. Defective genes could 
be corrected, missing genes could be added, and 
unwanted genes could be silenced [2]. However, 
due to their large size, hydrophilic nature, strong 
negative charge and susceptibility to nuclease at-
tack, nucleic acids face impenetrable barriers and 
are rapidly degraded and cleared after injection [3]. 
This happens long before reaching their target, the 
interior – usually the nucleus – of diseased cells. 
Therefore, a lot of research has been undertaken 
in the development of delivery vehicles for nucleic 
acids. These vehicles should protect their cargo 
against degradation and specifically deliver the nu-
cleic acids to their target. They are broadly divided 
into two categories, viral and non-viral vectors.

Viral vectors

Viral vectors are gene delivery vehicles derived 
from viruses, in which part of the viral genome has 
been replaced by the nucleic acid cargo [4]. Viruses 
have naturally evolved to be the perfect delivery 
vehicles of genetic material [5]. It is this delivery of 
their genomes that allows them to reproduce and 
that causes disease in infected hosts. Viral vectors 
exploit these intrinsic delivery characteristics for 
the delivery of therapeutic nucleic acids [6]. They 
can be either replication-competent [7] or replica-
tion-defective [8]. In general, they are very efficient 
at delivering their cargo to cells, but they are dif-
ficult and expensive to produce [9], often have a 
narrowly defined tropism [10], have only a limited 
delivery capacity [11], and carry the risk of serious 
adverse reactions caused by their immunogenicity 
[12] and insertional mutagenesis [13].

Non-viral vectors

Non-viral vectors comprise a broad class of syn-
thetic delivery vehicles. They are usually based on 
complexes with cationic polymers or lipids [14], but 
can also be prepared using other materials, such 
as peptides [3], inorganic nanoparticles [15], and 
dendrimers [16]. These vectors benefit from rela-
tively cheap and easy production, are usually not 
limited in their delivery capacity, and are relatively 
safe compared to viral vectors. However, these 
vectors are still generally plagued by very low de-
livery efficiencies [17,18].

Virus-like particles

An ideal delivery vehicle would combine the ben-
efits of both systems, while eliminating the disad-
vantages [19]. As an intermediate between viral and 
non-viral vectors, virus-like particles (VLPs) might 
be able to fulfill this promise. VLPs are supramolec-
ular assemblies of viral structural proteins. These 
particles form spontaneously after the recombi-
nant expression of viral structural proteins and do 
not contain any viral nucleic acids. Some viruses 
even form such empty capsids as accidental by-
products of infection [20,21]. They resemble their 
native viral capsids in structure, stability, tropism, 
and transduction efficiency, but do not contain 
any viral genetic material [22]. Because of this, they 
retain the efficient delivery characteristics of viral 
vectors, but the lack of viral DNA ensures that they 
no longer possess the dangers associated with in-
sertion and reversion.
VLPs have been generated from different viruses 
of many distinct virus families [23]. Commercially, 
these particles are mainly used for vaccination. 
Several VLP-based vaccines are currently under 
clinical investigation [24,25], and some are already 
available on the market, such as the prophylactic 
human papillomavirus (HPV) vaccines Gardasil® 
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[26] and Cervarix® [27]. However, these particles also 
show potential for gene therapy.

VLPs derived from polyomaviruses

Of particular interest are the VLPs derived from pol-
yomaviruses. These VLPs are able to encapsidate 
double-stranded DNA in a sequence-independent 
fashion [28,29], allowing them to be used for gene de-
livery. These VLPs are relatively easy to produce; 
they do not require any post-translational modi-
fications and can form in prokaryotic expression 
systems after the expression of just one viral pro-
tein, the major capsid protein VP1 [30]. In chapter 2, 
we review the production and biomedical applica-
tions of these virus-like particles.
However, in their current format these VLPs cannot 
be used for gene therapy. For example, their limited 
natural tropism prevents them from transducing a 
wide variety of target cells, and pre-existing im-
munity will likely reduce efficacy. Therefore, we set 
out to modify these VLPs to improve their charac-
teristics for gene therapy.

Directed evolution of 
virus-like particles derived 
from polyomaviruses

Despite the considerable progress in the field of 
rational protein design, enabling the complete de 
novo design of enzymes with novel catalytic activ-
ity [31–33], it is still seemingly impossible to predict 
the ramifications of mutations for gene delivery 
vectors. Directed evolution, on the other hand, 
permits the alteration of proteins without prior 
knowledge of structure-function relationships. Al-
though this technique has mainly been used for 
the modification of enzymes (for recent reviews 
see references [34] and [35]), this technique is also 
suitable for the creation of novel viral vectors for 
gene therapy. Most of these studies have been per-
formed with adeno-associated virus (AAV) [36–43], 

but other viruses, such as adenoviruses [44,45] and 
retroviruses [46–49] have also been subjected to di-
rected evolution. Different properties, such as tro-
pism [40–42], stability [47], and immunogenicity [36,50], 
have been altered, demonstrating the potential of 
directed evolution.

Principle of directed evolution

Directed evolution relies on iterative rounds of di-
versification and selection to improve proteins in a 
process that mimics natural selection. Large librar-
ies of random mutants are created through high-
throughput combinatorial techniques, followed by 
selection of those mutants that possess desired 
properties. The principle of this technique is shown 
in figure 1.
Directed evolution begins with the selection of a 
starting point. This is usually a gene from nature 
with characteristics similar to those desired, just 
to ensure that the evolutionary gap is not too large 
to bridge. If several homologues are available, as is 
the case for polyomavirus VP1, these genes can 
be recombined through a technique called DNA 
shuffling to create a library of hybrid VP1 genes 
[51,52]. Diversification can also be achieved using 
other techniques, such as error-prone PCR [53] or 
random oligonucleotide insertion [54] (for an over-
view, see reference [55]). Before the libraries can 
be expressed, the genes have to be compartmen-
talized. Just like in cellular compartmentalization 
in life, the expressed proteins should be confined 
to the same space as their coding genes, thereby 
forming a link between the genotype and pheno-
type. This link ensures that the genetic origin of the 
selected proteins can later be uncovered, allowing 
the genes to be used for further rounds of directed 
evolution, or in the end for production. This com-
partmentalization can be achieved in vivo, by 
transforming the library into bacteria or by trans-
fecting eukaryotic cells, or completely in vitro, 
using a technique called in vitro compartmentali-
zation [56,57]. Next, the proteins are expressed. In 
the case of viral structural proteins, these proteins 
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Figure 1. Principle of the directed evolution of virus-like particles. First, the VP1 genes from several wild-type polyomaviruses are 
chosen as the starting point for directed evolution. These genes are then recombined through a technique called DNA shuffling to 
create a diverse library of hybrid VP1 genes. These hybrid genes are then compartmentalized in a protein expression system, fol-
lowed by protein expression. This way, the expressed VP1 proteins are confined to the same space as their coding genes, thereby 
forming a link between the genotype and phenotype. After expression, the VP1 proteins within a single compartment assemble to 
form VLPs, but can only encapsidate their own coding DNA, as they cannot leave their compartments. Once assembly is complete, 
the VLPs can be purified and subjected to selective pressure. VLPs with desired properties are isolated and DNA is extracted from 
them. This DNA can then be used for additional rounds of diversification and selection, further refining the properties of the VLPs. 
This process can then be repeated until sufficiently improved VLPs are obtained.

Library creation

Expression and
DNA packaging

Selection

Wild-type viruses Improved VLP

Compartmentalization
DNA recovery

VLP purification

Selected VP1 homologues

Library 
creation
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assemble to form VLPs, packaging their own cod-
ing DNA. We call these particles artificial viruses 
– VLPs that encapsidate their own synthetic ge-
nome. These VLPs can then be purified and, by ap-
plying selective pressure, mutants that possess 
desired properties can be selected. Several itera-
tive rounds of diversification and selection are per-
formed to obtain effective gene delivery vectors. 
By performing clever selection experiments, these 
vectors can be screened not only for transfection 
efficiency, but also other traits, such as immune 
evasion and tissue or organ specificity.

Aim of the thesis

In this project, we aimed to develop an evolution-
based method for the improvement of polyoma-
virus-derived VLPs for gene delivery. The original 
plan was to use a technique called in vitro com-
partmentalization (IVC) for this [56,57]. This tech-
nique uses micrometer-scale droplets of a water-
in-oil emulsion as compartments for directed 
evolution. The droplets each contain on average 
one gene from the library, and are formed by the 
emulsification of a cell-free expression (CFE) 
system, containing all components necessary for 
the transcription and translation of a gene. A com-
monly used CFE system is S30 extract, based on 
the soluble fraction of a lysate from the bacterium 
Escherichia coli (E. coli) after centrifugation at 
30,000 g [58–61]. This system is supplemented with 
the T7 RNA polymerase [62]. This way, the droplets 
form artificial cells that can express proteins from 
genes under control of the T7 promoter. Every mil-
liliter of emulsion contains approximately 1010 of 
these artificial cells, allowing the use of very large 
libraries [63]. This way, a very large part of the evo-
lutionary landscape can be screened. Most pub-
lished directed evolution experiments with viral 
vectors were performed with smaller libraries (up 
to 107 genes) [36,41,46,64]. Consequently, only single 
steps in the gene delivery process were changed, 
without taking into account the consequences 
these changes might have on other steps. By using 

such a large library, it might be possible to select 
for several steps at the same time.
We chose to use the VLPs derived from the hamster 
polyomavirus (HaPyV) as model vectors for most 
of our studies, because previous studies showed 
that these particles can be modified significantly 
without hampering VLP formation [65–68]. Moreover, 
these VLPs are not only promising vectors for gene 
therapy, but also for vaccine development. HaPyV 
VLPs can effectively display foreign epitopes on 
their capsid to induce strong immune responses 
[67,69,70].

Outline of the thesis

In chapter 1, the subject of this thesis is intro-
duced and its outline is presented.
In chapter 2, we highlight the structural charac-
teristics of VLPs derived from polyomaviruses and 
give an overview of their current applications in 
diagnostics, vaccine development and gene deliv-
ery.
In chapter 3, we investigated the high batch-to-
batch variability of S30 extracts with the goal of 
reducing it. We established how S30 extracts can 
be normalized after their production. Furthermore, 
we examined the influence of extract protein con-
centration on the yield of expression.
In chapter 4, we further investigated the relation-
ship between S30 extract protein concentration 
and the yield of expression. We tested this relation-
ship for the expression of several different proteins 
and verified this relationship using a commercially 
available extract. We also tested different condi-
tions, such as incubation time and temperature, 
and attempted to increase expression by adding 
excipients.
In chapter 5, we established that VLPs do not 
readily assemble after the cell-free expression of 
HaPyV VP1. In this chapter, we describe the many 
modifications to the CFE system we tested in an 
attempt to increase the assembly of VLPs to allow 
us to use this system for IVC.
In chapter 6, we give a proof of concept for the 
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directed evolution of polyomavirus VLPs after ex-
pression in eukaryotic cells. We demonstrate the 
existence of a genotype-phenotype linkage, and 
show that VLPs can be selected based on VLP for-
mation. We also demonstrate the possibility to cre-
ate diverse gene libraries from polyomavirus VP1 
homologues using DNA shuffling.
In chapter 7, we explored two approaches to study 
HaPyV VLPs in biological environments. First, we 
used a clonable tag based on murine metallothio-
nein to provide additional contrast for transmis-
sion electron microscopy (TEM). We investigated 
how such a tag influences VLP formation. Second, 
we used a technique called nanoparticle tracking 
analysis (NTA) for the detection of VLPs. We exam-
ined the possibility of using fluorescently labeled 

VLPs for the study of the stability and behavior of 
VLPs in serum.
In chapter 8, we explored the possibility of com-
bining DNA and epitope vaccination, based on the 
hypothesis that such co-delivery will lead to a 
synergistic effect. We prepared VLPs from HaPyV 
VP1 with model epitopes from ovalbumin inserted 
into surface-exposed loops, and investigated their 
immunogenicity using an in vitro antigen presen-
tation assay. We also investigated different strate-
gies for loading VLPs with plasmid DNA.
In chapter 9, the advancements presented in this 
thesis are summarized and their implications are 
discussed. Furthermore, several recommenda-
tions are presented that might benefit future re-
search.
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1. Introduction

Polyomaviruses (PyVs) are small, non-enveloped 
icosahedral viruses. Members include the type 
species simian virus 40 (SV40), the human JC 
(JCPyV) and BK polyomaviruses (BKPyV) and 
the murine polyomavirus (MPyV). Up to now, 
at least 32 different polyomaviruses have been 
identified, infecting both mammalian and avian 
species [1,2]. Originally identified for their ability to 
cause multiple types of tumors (hence the name), 
mammalian polyomavirus infections are usually 
asymptomatic. The human polyomaviruses are 
omniprevalent in the human population, but can 
cause serious illness in immunocompromised in-
dividuals [3,4]. The virus encodes three structural 
proteins, VP1, VP2 and VP3, which come together 
to form the viral capsid. However, capsid-like struc-
tures can also be formed upon overexpression of 
the major capsid protein VP1 alone [5]. This unique 
property of VP1 not only makes it an ideal protein 
to study mechanisms of protein self-assembly [6,7], 
but also enables the generation of virus-like parti-
cles (VLPs), particles resembling native virions, 
but devoid of genetic material. These VLPs are able 
to encapsidate DNA in a sequence-independent 
fashion [8,9], transfect mammalian cells, have a 
high insert capacity for peptide epitopes (e.g. for 
vaccination), and do not require post-translational 
modification to form [5,9]. Currently VLPs are mainly 
used for vaccination, but these particles also show 
potential for gene therapy, diagnostics and other 

biomedical purposes.
This review will focus on polyomavirus virus-like 
particles. We will first discuss their structure and 
origin, followed by the different production meth-
ods used to obtain these particles, the different 
methods to load these particles with therapeutics 
and the types of therapeutics loaded into the par-
ticles. Finally, their applications in the fields of di-
agnostics, vaccine development and gene therapy 
will be highlighted.

2. Structure

2.1. Polyomavirus structure

The crystal structure of several polyomavirus viri-
ons is known, including SV40 [10,11] and MPyV [12,13], 
while several other VP1 structures, some bound to 
receptor molecules, have been elucidated [13–20].
Polyomavirus virions are around 45 nm in diam-
eter and consist of 72 capsomers, arranged as a 
T=7 icosahedral capsid (see figure 1). These cap-
somers each contain 5 major capsid proteins VP1 
surrounding 1 minor capsid protein, either VP2 or 
VP3. The minor capsid proteins are encoded by the 
same coding DNA sequence, but translation of VP3 
is initiated downstream of VP2, forming an N-ter-
minally truncated form of VP2. The virion encapsi-
dates a circular double-stranded DNA (dsDNA) ge-
nome averaging 5000 base pair (bp) in size. This 

Abstract
Virus-like particles (VLPs), assemblies of capsid proteins devoid of viral genetic material, show great 
promise in the fields of vaccine development and gene therapy. These particles spontaneously self-
assemble after heterologous expression of viral structural proteins. This review will focus on the use 
of virus-like particles derived from polyomavirus capsid proteins. Since their first recombinant pro-
duction 27 years ago these particles have been investigated for a myriad of biomedical applications. 
These virus-like particles are safe, easy to produce, can be loaded with a broad range of diverse cargos 
and can be tailored for specific delivery or epitope presentation. We will highlight the structural char-
acteristics of polyomavirus-derived VLPs and give an overview of their applications in diagnostics, 
vaccine development and gene delivery.
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genome is condensed by host-derived histones 
(H2A, H2B, H3, and H4) forming a minichromo-
some [2,21,22].
VP1 is composed of three different regions. 
The central part of VP1 forms an antiparallel 
β-sandwich with a jelly-roll topology. Four differ-
ent loops protrude from the β-sheet core towards 
the exterior of the virion, designated BC, DE, HI, and 
EF (see figure 2) [10]. These surface exposed loops 
are highly variable [24] and confer receptor binding 
specificity [13,14,17,18].
The N-terminal region lies on the inside of the viri-
on [25] and mediates DNA binding [8]. The positively 
charged residues among the first 12 amino acids 
(aas) are essential for this interaction [25]. VP2 and 
VP3 have no DNA binding properties in MPyV [26], 
while in SV40 VP2 and VP3 do bind DNA [27]. Over-
lapping the VP1 DNA binding domain lies a nuclear 
localization signal (NLS) [28–30]. The Hamster poly-
omavirus (HaPyV) has an additional N-terminally 
extended form. The N-terminally extended VP1 
localizes to the nucleus, while the authentic VP1 
does not, indicating the presence of a NLS in this 

N-terminal extension [31].
The C-terminus of VP1 forms arms which extend 
into neighboring capsomers, binding them togeth-
er to form virions [10]. This is emphasized by trun-
cations of the C-terminus. While C-terminally trun-
cated VP1 does form capsomers, these capsomers 
cannot assemble to form normal VLPs [32–34]. How-
ever, complete removal of the C-terminus (69 aas) 
from HaPyV VP1 restores VLP formation [35].

2.2. Cell binding and tropism 

Most polyomaviruses bind sialic acid attached to 
gangliosides or other membrane compounds [14,36], 
though at least SV40 [37,38] and murine pneumotro-
pic virus (MPtV) [39] have different receptors.
Because sialic acid is present on (almost) all cells, 
the natural tropism of polyomaviruses is very 
broad. Most polyomaviruses can infect many dif-
ferent cell types and tissues [40]. Some polyoma-

Figure 1. Structure of SV40. The 45 nm icosahedral capsid con-
sists of 72 capsomers, each composed of 5 major capsid pro-
teins VP1 and 1 minor capsid protein VP2 or VP3. The image was 
created from PDB: 1SVA [11] using Chimera [23].

Figure 2. SV40 VP1 displaying its interior loop GH and its sur-
face-exposed loops BC, DE, EF and HI. The image was created 
from PDB: 3BWQ [17] using Chimera [23].
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viruses have a very limited tropism, such as the 
beta-lymphotropic polyomavirus (LPyV) [41].

2.3. Replication and assembly

After attachment most polyomaviruses are inter-
nalized in caveolae [36,42]. JC virus, on the other 
hand, uses clathrin-dependent endocytosis [43]. 
The viruses are subsequently transported along 
microtubules [42,44] to the endoplasmic reticulum 
(ER) [45], where the viruses are partially uncoated 
[46–48]. Nuclear targeting is mediated by the NLS of 
the capsid proteins [49], and nuclear entry is pro-
moted by VP2/3 [50,51].
Replication and assembly of the virus occurs in 
the nucleus, and nuclear localization of VP1 after 
translation is achieved by its NLS [28,29]. The high 
calcium concentration in the nucleus is required 
for the formation of VLPs [52,53]. 
In eukaryotic systems, chaperones of the hsp70 
family bind VP1 after translation and move with it 
to the nucleus [54]. Association of VP1 with hsp70 
occurs at the C-terminal domain of VP1, prevent-
ing premature calcium-mediated assembly of 

virions [55]. When recombinantly producing VP1 
in prokaryotic systems, the hsp70 homolog DnaK 
performs the same function [54]. However, by sup-
plying additional members of the prokaryotic 
hsp70 family, or the J-domain of the SV40 large T 
antigen, capsid assembly can take place without 
calcium [55].
As far as is currently known [56], only the SV40 ge-
nome contains a packaging signal [57]. This signal, 
ses, can bind transcription factors Sp1 and AP-2 [58]. 
These transcription factors recruit viral proteins to 
ses, conferring packaging specificity [59]. However, 
ses is not required for naked DNA packaging into 
SV40 VLPs [60], nor is DNA packaging required for 
virion formation. After replication, both DNA-loaded 
virions and empty virions are observed [61]. One 
report claims that these empty particles are ar-
tifacts formed during purification as the result of 
CsCl centrifugation [62].

2.4. Virus-like particles

Salunke et al. were the first to demonstrate the 
formation of polyomavirus virus-like particles [5]. 

Figure 3. Transmission electron microscopy (TEM) picture of HaPyV VP1 VLPs produced in E. coli. After lysis the VLPs were purified 
by sequential (ultra)centrifugation. Bar = 100 nm.



23

BIOMEDICAL APPLICATIONS OF VIRUS-LIKE PARTICLES DERIVED FROM POLYOMAVIRUSES

2

This was achieved by exposing MPyV VP1 to high 
ionic strength after overexpression in Escherichia 
coli [63]. These particles resemble the native viral 
capsid in structure, tropism and transduction effi-
ciency, but do not contain any viral genetic mate-
rial (see figure 3). These VLPs are not post-trans-
lationally modified, in contrast to wild-type virions, 
which are extensively modified by acetylation and 
phosphorylation [64–66]. Many PyV VLPs are able to 
agglutinate erythrocytes [67–70], although at least 
SV40, HaPyV [71], MPtV [39] chimpanzee polyomavi-
rus (ChPyV) [72] and finch polyomavirus (FPyV) [70] 
lack this ability.
PyV VLPs are stable for over a month at 4 °C in high 
salt (> 1 M), and can be further stabilized at low-
er ionic strength (0.15 M) by addition of calcium 
(0.5 mM) [5]. No morphological or immunological 
changes were observed after storage in phosphate 
buffered saline (PBS) at room temperature for at 
least 9 weeks [73]. PyV VLPs can be lyophilized and 
re-dissolved while remaining stable [74,75].
The VLPs are stabilized by disulfide bonds and cal-
cium ions, and both need to be broken or removed 
to disassemble VLPs [76,77]. Under certain condi-
tions, disulfide bonds do not seem to be necessary 
for VLP formation for MPyV [78]. However, mutation 
of all disulfide bonds in SV40 prevented the forma-
tion of VLPs [79], although no individual disulfide 
bond is required for SV40 virion formation [80]. 
Calcium ions stabilize VLPs by strengthening the 
bonds between capsomers [6,10,11]. Calcium plays 
a crucial role in the assembly and disassembly of 
PyV during infection [46]. Nuclear chaperones also 

aid the formation [55,60] and disassembly [81] of PyV. 
It has been shown that DNA inhibits VLP assembly 
[8]. However, studies with MPyV [82] and SV40 [83,84] 
indicated the opposite, showing that VLP assembly 
is in fact induced by DNA, even under dissociating 
conditions [82,84].
Next to being composed solely of VP1, VLPs can 
also be constructed using VP1 and the minor cap-
sid proteins VP2 and VP3 [85]. VP2/3 can promote 
the assembly of VLPs under otherwise dissociating 
conditions [86]. Early reports using transmission 
electron microscopy (TEM) found these VLPs to be 
morphologically indistinguishable from VP1 VLPs 
[85]. Later reports using the more sensitive asym-
metrical-flow field flow fractionation (AFFFF) with 
multiple-angle light scattering (MALS) showed 
that VLPs undergo morphological changes upon 
encapsulation of DNA and proteins [87–89].
Apart from the formation of T=7 icosahedral 
VLPs, it was also shown that VP1 can form other 
structures, depending on the solvent/buffer con-
ditions, including smaller T=1 and octahedral 
capsids [90–92].

3. Production systems

Different production hosts can be used for the ex-
pression and formation of PyV VLPs. The applica-
tion of these hosts for the production of PyV VLPs 
will be discussed below, along with their advantag-
es and disadvantages. For a summary, see tables 
1 and 2, and figure 4.

Table 1. Different systems used for the recombinant production of VP1.

Production system Post-translational modifications Nucleic acid contamination Yield

Prokaryotic 
production systems No A lot [93] 4.38 g per liter (GST-VP1) [94]

Yeast Yes Negligible [24,31,74,95,96] 0.2 g per liter (VP1) [97]

Insect cells Yes A lot [41,98] 1 mg per liter (VLP) [41]  
4 mg per liter (VP1) [99]

Mammalian cells Yes Yes [100,101] 1 mg per 225 cm2 flask (VLP) [100,101]

Cell-free expression Depends on the system used Yes 40 mg per liter (VP1) [102]
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3.1. Prokaryotic production systems

Bacteria were the first organisms to be used for the 
overexpression of VP1 [63] and production of PyV 
VLPs [5]. Since then, many other VLPs have been 
produced in prokaryotes (table 2). In all cases we 
could find, the production host was Escherichia 
coli (E. coli). VP1 produced in bacteria, in contrast 
to VP1 produced in eukaryotes, lacks post-transla-
tional modifications [5]. Assembly of VLPs usually 
does not occur within the bacteria, but rather as 
a result of the purification process [5,104], although 
JCPyV [93] and HaPyV [9] were shown to form VLPs 
inside bacteria.
VLPs purified from E. coli are frequently contami-

nated with nucleic acids. For example, JCPyV VLPs 
were associated with host DNA (~20 kb) and RNA 
(<2 kb) [93]. Such contaminations can be removed 
by reassembling the VLPs before use (see figure 
4) [82,114]. However, this has a negative impact on 
the yield. After reassembly, the yield was only 
1.5–1.8 mg MPyV VP1 per liter of bacterial culture 
[82]. Without optimization or reassembly the yields 
can be as high as 15 % total soluble cellular protein 
(10–15 mg per gram wet bacterial weight), as 
described for HaPyV [9]. More recently, Middelberg 
et al. have published several reports on an E. coli 
based platform for the large-scale production and 
purification of MPyV VLPs [94,115–118]. They inves-
tigated the effect of the host strain, expression 

Table 2. List of polyomaviruses along with the different systems in which their VLPs have been successfully produced. Only poly-
omaviruses for which at least one report showed the formation of VLPs have been included in the list.

Abbreviation Full name Forms VLPs after production in

Prokaryotic 
production 
systems

Yeast Insect cells Mammalian 
cells

LPyV Beta-lymphotropic polyomavirus Yes [41]

BKPyV BK polyomavirus Yes [95,96] Yes [103] Yes [101]

APyV Avian polyomavirus (Budgerigar 
fledgling disease polyomavirus) Yes [104] Yes [96] Yes [105] Yes [106]

HaPyV Hamster polyomavirus Yes [9] Yes [31] Yes [9]

JCPyV JC polyomavirus Yes [93] Yes [76] Yes [77] Yes [107]

MPtV Murine pneumotropic virus Yes [39]

MPyV Murine polyomavirus Yes [5] Yes [96] Yes [52,98] Yes [100]

SV40 Simian virus 40 Yes [108] Yes [96] Yes [85]

MCPyVa Merkel cell polyomavirus Yes [109] Yes [100]

ChPyVa Chimpanzee polyomavirus Yes [72]

CPyVa Crow polyomavirus Yes [70]

FPyVa Finch polyomavirus Yes [70]

HPyV6a Human polyomavirus 6 Yes [110]

HPyV7a Human polyomavirus 7 Yes [110]

HPyV9a Human polyomavirus 9 Yes [111]

TSPyVa Trichodysplasia spinulosa-
associated polyomavirus Yes [112]

GHPyVa Goose hemorrhagic 
polyomavirus Yes, with VP2 [113] Yes [113]

aNot officially classified as polyomavirus
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plasmid, and culture conditions on the expres-
sion. After optimization a yield of up to 180 mg 
soluble MPyV VP1 per liter of medium, or 90 mg per 
liter of medium for an easy-to-purify glutathione S-
transferase (GST) VP1 fusion, was achieved in low-
density shake flask cultures [115]. In high-density 
fed-batch cultures, yields of up to 4.38 g GST VP1 
fusion per liter of medium were reached [94]. Al-
though GST VP1 exists as large soluble aggregates, 
pure VP1 pentamers are obtained after cleavage 
of the tag [119], which can be reassembled to form 
VLPs [117,118]. Because bacteria do not require ex-
pensive serum-containing media, this allows for 
the cheap production of large quantities of VLPs. 
However, complete removal of the fusion tag, a 
requirement for pharmaceutical formulations, can 
pose a problem during manufacture.

3.2. Eukaryotic production systems

3.2.1. Yeast

Another well-established system for the produc-
tion of VLPs is yeast, where Saccharomyces cere-

visiae (S. cerevisiae) is typically used for this pro-
duction. Its GRAS (generally recognized as safe) 
status makes it perfectly suitable for the produc-
tion of therapeutics [31], and thus the human papil-
lomavirus (HPV) vaccine Gardasil® is produced in 
yeast [120].
The first PyV VLPs produced in yeast were HaPyV 
VLPs [31]. Authentic VP1 yielded VLPs mainly in the 
cytoplasm, while N-terminally extended VP1 VLPs 
were found both in the nucleus and in the cyto-
plasm [31]. This was in contrast to the same VP1 
expressed in insect cells, where VLPs were found 
only in the nucleus [9]. The particles appeared to be 
devoid of DNA, and only traces of RNA were found 
[24,31,74], making them suitable for vaccination pur-
poses. While this is generally the case for yeast-
produced VLPs, one study showed host and plas-
mid DNA uptake during production, although this 
DNA was not associated with host histones [97]. The 
yield of recombinant VP1 was 5–10 % of the total 
soluble protein (0.1–0.2 g per liter of medium) [24]. 
Later, the same group showed the expression of 
JCPyV, BKPyV [95], SV40, MPyV and avian polyoma-
virus (APyV) VLPs [96]. In all cases, DNA contamina-

Figure 4. Production and purification of PyV VLPs. In eukaryotic expression systems VLPs form in the nucleus (and sometimes 
in the cytoplasm) (a, b), while in prokaryotic expression systems VLPs generally do not form (c). After lysis VLPs are purified, 
followed by their disassembly into capsomers to remove internal contaminants (d). In the case of VP1 fusion tag constructs, VP1 
capsomers are purified by affinity chromatography followed by cleavage of the fusion tag. The capsomers are finally reassembled 
to form VLPs (e). Different cargos can be added during the reassembly, resulting in their encapsidation within the VLPs. These VLPs 
are then purified and formulated, leading to the final product (f). Reproduced with permission from reference [114].
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tion was minor, and could be removed completely 
by dialysis and nuclease treatment without reas-
sembly. The yield of VLPs was around 40 mg per 
liter of medium, except for APyV, which was only 
5 mg per liter of medium. In this case less VLPs 
were formed, while a regular amount of VP1 was 
expressed.
Not all yeast strains work equally well for the pro-
duction of PyV VLPs [97]. Sasnauskas et al. tested 
several yeast strains, and found that induction 
of expression caused growth inhibition in several 
of the assayed strains. S. cerevisiae AH22 was 
found to be optimal with no noticeable growth 
inhibition [96].

3.2.2. Insect cells

Expression in insect cells allows the formation 
of VLPs closely similar to the wild-type. The sys-
tem is well established and commercially used 
for the production of the HPV vaccine Cervarix® 
[121]. When PyV VLPs are produced in insect cells, 
this is typically done using the well-characterized 
baculovirus expression system with Spodoptera 
frugiperda (Sf) cells. Different cell lines can be 
used for VLP production. For example, JCPyV VP1 
was expressed in Sf21 cells [77] and Sf158 cells [122]. 
VP1 is expressed in the cytoplasm, and then trans-
ported to the nucleus using its own NLS, where it 
self-assembles to form VLPs [77].
VLPs produced in insect cells are contaminated 
with both host and baculovirus derived DNA. One 
study showed that 65 % of LPyV VLPs were filled 
after assembly in Sf9 cells [41]. Based on their DNA 
content, at least 10 % of the particles contained a 
4.5 kb DNA fragment. The DNA was linear dsDNA, 
and derived from both host and baculovirus. Fur-
thermore, they showed that longer incubation 
times resulted in higher expression levels, but also 
higher DNA contamination. The same was found 
with MPyV produced in Sf9 cells [98]. The purified 
VLP fractions also contained histones, indicative 
of DNA packaging. It was shown that DNA uptake is 
preceded by fragmentation of the cellular genomic 

DNA by the baculovirus [98]. After dissociation of 
the VLPs during purification, these contaminations 
can be removed by strong anion exchange chro-
matography, followed by reassembly of the VLPs 
(see figure 4) [89].
Yields are rather low, with 1 mg LPyV VLPs per liter 
of culture in Sf9 cells [41], or 2–3 mg purified and 
reassembled JCPyV VLPs per liter of culture in 
Sf158 cells [89]. 
One of the advantages of the baculovirus expres-
sion system is that several different proteins can 
easily be expressed in the same cell, making it 
possible to produce VLPs composed of more than 
one viral protein. This has been done for several 
polyomaviruses, including SV40 in Sf6 [85] and Sf9 
[60,123] cells and MPyV in Sf9 [124–127] cells, where 
VLPs based on VP1, VP2 and VP3 were produced. 
These VLPs comprised the three structural pro-
teins in the same ratios as wild-type virions [126]. 
Next to the production of VP1–3 at the same time, 
insect cells have also been used to produce dif-
ferent chimeric VP1 molecules simultaneously, 
such as the production of MPyV VP1 with a frag-
ment of urokinase plasminogen activator in the EF 
loop, and another VP1 with a FLAG epitope in the 
HI loop, forming hybrid VLPs [128]. Likewise, MPyV 
VP1 was co-expressed with the C-terminal part of 
VP2 linked to enhanced green fluorescent protein 
(EGFP), forming VLPs with EGFP inside [129]. Simi-
lar results have been obtained for other proteins 
[87,130–133].
Insect cells can also be used for the production 
of PyV VLPs without baculovirus by vector-based 
expression. HaPyV [9] and MPyV [99] VP1s were 
expressed in Drosophila S2 cells, leading to the 
production of their respective VLPs, which accu-
mulated in the nucleus. This way, the yield of VP1 
can be as high as 4 mg per liter of culture [99].

3.2.3. Mammalian cells

Mammalian cells are normally not used for the 
production of VLPs, primarily because of their low 
yields, expensive serum-containing media, and the 
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inherent risk of contaminating viruses, although 
several reports of their utilization exist. APyV VLPs 
were produced in chicken embryo cells [106], JC vi-
rus VLPs were produced in COS-7 cells after trans-
fection with a construct coding for VP1–3 [107] and 
293TT cells were used for the expression of BKPyV, 
MPyV and Merkel cell polyomavirus (MCPyV) VLPs 
consisting of VP1 + VP2 [100,101]. VLP yields were 
rather low, ranging from several micrograms to 1 
mg per 225 cm2 flask. Cellular and plasmid DNA 
was co-purified with the VLPs, but this was not fur-
ther investigated.

3.3. Cell-free expression

Next to in vivo production of proteins, in vitro 
production is also possible using cell-free expres-
sion systems [134]. Cell-free production of VP1 from 
viral mRNA was already reported a long time ago in 
wheat germ cell-free expression system for MPyV 
[135,136], and SV40 in wheat germ [137,138], rabbit re-

ticulocyte lysate [137] and Chinese hamster ovary 
cell extract [138]. Pentamers and aggregates of up to 
700 kDa of SV40 VP1 have been produced in rabbit 
reticulocyte lysates [79,102]. However, the assembly 
of this cell-free produced VP1 into VLPs has not 
been shown so far. The yields are generally very 
low, with reported yields up to 40 µg⁄ml for SV40 
VP1 [102]. Moreover, cell-free produced VP1 showed 
different disulfide bonding than insect produced 
VP1, possibly due to oxidation [139].

4. Preparation of DNA-
loaded PyV VLPs

The interior of PyV VLPs is shielded from the envi-
ronment, allowing VLPs to protect their cargo from 
degradation and specifically deliver their cargo to 
target cells, making them attractive carriers for 
the delivery of therapeutics. To benefit from these 

Figure 5. Association of MPyV VLPs and capsomers with DNA after osmotic shock; (a) VLPs with circular plasmid DNA; (b) VLPs 
with linearized plasmid DNA; (c) capsomers with DNA. A 6.2 kb plasmid (pCDNA3-CAT) was used. Reproduced with permission from 
reference [143]. Bars = 100 nm.
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properties, the therapeutics have to be loaded into 
the VLPs. Several methods have been developed to 
load therapeutics, particularly nucleic acids, into 
VLPs, which will be discussed below.

4.1. Osmotic shock

The osmotic shock method was first described by 
Barr et al. in 1979 for empty MPyV capsids (isolated 
from MPyV-infected cells) and is based on lowering 
of the ionic strength and thus increasing the elec-
trostatic interaction between DNA and VLPs [140]. 
Nucleic acids, both single and double-stranded 
DNA molecules, and RNA molecules, can be taken 
up using osmotic shock [141,142]. The uptake was 
shown to be irrespective of the primary, second-
ary, or tertiary structure of the nucleic acids. The 
formed polyoma-like particles (PLPs) protect their 
nucleic acid content against nuclease activity up to 
approximately 2 kb. Most likely, the remainder of 
the nucleic acid chain remains outside the PLP and 
can be degraded by nucleases [141]. While empty vi-
rions can bind DNA without this osmotic shock [61], 
the DNA is not protected against DNases.
Similar results have been obtained for recombinant 
VP1 VLPs. After osmotic shock MPyV VLPs seem to 
attach strongly to ends of DNA strands and less 
strongly along DNA strands, clearly visualized by 
electron microscopy (see figure 5a and 5b) [143]. 
VP1 capsomers completely coat DNA molecules in-
stead (see figure 5c). However, this did not result 
in DNaseI protection [143]. Filled VLPs cannot bind 
additional DNA during osmotic shock [143].
Osmotic shock results in partial protection against 
nucleases [82]. Based on the reduction in size as 
visualized by TEM of linear plasmids with VLPs 
attached, the encapsidated length was found to 
be around 1.2 kb per VLP. This resulted in DNaseI 
protection of about 2.5 kb DNA of the 6.2 kb plas-
mid used [143]. Another study with MPyV showed 
that DNaseI treatment of complexes with a 6.2 
kb plasmid yielded protection of fragments up to 
only 2 kb, while 5–10 % of linear 1.6 kb DNA frag-
ments could be fully protected against DNaseI 

after osmotic shock [144]. Similar results were ob-
tained with JCPyV VLPs [145]. Another report de-
scribes no protection [146]. These complexes could, 
however, be used for transfections in vitro and 
in vivo [146]. Likewise, Ou et al. showed transfec-
tion with pEGFP-C1 despite treatment with DNaseI, 
although no transfection efficiency is stated [93]. 
It was shown for MPyV that larger VLP/DNA com-
plexes result in higher transfection efficiency than 
smaller complexes, with an optimum of 5 VLPs per 
DNA molecule [44].
DNA uptake is pH-dependent with higher loading at 
pH 5 than pH 7.2 [82]. An encapsidation yield of up to 
260 ng of a 3.9 kb plasmid ⁄ µg VP1 was obtained. 
It was found, however, that osmotic shock did not 
influence the protection of plasmid DNA. DNase di-
gestion assays clearly showed that DNA digestion 
was delayed by VP1 binding, but still complete. 
It was even shown that the samples with DNA di-
rectly mixed without osmotic shock showed better 
DNase protection.
Oligonucleotides can also be loaded by osmotic 
shock, and this process too is pH-dependent, with 
a higher uptake at acidic pH [82,147]. Oligonucleotides 
were incorporated by osmotic shock up to 28 ng⁄µg 
VP1. This corresponds to approximately 1 oligonu-
cleotide per VP1 capsomer. Up to 55 % was protect-
ed against DNase action, though this depended on 
the DNase concentration.

4.2. Reassembly

Unlike osmotic shock, which does not result in full 
disassembly of the VLPs, exposure of VLPs to spe-
cific conditions can allow the capsomers to be fully 
dissociated and reassembled to form VLPs again. 
If this happens in the presence of genetic mate-
rial or other therapeutics, these compounds can 
be taken up in a (sequence) independent fashion. 
Reassembly was first reported in 1986 by Salunke 
et al. [5]. Purification of MPyV VP1 after expression 
in E. coli yielded capsomers, which could be as-
sembled to form VLPs in vitro by exposure to high 
ionic strength.



29

BIOMEDICAL APPLICATIONS OF VIRUS-LIKE PARTICLES DERIVED FROM POLYOMAVIRUSES

2
Generally, to perform controlled reassembly, 
VLPs are first incubated in a buffer with a chelat-
ing agent (typically EGTA or EDTA) and a reducing 
agent (DTT) for a short period of time (30 min) 
and mixed with the target DNA. This mixture is then 
dialyzed against a buffer with calcium and usually 
a higher ionic strength, although this higher ionic 
strength might not be necessary [103]. Host-derived 
factors, such as chaperones, can be included to fa-
cilitate the assembly [60,148].
Using this method VLPs can package approximate-
ly 5 kb DNA, the same size as the normal polyoma-
virus genome, without the aid of VP2, VP3, or the 
T antigens [98,148]. Shorter DNA fragments result in 
the packaging of multiple copies in the same VLP. 
For example, on average 2.9 copies of 600 bp DNA 
could be encapsidated per SV40 VLP [84]. Not only 
nucleic acids, but also small molecules [149], DNA 
dendrimers [147], peptide nucleic acids [150], quan-
tum dots [151] and gold nanoparticles [152] have been 
encapsidated within PyV VLPs by reassembly.
Not much is known about the encapsidation ef-
ficiency, although one report stated that 10 µg of 
VLPs yielded only 10 ng of DNA, even though an ex-
cess of DNA had been used during reassembly [9]. 
This very low efficiency might have been caused 
by losses during recovery, although it is later 
stated that the majority of the VLPs did not contain 
DNA after reassembly. If the reassembly reaction is 
carried out in the presence of host-derived factors, 
such as in Sf9 nuclear extract [148], this results in 
very efficient packaging. After CsCl purification, one 
plasmid per SV40 VP1 VLP was found. Moreover, 
full protection of this 5 kb pGL3 plasmid against 
DNaseI was observed. Another group showed that 
addition of hyper-acetylated histones and VP2/3 
improved packaging and protection of up to 5.2 kb 
DNA in SV40 VLPs [153]. Kimchi-Sarfaty et al. even 
reported the delivery of up to 17.6 kb DNA to cells 
after in vitro assembly of SV40 VLPs [154], a modi-
fied version of reassembly using nuclear lysate.
Goldmann et al. compared reassembly with os-
motic shock using JCPyV VLPs and the 4.5 kb 
pCMV-β-Gal. Reassembly was found to be far su-

perior to osmotic shock. Using reassembly, they 
could reach a plateau encapsidation efficiency of 
around 30 % [122].
One of the main advantages of this method is that 
the resulting VLPs are basically free from host 
nucleic acids and other contaminants, as these 
can be removed prior to reassembly [9,89]. This is 
especially important for VLPs produced in insect 
cells, as these VLPs are shown to be heavily con-
taminated with host DNA (see section 3.2.2). The 
reassembly efficiency, however, is only around 
50 % [149], resulting in a clear loss of product.

4.3. Direct interaction

VLPs can also be mixed with DNA without any fur-
ther treatment. This method has been used for the 
encapsidation of DNA with mixed results.
Some studies show that DNase digestion is de-
layed [82], while others report no protection at all [9]. 
In the last case, however, loaded VLPs were used, 
which might have prevented the interaction with 
additional DNA. Capsids filled with host DNA can-
not be used for direct interaction, as they do not 
interact with plasmid DNA [44]. Clark et al. tested 
direct interaction at different MPyV VLP:DNA ratios 
for transfection efficiency of COS-7 cells with 7.2 kb 
pCMVβ. However, none of the ratios tested yielded 
significantly higher transfection efficiency than 
naked DNA [155].
Just like osmotic shock, loading using direct inter-
action was shown to be pH-dependent, at least for 
an MPyV mutant with extra glutamic acids inserted 
into the coat. Loading occurred at pH 5, but no DNA 
binding took place at pH 7 [156].
Touze et al. compared different loading methods 
(osmotic shock, reassembly and direct interac-
tion) using BKPyV, and found direct interaction 
between VLPs and linearized reporter plasmids to 
be the most efficient [103]. Not only did this result 
in the highest transfection efficiency, it also re-
sulted in the highest DNase protection, although all 
three methods resulted in protection. Just as with 
osmotic shock, DNA is not taken up by the VLPs, 
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but the VLPs associate with the DNA as beads on 
a string [82,103]. It must be mentioned that the DNA 
used in their studies was larger (7.1 kb) than the 
uptake limit of the capsid, which might have re-
duced the reassembly efficiency. In contrast to the 
other methods, the size of the DNA is not that limit-
ing with direct interaction.

4.4. Co-expression

By replacing SV40 viral genes with genes of inter-
est, while maintaining the packaging signal, ses, 
a replication-incompetent viral genome is created 
which can be packaged into SV40 capsids. If this 
genome is transfected into cells which express the 
large T antigen, such as COS cells, and the capsid 
genes are provided in trans, this genome can be 
efficiently encapsidated within virions [157]. These 
particles are, however, not true VLPs, as they still 
contain viral genetic information.
Recently Chen et al. showed that it is possible to 
perform a similar method without encapsidating 
viral DNA sequences [158,159]. Here, both the expres-
sion plasmid encoding VP1 and the cargo plasmid 
are transformed into E. coli. VP1 is then produced, 
and the cargo plasmid is encapsidated. This was 
successfully done packaging 4.7 kb pEGFP-N3 and 
5.1 kb pUMVC1-tk in JCPyV VLPs [158]. These VLPs 
could be used for transfection, with no loss in ef-
ficiency found after DNaseI treatment, showing 
full protection. In a later report, the same group 
showed the packaging of up to 9.4 kb in the form of 
two fused pEGFP-C1 plasmids [160]. However, they 
did not analyze whether whole plasmids had been 
encapsidated, or that truncations occurred prior to 
or after packaging. Furthermore, they also showed 
that the VP1 expression plasmid contaminated the 
produced VLPs. They did not test if VLPs were fur-
ther contaminated with host nucleic acids, which 
might be expected based on previous results [93]. 
Contaminations form a major problem with this 
method, as there is no control over which plasmid 
is encapsidated.
Similar results had already been published by 

Pastrana et al. after expression of MCPyV VP1 and 
VP2 in eukaryotic 293TT cells along with pEGFP-N1 
[101]. They showed that a fraction of the produced 
VLPs had encapsidated the reporter plasmid, 
enough for transfection of HeLa cells. MCPyV, MPyV 
and BKPyV VLPs were also produced in the same 
cells harboring phGluc, which could be used for se-
rological neutralization tests with 293TT cells [101].

5. Cargo

5.1. Nucleic acids

Among the different classes of therapeutics, nucle-
ic acids tend to benefit the most from being deliv-
ered by VLPs. This has spawned a great number of 
investigations into the encapsidation capabilities 
of VLPs for nucleic acids.
During production in several hosts both DNA and 
RNA are already loaded into VLPs as contaminants 
(see section 3). These contaminants have to be re-
moved first, before the VLPs can be used.
However, loading nucleic acids into VLPs is not 
as easy as it may seem, and with most methods 
the nucleic acids are not fully encapsidated by 
the VLPs and therefore prone to degradation by 
nucleases (see section 4).

5.1.1. Plasmid DNA

Plasmid DNA can be taken up by polyomaviruses 
in a sequence-independent way. This can be 
done both during expression and later by osmotic 
shock, reassembly or simply mixing DNA with VLPs 
(see section 4).
Generally, sequences of up to 2.5 kb are protected 
against DNases after osmotic shock [143,144]. With 
direct interaction, the results are mixed, with some 
groups reporting encapsidation of plasmids as 
large as 7.1 kb [103], while others report no protec-
tion at all [9]. Plasmids up to the size of the poly-
omavirus genome, 5 kb, can be encapsidated by re-
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assembly and protected against DNases [9,122,148,153], 
although in vitro packaged SV40 VLPs reported to 
package up to 17.6 kb [154]. Similar results were ob-
tained with co-expression, where plasmids of up to 
5 kb could be encapsidated and protected against 
DNases [101,158]. Recently, encapsidation of up to 9.4 
kb was shown using this method [160].

5.1.2. Linear DNA

PyV VLPs can also take up linear DNA, including re-
striction fragments [144], linearized plasmids [103,143] 
and PCR products [145,161]. Packaging of linear DNA 
seems to be slightly more efficient than circular 
DNA [103], while protection is similar to plasmid 
DNA [145].

5.1.3. Oligonucleotides

Loading of oligonucleotides is generally easier than 
loading of plasmid DNA, as DNase digestion poses 
fewer challenges [82]. Braun et al. showed the suc-
cessful incorporation of two different 18-mer anti-
sense oligonucleotides into MPyV VLPs by osmotic 
shock, with a yield of up to 28 ng⁄µg VP1 [82]. The 
same group later showed the encapsidation and 
delivery of a 19-mer ssDNA fragment to NIH 3T3 
mouse fibroblasts [147]. JCPyV VLPs were used in a 
similar approach to package 21-mer ssDNA [145].
In addition to normal oligonucleotides, short 15-
mer peptide nucleic acids (PNA) can also pack-
aged in SV40 by reassembly [150].

5.1.4. RNA

RNA is normally not encapsidated by polyomavirus 
VLPs in vitro or in vivo. Ou et al. speculate that 
eukaryotic chaperones may prevent the interac-
tion between RNA and VP1 [93]. However, PLPs can 
encapsidate RNA, although not as efficiently as 
DNA [141], and host RNA frequently contaminates 
recombinant VLPs (see section 3).
One report describes the packaging of synthetic 
siRNA by reassembly and its delivery to cells [162], 

while another recent report describes the encap-
sidation of short 75-mer tRNAs, 500-mer and 
800-mer RNA molecules in SV40 VLPs after re-
assembly [163]. The formed particles displayed the 
smaller T=1 conformation and each contained 
either one 500-mer RNA molecule, or two 75-mer 
tRNAs. However, the binding affinity of RNA to VP1 
was found to be much lower than that of DNA.

5.1.5. DNA dendrimers

DNA dendrimers, prepared using the polycationic 
dendrimer SuperFect reagent and an 1.8 kb dsDNA 
fragment could be incorporated into MPyV VLPs 
during reassembly. Dendrimers produced with the 
4.7 kb pEGFP-N1 were not encapsidated [147].

5.2. Proteins

Another class of biopharmaceuticals that would 
benefit from the delivery by VLPs is proteins. VLPs 
provide ample space for proteins. Theoretically, 
over 400 GFP molecules would fit into a single VLP 
[164].
Proteins are mainly loaded into PyV VLPs through 
fusion to (truncated) VP2/3, allowing the C-termi-
nus of VP2 to interact with capsomers. For exam-
ple, by fusion to the N-terminus of a 49 aa linker 
of C-terminal VP2, GFP could be loaded into MPyV 
VLPs at 64 GFP per VLP [164]. Inoue et al. compared 
linkage of EGFP to the N- and C-terminus of VP2 
and several of its truncations [133]. Of the tested fu-
sion constructs, only C-terminal fusions resulted 
in regularly shaped VLPs, and fusion to a 36 aa 
C-terminal portion of VP2 was sufficient for en-
capsidation. Another group, however, found that 
N-terminal linkage to a 225 aa linker worked better 
than the shorter ones [165]. Many different proteins 
have been loaded using VP2, including the 683 aa 
transmembrane domain of HER2 [130–132] and the 
whole prostate specific antigen (PSA) [166]. The 
loading efficiency varies quite a lot, ranging from 
1–2 HER2-VP2 fusions per MPtV VLP [130] to 64 GFP 
per MPyV VLP [164].
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The fusion proteins can be encapsidated in vitro 
by reassembly [164,165] or in vivo by co-expression 
in insect cells [87,88,129–131]. Co-expression prevented 
the encapsidation of host DNA, which the authors 
ascribed to a different localization in the nucleus 
due to the fusion protein [88].
Protein-loaded VLPs are stable for several months 
at –80 °C [164] and for at least 1 month at 4 °C [129]. 
Packaged enzymes retain their enzymatic activity, 
as was shown for yeast cytosine deaminase [133] 
and Gaussia luciferase [167]. Because small mol-
ecules can penetrate the VLP, the enzymes could 
successfully convert their substrates from within 
the VLPs [133,167].
Normally, the C- and N-terminal VP2/3 fusion pro-
teins remain hidden within the VLP and are not 
accessible to large molecules such as antibodies 
[130–132,166,168–170]. However, recent reports show that 
fusion of different proteins to the N-terminus of 
truncated VP2 resulted in the formation of HaPyV 
VLPs displaying the antigens on the outside of the 
VLP [171,172].
Next to fusions to (truncated) VP2/3, proteins can 
also be linked to the N-terminus of VP1. This was 
done through a polyproline-binding WW domain, 
which was fused to the N-terminus of MPyV VP1. 
The produced VLPs were able to bind polyproline-
tagged proteins. 230 PPLP-tagged peptides, or 260 
PPLP-tagged GFP molecules could be encapsidated 
per VLP, significantly more than what has been 
achieved using VP2/3. These particles could be de-
livered to NIH 3T3 cells, showing uptake [173].

5.3. Small molecules

Low-molecular weight drugs can be loaded into 
VLPs by covalent linkage. Methotrexate was load-
ed into MPyV VLPs at 462 methotrexate molecules 
per VLP by covalently linking the drug to the same 
49 aa VP2 linker mentioned above [164]. The drug 
could be delivered to methotrexate sensitive CCRF-
CEM cells, showing clear concentration-dependent 
toxicity of methotrexate in these cells. Another 
method to link molecules to VLPs involved mutat-

ing MPyV VP1 removing all cysteines and introduc-
ing a new cysteine in the GH loop on the interior of 
the VLP (see figure 2) [174]. This way it was possible 
to link fluorescent dyes using a maleimide linker. 
The particles retained their receptor binding capac-
ity and were taken up by C2C12 mouse cells.
Non-covalent linkage is possible using a His6-tag 
fused to the N-terminus of a 225 aa VP2 linker. 
This way, molecules coupled to nitrilotriacetic acid 
(NTA), such as the fluorescent dye sulforhodamine 
101 (SR101), could be taken up by JCPyV VLPs 
[165]. Because this link is pH-dependent, these par-
ticles can be used for pH-dependent release. A re-
cent report also showed the non-covalent linkage 
of hydrophobic molecules such as paclitaxel (PTX) 
using β-cyclodextrin coupled to VP1 of JCPyV [175]. 
Up to 12.3 PTX could be loaded per VLP, and a clear 
cytotoxic effect could be observed after addition of 
PTX-VLPs to NIH 3T3 cells.
Small molecules can also be loaded into VLPs with-
out the use of a linker. The fluorescent dye propid-
ium iodide was packaged into JCPyV VLPs by reas-
sembly [149]. No packaging capacity was reported.

5.4. Other

Larger structures, such as gold nanoparticles [152], 
magnetic nanoparticles [176] and quantum dots 
[151], have been encapsidated in SV40 VLPs. Pack-
aging of quantum dots was achieved by reassem-
bly, resulting in smaller T=1 VLPs with one quan-
tum dot per VLP. These VLPs were taken up by cells 
following the same route as wild-type SV40.

6. Applications

VLPs can be used to study not only the intrinsic 
properties of viruses, such as their structure [76] 
and assembly [7], but also the interaction of virus-
es with their environment, such as their binding to 
cells [20], their uptake by cells [177] and intracellular 
trafficking [178]. This is especially helpful in cases 
where the wild-type virus cannot easily be cul-
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tured in cells [113]. Apart from these basic research 
topics, VLPs can be used for biomedical applica-
tions such as vaccination, gene delivery and diag-
nostics. These three fields will be discussed in the 
following sections.

6.1. Diagnostics

Because VLPs resemble their native parent virion 
in their antigenic structure, they can be used for 
diagnostic purposes. Applications include ELISA 
[70,72,100,109–111,113,179–182], where VLPs act as antigens 
to detect antibodies against the native virus in se-
rum, or more specific haemagglutination inhibition 
assays [70].
The VLPs are particularly valuable for the detection 
of viruses which cannot easily be cultured. One 
example is goose hemorrhagic polyomavirus (GH-
PyV). While GHPyV normally cannot be propagated 
in cell culture, VLPs could be generated in insect 
cells and yeast [113]. These VLPs could subsequent-
ly be used as antigens in serological tests.
Next to enzyme-linked immunoassays, a neu-
tralization assay was developed for MCPyV, BKPyV, 
and MPyV, based on VLPs encapsidating a reporter 
gene construct [101]. Addition of neutralizing anti-
bodies during transfection reduces transfection 
efficiency, and thus allows quantification of anti-
body titers.
Despite their usefulness in these cases, two prob-
lems might prevent the use of VLPs in a clinical 
setting. First, during infection, antibodies are pro-
duced not only against VP1, but also against the 
other viral proteins, such as the T antigens. Because 
these VLPs consist solely of VP1 or VP1+VP2/3, 
these antibodies would not be detected. Second, 
just as for gene therapy, cross-reactivity of sera 
with different VLPs forms a significant problem 
[96,181,183], resulting in a high rate of false positives.

6.2. Vaccines

VLPs provide a safe alternative to attenuated and 
inactivated virus vaccines, as they mimic their par-

ent virus in antigenic structure, while lacking the 
viral genetic material and the associated risks of 
recombination and reversion. Due to their repeti-
tive structure, VLPs can activate the immune sys-
tem via pattern-recognition receptors on immune 
cells and cross-link B-cell receptors, leading to a 
potent immune response [184]. This allows VLPs 
to be used as vaccines without the need of an 
adjuvant. Several VLP-based vaccines are under 
clinical investigation [185,186], and some are already 
available on the market, such as the prophylactic 
HPV vaccines Gardasil® [187] and Cervarix® [121].
In a similar fashion polyomavirus VLPs can be 
designed to vaccinate against the native PyV cap-
sid, but foreign epitopes can also be inserted into 
variable loops on the surface of the VLP (see figure 
2) to induce both humoral and cellular responses 
against these epitopes [188]. Furthermore, large an-
tigens can be fused to (truncated) VP2/3, result-
ing in strong T-cell mediated immune responses 
and even breaking of tolerance. Finally, VLPs can 
be loaded with plasmids encoding antigens [155,189] 
and are rapidly taken up by dendritic cells (DCs) 
[190], thus showing potential for DNA vaccination.

6.2.1. Vaccines against the native 
polyomavirus capsid

Most mammalian polyomaviruses are generally 
asymptomatic, rendering prophylactic vaccination 
cost-ineffective. Avian polyomaviruses, on the oth-
er hand, cause a much more acute disease, asso-
ciated with high mortality. Using VLPs produced in 
insect cells, a vaccine was produced against GHPV, 
which protected 95 % of the animals after one sin-
gle administration, and protected all animals after 
a boosted administration [191].
In vitro studies showed that some PyV VLPs are 
able to activate DCs. HaPyV VLPs were added to 
immature murine spleen-derived DCs in culture 
[190]. After uptake the VLPs were able to activate the 
DCs, as was evident from IL-12 production and the 
activation of naïve T-helper cells by the DCs. Simi-
larly, HaPyV and MPyV VLPs were able to activate 
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human DCs, while VLPs derived from SV40, BKPyV 
and JCPyV were not [71].
The repetitive structure of VLPs is crucial for a 
good T-cell independent humoral response. This is 
clearly shown by comparing vaccination with VLPs 
and vaccination with VP1 capsomers. A single in-
traperitoneal injection of MPyV VLPs produced 10 
times higher IgM titers in T-cell deficient mice than 
the injection of VP1 alone [192]. An anti-VP1 IgG re-
sponse was possible in T-cell deficient mice by us-
ing a 30 times higher dose of VLPs and repeating 
the injection 4 times [193]. Cytokine secretion after 
immunization with MPyV VP1 pentamers was also 
10–20 fold lower than that of after immunization 
with MPyV VLPs [67].
Random aggregation of capsomers cannot substi-
tute this effect. Mice were immunized subcutane-
ously with or without adjuvant with MPyV VLPs or 
MPyV VP1 GST fusions [69]. These GST fusions are 
deficient in forming VLPs, although these tagged 
capsomers tend to form aggregates [119]. While 
both were able to protect all normal C57BL/6 mice 
against polyomavirus infection, only the VLPs were 
able to do so in T-cell deficient mice. Moreover, anti-
VP1 antibody responses were higher after immuni-
zation with VLPs in T-cell deficient mice than after 
immunization with VP1 fusions. Again, another 
report showed that mice, immunized with MCPyV 
VLPs, produced high titers of antibodies, while a 
similar study with non-assembled VP1 failed to do 
so [109]. Taken together these reports clearly show 
the benefit of PyV VLPs for a good humoral immune 
response.
Immunization with MPyV VLPs protected mice 
against some MPyV-induced tumors, despite the 
fact that most MPyV-induced tumors do not over-
express VP1 [194]. However, antibodies alone are 
probably not enough to prevent Merkel cell carci-
noma (MCC), as MCC patients have very high titers 
against MCPyV [101].
PyV VLP vaccines are very stable, and retain their 
immunological properties even after long-term 
storage. Intranasal administration of MPyV VLPs 
without adjuvant in BALB/c mice resulted in strong 

humoral and cellular response, even after storage 
for 9 weeks at room temperature in PBS [73]. A clear 
dose-dependent response was observed.

6.2.2. Vaccines against epitopes displayed on 
the capsid surface

Foreign epitopes can be displayed on the outside 
of PyV VLPs. This can be done by insertion of the 
epitope into the variable loops on the surface of 
VP1, forming chimeric VLPs. Based on the crystal 
structure of SV40, four distinct insertion sites have 
been predicted for HaPyV [24]. These insertion sites 
were called 1–4, and correspond to loops BC, EF, 
FG, and HI, respectively. All four sites were tested 
by inserting the 5 aa long pre-S1 epitope from hep-
atitis B virus [24]. All VP1-epitope fusions resulted in 
VLPs after production in yeast. In vitro all of the 
VLPs retained similar VP1 immunogenicity, while 
pre-S1 antigenicity depended on the insertion site, 
with insertion into the BC loop clearly being the 
most immunogenic. C57Bl6 mice immunized intra-
peritoneally with different fusion VP1s (along with 
Freund’s complete adjuvant) all developed anti-
VP1 antibodies, slightly less than against wild-
type. Also all mice (except for controls) developed 
antibodies against the pre-S1 epitope, but the lev-
els were again not the same for all insertion sites. 
The BC loop yielded the highest response among 
all 4 sites, and combinations of BC with another 
site yielded even higher responses. The immune 
response was mainly IgG.
A similar study was performed with 45 and 120 aa 
N-terminal fragments of the Puumala hantavirus 
(PUUV) nucleocapsid protein (NP) inserted into 
all four different HaPyV sites, and a 80 aa frag-
ment inserted into the BC and HI loops [74]. VLPs 
could be formed after insertions into BC and HI, but 
sites EF and FG did not tolerate this. In vitro it was 
shown that anti-VP1 immunogenicity depended on 
the insert length, with longer inserts lowering VP1 
immunogenicity. For anti-PUUV immunogenicity, 
the longer inserts provided more immunogenicity. 
Immunization of BALB/c mice with these chimeric 
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VLPs resulted in high immune responses against 
the PUUV NP, even without any adjuvant, where the 
120 aa insertion yielded the highest responses. 
However, adjuvant treatment did increase the re-
sponse ten-fold. Repeated injections resulted in 
increased immune responses, indicating memo-
ry. The response was a mixed Th1/Th2 response, 
which was similar to the response against VP1 it-
self. Both cellular and humoral immune responses 
were observed. Anti-VP1 response was the lowest 
with 120 aa insertions. This shows that, by insert-
ing longer fragments, the immune response can be 
shifted from an anti-VP1 response to an anti-insert 
response.
However, recently it was shown that even after 
prior immunization with wild-type VLPs, result-
ing in high levels of anti-VP1 antibodies, the im-
mune response against displayed epitopes is not 
completely abolished [195]. Actually, differences in 
antibody titers were not statistically significant 
anymore after three rounds of subcutaneous vac-
cination of BALB/c mice without adjuvant with 
MPyV VLPs harboring the Group A streptococcus 
minimal epitope J8i in the HI loop, although the 
mice that received prior vaccination with the wild-
type VLPs still displayed lower antibody titers 
against the insert than the control mice.
Cytotoxic T lymphocyte (CTL) responses can 
also be induced by epitopes displayed on the 
surface of VP1, as was shown for HaPyV VLPs car-
rying MUC1 epitopes in the BC and HI loops [188], 
although antibodies against the insert and VP1 
were also produced [196]. The presence of antibod-
ies against VLPs does not hamper a specific CTL 
response induced by VLPs. HaPyV VLPs carrying 
the CTL epitope GP33 from the Lymphocytic chori-
omeningitis virus (LCMV) in the BC or HI loop were 
processed by DCs and able to induce T-cell prolif-
eration in vitro and in vivo, despite the induction 
of anti-VP1 antibodies [197]. Intravenous immuni-
zation without adjuvant protected 70 % of the B6 
mice against LCMV infection.
In most studies the vaccine is administered by 
injection. A recent study demonstrated the poten-

tial of PyV VLPs as intranasal vaccine [198]. MPyV 
VLPs harboring the Group A streptococcus minimal 
epitope J8i in the HI loop were delivered intrana-
sally without adjuvant to outbred Swiss mice, re-
sulting in not only IgG, but also antigen-specific 
mucosal IgA responses. When the mice were chal-
lenged with a lethal dose of group A streptococcus, 
the vaccinated mice showed improved survival, al-
though protection was far from complete. No data 
was reported on anti-carrier responses.
Constructs containing two copies of the same anti-
gen inserted in tandem were also tested, but these 
did not result in any benefit [195,198]. Next to the in-
sertion of a single epitope, it is also possible to in-
sert several different antigens into one VP1 mole-
cule, either divided among different insertion sites, 
or as a fusion into one insertion site. One study 
showed the insertion of 3 hydrophobic tumor as-
sociated antigens into HaPyV VP1, either into 3 
different loops, or fused together into the HI loop 
[199]. No immunological assays were performed, 
but expression in yeast showed higher production 
yields for the VP1 with the inserts spread out than 
for the VP1 with the inserts fused together in the 
HI loop. All yields were, however, lower than that for 
wild-type VP1.
Recently, a new way to display large proteins on 
the surface of VLPs was reported [171,172]. While fu-
sion of proteins to (truncated) VP2 usually results 
in the protein being hidden within the VLP, HaPyV 
VLPs displayed the antigen p16INK4A on the sur-
face after fusion to the N-terminus of truncated 
VP2 [171]. These VLPs were successfully used to 
generate antibodies against p16INK4A.
Moreover, techniques for the (non-)covalent link-
age of proteins to the surface of VLPs [167,200–202], 
which have been explored mainly for their use in 
retargeting gene therapy vectors (see section 
6.3.2), could also be used to couple antigens.

6.2.3. Vaccines against epitopes buried within 
the capsid

One problem with insertion into the capsid might 
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be the disruption of the natural tropism of the 
VLPs, preventing their uptake and thus efficient 
CTL response. However, for the induction of CTL 
responses, display on the surface is not neces-
sary. Two subcutaneous injections of MPyV VLPs 
with the immunodominant CTL epitope from oval-
bumin (OVA252–270) fused to the C-terminus of VP1 
were able to protect mice from lethal challenges of 
OVA-expressing tumors [203], even if the injections 
were given 4 and 11 days after tumor inoculation 
[204]. However, incomplete protection was observed 
when injections were given 10 and 17 days post in-
oculation, so it is doubtful that these vaccines are 
useful in a therapeutic setting.
Not only epitopes, but also whole antigens can be 
fused and packaged inside PyV VLPs. MPyV VLPs 
were produced with VP2 fused to the transmem-
brane domain of HER2 [131]. A single subcutane-
ous injection with these VLPs alone was enough 
to protect BALB/c mice from HER2 expressing 
(D2F2/E2) tumors, and a single intraperitoneal 
injection protected BALB-neuT mice from sponta-
neous HER2-positive tumors, although the immu-
nization had to happen at an early stage to prevent 
the development of these spontaneous tumors. 
Prior loading on DCs could enhance the specificity 
of the immunization [132]. Because similar results 
were obtained with MPtV VLPs [130], which do not 
cross-react with MPyV VLPs, repeated vaccination 
is possible. Both CD4+ and CD8+ T cells were re-
dundantly involved in the immune response, and 
memory of at least 10 weeks could be obtained 
after a single injection with CpG as adjuvant [169]. 
These results were not limited to HER2, as MPyV 
VLPs with PSA fused to VP2 together were able to 
protect most BALB/c mice against PSA-positive 
D2F2/PSA tumor cells after a similar immunization 
protocol [166].
Not all such approaches are successful. No CTL 
responses were observed after intranasal admin-
istration of MPyV VLPs with EGFP fused to the C-
terminus of truncated VP2 [168] or after intranasal 
or intraperitoneal injections with similar fusions 
with a 171 aa Bcr-Abl epitope [170]. 

6.2.4. DNA vaccines

The introduction of DNA encoding an epitope in cells 
can result in an immune response if the epitope is 
properly expressed and presented to immune cells 
[205]. Naked plasmid DNA can be used towards this 
end. However, the efficiency of delivery is very low. 
If the DNA is combined with VLPs, which can effec-
tively deliver DNA to cells, the transfection efficien-
cy, and thus the immune response, is enhanced.
Such an immunization was shown by Clark et al. 
[155] using β-galactosidase as a model antigen. 
pCMVβ DNA was loaded into MPyV VLPs by direct 
interaction and delivered intranasally to BALB/c 
mice. This resulted in an immune response against 
both β-galactosidase and VP1. Against VP1 high 
antibody titers were observed both in serum and in 
mucosa, as well as cellular proliferation. However, 
against β-galactosidase only cellular proliferation 
was found, but no antibodies.
Another study did show a humoral immune re-
sponse against the DNA-encoded antigen [189]. DNA 
encoding the HIV-1 p24 and p17 NPs was loaded 
into MPyV VLPs by direct interaction and delivered 
intramuscularly in C57BL/6 mice, resulting in an 
increased humoral response compared to a DNA 
only control, although the results were very weak.
An attractive application of these methods would 
be the combination of DNA and epitope vaccines. 
By including the coding DNA sequence for an 
epitope within the VLP, while inserting the epitope 
into surface-exposed loops, the immune reaction 
might be boosted.

6.3. Gene delivery

Viral gene therapy has been plagued by problems 
involving its safety due to the inclusion of viral ge-
netic sequences, while synthetic non-viral vectors 
still provide very low transfection efficiencies [206]. 
Virus-like particles provide a perfect combination 
of these two systems, maintaining the high trans-
fection efficiencies of viral gene carriers without 
the safety issues due to viral genetic sequences.
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Already before the recombinant production of 
VLPs, gene transfer had been shown using empty 
PyV capsids complexed with DNA [142]. Rat F111 
cells were successfully transformed by MPyV PLPs 
harboring the BclI-EcoRI transforming fragment of 
the MPyV genome. Osmotic shock treatment was 
necessary for delivery, as simply mixing the emp-
ty virions with DNA did not result in transformation.
However, these PLPs cannot easily be produced in 
large quantities and can potentially be contami-
nated with live infectious PyVs. VLPs are produced 
recombinantly, without the need for viral DNA se-
quences (except for VP1), and therefore provide a 
much safer alternative.
The first report of gene therapy with recombinant 
VP1 VLPs was made by Forstova et al. in 1995, 
who report the transfection of several genes into 
cells using MPyV VLPs after osmotic shock [144]. 
First, Rat-2 cells were transfected with a 1.6 kb 
linear dl8 MT gene fragment. The transfection was 
more efficient than calcium phosphate mediated 
transfection, even though the transfection proto-
col was not optimized. After transfection, DNA was 
integrated into the genome, in contrast to calcium 
phosphate mediated transfection. Copy numbers 
of the gene were shown to be very low for VLP 
mediated transfer, while calcium phosphate me-

diated transfer resulted in high copy numbers in 
the transfected cells. However, expression of the 
target protein was comparable. Next, human liver 
CCL 13 cells were transfected with a 6.2 kb plasmid 
harboring a CAT gene under a CMV promoter, and 
HEL fibroblasts with a plasmid containing the p43 
gene under control of CMV. Although delivery took 
place, it was not reported if the whole plasmid was 
delivered, or just the necessary fragment with the 
promoter and the gene. The VLPs did not induce 
toxicity in any test.
Since then, PyV VLPs have been used to deliver 
countless different plasmids to many different cell 
lines. For some examples, see table 3. The reported 
transfection efficiencies vary substantially, rang-
ing from almost complete transfection [158,207,208] 
to nearly no transfection [39]. This can be partially 
explained by the differences in loading method, 
although even with the same loading method the 
variance in transfection efficiency is still very 
large. There are simply too many changing vari-
ables to compare the different experiments effec-
tively [209].
Next to plasmid DNA, oligonucleotides could also 
be delivered to cells [145,147], resulting in clear in-
tranuclear fluorescence after delivery of fluores-
cent oligonucleotides using MPyV VLPs [147]. DNA 

Table 3. A selection of different reports showing nucleic acid delivery using polyomavirus VLPs, along with their relevant parameters.

Polyomavirus Plasmid Cell line Loading method Transfection 
efficiency

Reference

MPyV pEGFP COS-7 Osmotic shock 0.5 % [44]

HaPyV pCMV-GFP COS-7 Reassembly “Rather low” [9]

HaPyV pCMV-GFP CHO Reassembly “Rather low” [9]

JCPyV pEGFP-N3 COLO-320 HSR Co-expression 80 % [158]

BKPyV pCMV-β-Gal COS-7 Direct interaction 50 % [103]

JCPyV pCMV-β-Gal COS-7 Reassembly 20 % [122]

MPtV pEGFP-C1 293 Direct interaction 0.03 % [39]

MPtV pEGFP-C1 COS-1 Direct interaction 0.03 % [39]

SV40 pEGFP-C1 Several Reassembly 100 % [208]

MPyV pEGFP-N1 NIH 3T3 Reassembly 10 % [147]

JCPyV Oligonucleotides SVG Osmotic shock 100 % [145]
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dendrimer complexes with VP1 could also be de-
livered to cells, but the reporter protein was not 
expressed [147].

6.3.1. Uptake

Productive uptake, that is, uptake resulting in gene 
expression, is accomplished through the same 
pathways used by wild-type PyVs, which, for most 
PyVs, are dependent on sialic acid and microtu-
bules. The bulk of the VLPs, as shown for MPyV, 
is taken up by the clathrin-dependent endosomal 
route, which most non-viral systems use. This, how-
ever, is non-productive for most PyV VLPs and does 
not result in gene expression [44,156]. Also, plasmids 
might become trapped in the ER [210]. The uptake 
might be improved by addition of VP2/3 and con-
densation of DNA with hyper-acetylated histones 
[153]. By combining these two in SV40 VLPs, uptake 
was similar to wild-type SV40 virus. Uptake of VLPs 
by cells can be quick, as was demonstrated with 
MPtV VLPs, where 50 % of all membrane-bound 
VLPs were internalized within 40 min [39]. After suc-
cessful uptake by the cell, VLPs are imported into 
the nucleus by their own NLS, as shown for JCPyV 
[178]. The cells do not necessarily have to be divid-
ing, as non-dividing rabbit cornea cells were also 
transfected ex vivo using MPyV [211].

6.3.2. Tropism and retargeting

Unmodified, PyV VLPs have the same broad tro-
pism as PyVs. Even PyVs such as JCPyV, which has 
a rather restricted tropism, can enter many differ-
ent cell types [145]. In order to limit the tropism and 
target the VLPs to specific cell types, the variable 
loops on the surface of the VLPS, which function in 
receptor binding, can be modified.
As a pilot, 18 kDa dihydrofolate reductase (DHFR) 
was inserted into the HI-loop of MPyV [212]. Insertion 
was achieved using flexible glycine-serine linkers, 
and resulted in a functional enzyme and VLPs. 
The thermal stability of the enzyme was reduced, 
but its KM value was only slightly higher. The size 

of the VLP population, however, was not homoge-
neous (smaller particles). This might have been 
caused by steric hindrance, as the attachment of 
large molecules to the surface of VLPs can cause 
steric hindrance. Such constructs can then be sta-
bilized by co-expression with another VP1 with a 
FLAG epitope, as was shown for MPyV VP1 with the 
amino-terminal fragment of urokinase plasmino-
gen activator inserted into surface exposed loops, 
which by itself was not soluble, but in combination 
with the VP1-FLAG was soluble and formed VLPs 
that bound to U-937 cells [128].
To reduce problems associated with steric hin-
drance, targeting factors can also be coupled to 
VLPs after assembly. Human epidermal growth 
factor (hEGF) was chemically coupled to SV40 
VLPs, to which a surface-exposed cysteine was in-
troduced [167]. Up to 46 hEGF were coupled per VLP, 
which resulted in the selective uptake by hEGF re-
ceptor overexpressing A431 cells.
Using a similar approach a protein A derivative, the 
6.8 kDa protein Z, was inserted into the HI loop of 
MPyV VP1 [202]. This way antibodies could be cou-
pled to VP1, thereby altering the tropism of the VLP. 
Stable particles were formed, and up to 80 % of the 
binding sites could be loaded with antibodies, al-
though only 36 antibodies per VLP were necessary 
to reach plateau values for transfection [213]. By 
coupling the monoclonal antibody Herceptin to the 
VLPs, specific targeting and transfection of HER2-
positive MCF 7 and SK-BR3 cells was achieved. In 
contrast to wild-type VLPs, uptake was realized by 
receptor-mediated endocytosis. This resulted in a 
very low transfection rate of up to 0.45 % [213]. The 
advantage of this system is that antibodies can be 
coupled directly to the VLP, without further modifi-
cation of the coat proteins or antibodies. This way, 
the tropism can easily be changed. However, only 
antibodies can be coupled and no other molecules.
Another way to couple proteins to VLPs is through 
insertion of a WW domain, which can bind polypro-
line-tagged proteins, into VP1 [200]. Next to the HI 
loop, insertion into the DE loop was also attempt-
ed. Only the DE loop insertion proved to be active. 
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It was possible to couple a polyproline-tagged GFP, 
but the dissociation reaction was very fast.
Specific targeting could also be achieved by cou-
pling only antibody fragments to VLPs. This could 
be done by inserting an E8C linker into the HI-loop 
of MPyV VP1 [201]. This linker, which consists of 
eight glutamic acids and a cysteine, could bind the 
Fv fragment of an antibody fused to an Arg8Cys-
peptide. Specific targeting to Lewis Y positive can-
cer cells (MCF 7 cells) was accomplished by link-
ing approximately 30 dsFv-B3-R8C molecules to 
each VLP [201]. Cell lines without the antigen would 
not bind these VLPs [156]. Various plasmid DNA car-
gos were loaded into the VLPs by direct interaction. 
However, even in the presence of chloroquine, only 
0.12 % of the MCF 7 cells were transfected. Inter-
nalization occurred again by a clathrin-dependent 
endosomal process [156], explaining the lack of effi-
cacy. Nevertheless, this system shows the poten-
tial to couple not only antibody fragments, but also 
any molecule, to VLPs, as long as it is linked to an 
R8C peptide.
Direct mutation of VLPs is also possible, as was 
shown by introduction of RGD peptides into the BC, 
DE and HI loops of LPyV [214]. All three loops toler-
ated the replacement of three amino acids, and the 
mutant VLPs did not bind to the LPV receptor any-
more. Moreover, the BC mutants specifically bound 
to αvβ3 integrin, which recognizes RGD peptides.
A more comprehensive study was performed with 
SV40, where the BC, DE and HI loops were scanned 
with a FLAG-tag flanked by linkers of different 
lengths [215]. While insertion was only tolerated in 
two of the tested locations and the FLAG epitope 
had to be flanked by at least 3 glycine residues, 
insertion of an RGD motif into those locations com-
pletely retargeted the VLPs.

6.3.3. In vivo gene delivery

Although various groups have attempted gene de-
livery in vivo, good data is generally lacking. For 
example, 9 kb dl1023-pBR322 DNA, after direct 
interaction with MPyV VLPs, could be delivered to 

various tissue-types in both normal and immune-
deficient mice [216]. The delivery was sustained for 
up to 6 months and very efficient compared to na-
ked DNA alone, although wild-type MPyV infection 
resulted in even higher transfection rates. Normal 
mice were more difficult to transfect than immune-
deficient mice, but the study lacked the proper 
controls to quantify the differences.
In another study mice were injected with pEGFP-C1 
bound to MPtV VLPs by direct interaction [39]. DNA 
was detected by PCR 3 weeks after inoculation, 
despite the low transfection efficiency of 0.03 % re-
ported with cultured cells. DNA was found in mice 
inoculated with VLP/DNA complexes, but not with 
DNA alone. 
Similarly, Wang et al. showed the uptake of JCPyV 
VLPs carrying fluorescent oligonucleotides by 
neuroblastoma cells in mice harboring a tumor 
nodule [145]. Delivery was again only compared to 
the naked DNA, and despite showing uptake of the 
complexes, no release of DNA or physiological ef-
fect was noted.
In vivo transfection was shown to be stable [217]. 
Nude mice were injected with MPyV VLPs loaded 
with pCMV-β by osmotic shock. Stable expression 
of β-galactosidase was observed for over 7 weeks 
in multiple organs including the heart, spleen, kid-
ney and brain. However, β-galactosidase expres-
sion was only scored for its presence, and not 
quantified.
Based on these experiments performed with DNA 
loaded by direct interaction or osmotic shock, 
methods which generally show almost no in vitro 
transfection, it can be predicted that with more ef-
ficient loading methods much better results could 
be obtained. This was demonstrated by Chen et 
al., who show the transfection of tumor cells with 
pEGFP-N3 in nude mice bearing a COLO-320 HSR 
tumor nodule [158]. In this case, JCPyV VLPs loaded 
with DNA through co-expression, which were pre-
viously shown to transfect cells in culture with an 
efficiency of over 90 %, were injected intravenously 
[158]. Green fluorescence was only found in the tu-
mor, and not in other organs. The same experiment 
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was repeated with pUMVC1-tk. After treatment with 
ganciclovir (GCV) clear cell death was observed in 
vitro for the samples treated with pUMVC1-tk VLPs. 
After intravenous injection of VLPs harboring these 
plasmids and treatment with GCV, tumor growth 
was almost entirely inhibited, while controls did 
not have that effect.
Very efficient delivery was also reported after re-
assembly in the presence of nuclear extract [218]. 
SV40 VLPs containing the 5.3 kb luciferase expres-
sion plasmid pGL3-control were injected in BALB/c 
mice by hydrodynamic tail-vein injection. One 
day after the injection, very efficient transduction 
of the liver was observed, similar to recombinant 
SV40 vectors. Another study using the same load-
ing technique showed a clear anti-tumor effect 
of SV40 VLPs carrying the suicide gene PE38 in 
athymic nude mice carrying a KB-3-1 tumor [219]. 
The mice were injected either intratumorally or in-
traperitoneally 4–5 times a week starting on the 
day of tumor inoculation. After 30 days, the tumors 
in the mice treated with PE38-VLPs had barely 
grown, while the control animals had developed 
significant tumors, and several of the VLP-treated 
mice were still tumor-free after more than a year. 
However, both this study and the study by Chen et 
al. use immunocompromised mice bearing a hu-
man tumor, raising the question of how realistic 
these results are.
One of the downsides of using VLPs for gene de-
livery is the possible immunogenicity of the VLPs. 
Neutralizing antibodies might already exist in the 
population (for example for JCPyV and BKPyV), or 
might be acquired after the first round of therapy. 
This could severely limit the applicability, and lead 
to loss of efficacy and potentially severe immune 
reactions. Also, because of the high similarity be-
tween the different polyomaviruses, a high cross-
reactivity exists between the different VLPs [96]. 
However, this is not the case for all serotypes, and 
could therefore be circumvented by using different 
serotypes, for which no cross-reactivity exists [130]. 
Also, the VLPs could be made less immunogenic 
by modification, such as PEGylation; techniques 

which are already mainstream in non-viral gene 
delivery.

7. Summarizing conclusions

Virus-like particles resemble their parent virion in 
structure, immunogenicity, tropism and transduc-
tion efficiency, but do not contain any viral genetic 
material. They therefore represent a safe vector for 
vaccination and gene therapy. Although challeng-
ing in terms of large-scale production, the availabil-
ity of two VLP-based vaccines demonstrates that 
this can be done in a cost-effective way. Moreover, 
the fact alone that PyV VLPs can be produced in 
prokaryotic hosts at high yields already signifi-
cantly reduces the production costs.

7.1. Diagnostics

PyV VLPs have been used in epidemiological stud-
ies, and have shown that the human polyomavi-
ruses are omniprevalent and already acquired at 
an early age. VLPs are particularly valuable for 
these studies, as many PyV cannot easily be cul-
tured, and these particles thus represent the best 
method to detect seropositivity. Therefore, VLPs 
will continue to play an important role in the epide-
miologic study of PyV.

7.2. Vaccines

The lack of viral genetic material makes VLPs a 
safe alternative to attenuated and inactivated vi-
rus vaccines. Their repetitive structure causes a 
potent immune response by binding to pattern-
recognition receptors on immune cells and cross-
linking B-cell receptors. While PyV VLPs alone can 
already induce strong immune responses, they 
can be loaded with activators of innate immunity, 
such as CpG, further enhancing their immuno-
genicity.
The increasing prevalence of disease caused by 
BKPyV and JCPyV in immunocompromised indi-
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viduals, and the accumulating evidence of the role 
of MCPyV in Merkel cell carcinoma warrant the in-
vestigation into vaccines against these diseases. 
However, because the majority of the population 
is already seropositive for these diseases, and 
infection is mostly asymptomatic, it is question-
able whether prophylactic vaccines would be cost-
effective. On the other hand, prophylactic vaccines 
against avian polyomaviruses, which cause a 
much more acute disease, might be economically 
feasible for agricultural use. Because VP1 VLPs 
only give rise to anti-VP1 antibodies, while infec-
tion leads to antibody production against VP2/3 
and the T antigens, VLP-based vaccines make it 
possible to differentiate infected from vaccinated 
animals (DIVA), which is very important for agricul-
tural applications.
Different strategies have been developed to dis-
play foreign antigens on the surface of PyV VLPs. 
While direct insertion into surface-exposed loops is 
possible, and yields very high antibody titers, the 
development of such systems takes a lot of time. 
Moreover, large inserts can hamper VLP formation, 
and might not be folded correctly. However, PyV 
VLPs have been shown to tolerate the insertion 
of very large epitopes while still maintaining their 
antigenic structure, and this has already attracted 
attention from the industry [220].
Moreover, antigens loaded within PyV VLPs can 
induce strong antigen-specific CTL responses. Us-
ing these different strategies, antigens displayed 
by VLPs are able to break tolerance, a crucial step 
in the vaccination against autoimmune diseases 
and cancer, and a step towards the development 
of therapeutic vaccines.

7.3. Gene delivery

Virus-like particles provide a perfect combination 
of both viral and non-viral gene delivery systems, 
maintaining the high transfection efficiencies of 
viral gene carriers without the safety issues due to 
viral genetic sequences.
Several well-established protocols exist for the 

loading of cargo into PyV VLPs. Still, gene deliv-
ery using PyV VLPs is restricted to the packaging 
capacity of the VLP, which is close to the size of 
the PyV genome, although some groups reported 
delivery of larger DNA molecules. However, many 
applications stay below this size limit. For exam-
ple, RNAi effectors can easily be accommodated 
within PyV VLPs. Moreover, the use of minicircle 
DNA could allow larger transgenes to be packaged.
Now that packaging can efficiently be achieved the 
new bottleneck in transfection will be the nuclear 
uptake of DNA. Several different variables have al-
ready been tested, including the addition of VP2/3 
and hyper-acetylated histones. By further improv-
ing on these, it might be possible to achieve the 
same transfection efficiency as wild-type PyVs. 
However, the biggest challenge gene therapy is 
facing is still targeting. Using different protocols, 
targeting ligands have been coupled to PyV VLPs, 
resulting in the retargeting of these VLPs. Yet, 
this targeting was still not very specific. It can be 
envisioned that, by coupling different targeting li-
gands, or by using different chimeric VP1s in the 
same VLP, more specific targeting will be obtained. 
Another way to alter the tropism of VLPs is directed 
evolution. This technique has already proven its 
worth in the alteration of other viruses, such as 
adeno-associated virus [221]. In addition to random 
mutagenesis, the high homology between differ-
ent PyV members would allow family DNA shuffling 
to be used for the creation of novel PyV VLPs.
Taken together, polyomavirus virus-like particles 
show great potential in diagnostics, vaccine devel-
opment and gene delivery. Although PyV VLPs are 
already used in diagnostics, and vaccine develop-
ment is very close, still many challenges have to 
be overcome before PyV VLPs can be applied to 
gene therapy.
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1. Introduction

Cell-free expression (CFE) is an easy and rapid 
technique to obtain small quantities of desired 
proteins. CFE utilizes extracted cellular machinery 
for the in vitro transcription and translation of pro-
teins from DNA.
CFE has several advantages over conventional in 
vivo overexpression of proteins. Because there 
are no membranes surrounding the reaction, the 
reaction can easily be modified allowing direct 
control over the reaction conditions. For example, 
components can be added to the reaction to opti-
mize the expression conditions [1], to buffer the re-
dox potential to allow proper formation of disulfide 
bonds [2,3], to label proteins with isotopes [4,5], or to 
enable the incorporation of unnatural amino acids 
[6–10]. Unnecessary or unwanted components can 
be removed prior to use, ultimately leading to a 
PURE system [11,12]. CFE is an excellent method for 
the production of otherwise difficult-to-express 
proteins, such as membrane proteins [13,14] or pro-
teins that would normally be toxic to the host [15,16]. 
Furthermore, several different proteins can easily 
be expressed in the same reaction, allowing the 
formation of multiprotein complexes [15,17]. Because 
no lysis step is required, purification of proteins 
after CFE is much easier [18]. CFE is ideal for high-
throughput screening. Genes can be screened di-
rectly from PCR products without the need for clon-
ing [19] and proteins can be subjected to directed 

evolution using techniques such as in vitro com-
partmentalization [20].
The main drawback of CFE is its low expression 
yield [21]. Therefore, many studies have focused on 
increasing the yield by optimizing both the produc-
tion protocol and CFE reaction.
One commonly used CFE system is the Escheri-
chia coli (E. coli) S30 extract [22–25]. This system 
is based on the soluble fraction of a lysate from E. 
coli after centrifugation at 30,000 g, called S30 
extract. During production, the concentration of 
the S30 extract is determined at the beginning of 
the protocol by the cell pellet wet weight [23,24,26–32]. 
However, many steps are performed before the fi-
nal S30 extract is obtained, each resulting in slight 
variations in the concentration of the S30 extract. 
Of these steps, the lysis step seems to cause most 
variability between batches [24,33]. In the end, these 
slight variations results in high batch-to-batch var-
iability. Most protocols for CFE with S30 extract use 
a fixed volume percentage of S30 extract in the CFE 
reaction (usually 24–35 %) [14,24,26–36], thus propa-
gating the variability. This way, big differences 
between batches of S30 extract produced by the 
same protocol obscure conclusions based on ex-
pression levels and make comparisons between 
different expression protocols impossible.
In an effort to reduce the batch-to-batch variabil-
ity of S30 extracts, we looked for ways to normal-
ize the different S30 extracts. Based on our own 
results and the results obtained with condensed 

Abstract
Most protocols for the preparation of Escherichia coli S30 extract define the S30 extract concentra-
tion based on the cell pellet wet weight. However, because of variability introduced during down-
stream processing, large differences between batches of S30 extract are observed. Here we show 
that by normalizing the S30 extract total protein concentration after production and before cell-free 
expression, we can significantly reduce the batch-to-batch variability of S30 extracts. This not only 
facilitates the comparison between studies performed with different S30 batches, but also between 
different production protocols for S30 extract. Finally, we find that, at least for β-galactosidase, the 
highest yield is obtained using 3.4–4.8 mg⁄ml S30 extract protein in the cell-free expression reaction.
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extracts [4,23] we investigated the effect of the con-
centration of the S30 extract on the CFE activity. 
We investigated if we can reduce the variability be-
tween extracts arising from differences in protein 
content, or even increase the expression using an 
optimal protein concentration.

2. Materials and Methods

2.1. Chemicals

Adenosine-5’-triphosphate (ATP), ammonium ac-
etate, β-galactosidase (G6008, 250–600 U⁄mg), 
bovine serum albumin (BSA), chloramphenicol, 
3’-5’-cyclic adenosine monophosphate (cAMP), 
cytidine-5’-triphosphate (CTP), dimethyl sul-
foxide (DMSO), dithiothreitol (DTT), folinic acid, 
guanosine-5’-triphosphate (GTP), LB broth culture 
medium, magnesium acetate, 2-mercaptoethanol, 
phosphoenolpyruvate (PEP), polyethylene glycol 
8000 (PEG 8000), potassium hydroxide, pyruvate 
kinase, tris(hydroxymethyl)aminomethane (Tris), 
uridine-5’-triphosphate (UTP), and each of the 20 
standard amino acids were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetic acid and potas-
sium acetate were purchased from Merck KGaA 
(Darmstadt, Germany). Creatine kinase (CK), E. 
coli total tRNA, and cOmplete EDTA-free protease 
inhibitor cocktail tablets were purchased from 
Roche (Basel, Switzerland). HEPES was purchased 
from Acros Organics (Geel, Belgium). Creatine 
phosphate was purchased from Alfa Aesar (Ward 
Hill, MA, USA). T7 RNA polymerase was purchased 
from Thermo Scientific (Waltham, MA, USA). Fluo-
rescein di-β-D-galactopyranoside (FDG) was pur-
chased from Marker Gene Technologies (Eugene, 
OR, USA). RNase AWAY™ was purchased from Life 
Technologies (Carlsbad, CA, USA).

2.2. Plasmids

The plasmid pIVEX2.2EM-LacZ, which contains the 

wild-type E. coli LacZ gene under control of a T7 
promoter, was prepared as described previously 
[20]. Suitable quantities of circular plasmid DNA 
were obtained using the NucleoBond® PC 10 000 
kit (MACHEREY-NAGEL, Düren, Germany).

2.3. Bacteria

E. coli strains Rosetta-gami™ B(DE3), Rosetta-
gami™ B, BL21(DE3), and Tuner™ were purchased 
from Merck KGaA.

2.4. Preparation of E. coli extracts

S30 extracts were prepared based on previously 
described protocols [24,25] with slight modifica-
tions and variations [37–39]. During preparation, all 
bottles, tubes, and glassware were washed with 
RNase AWAY™ prior to use. Overnight cultures of 
bacteria were diluted 50–100× in LB broth (usu-
ally 0.5–10 L). In the case of Rosetta-gami™ B or 
Rosetta-gami™ B(DE3), 34 µg⁄ml chloramphenicol 
was added. The bacteria were grown in 2 L Erlen-
meyer flasks each with 500–800 ml LB broth at 
37 °C shaking at 250 RPM until an OD600 of 0.8 
was reached. The bacteria were then harvested by 
centrifuging at 5,000 g at 4 °C for 15 min, followed 
by resuspension in 20 ml precooled (4 °C) extract 
buffer (10 mM Tris-acetate buffer (pH 8.2) contain-
ing 14 mM magnesium acetate, 60 mM potassium 
acetate, and 1.0 mM DTT) with 0.050 % v⁄v 2-mer-
captoethanol per gram of wet pellet. This step was 
repeated two more times. Afterwards, the pellet 
was frozen and stored overnight. The next day, the 
cells were resuspended in 1.14 ml precooled (4 °C) 
extract buffer with cOmplete EDTA-free protease in-
hibitor cocktail (1 tablet per 50 ml buffer) per gram 
of pellet. The bacteria were lysed by two passes 
through an EmulsiFlex-C5 high pressure homog-
enizer (AVESTIN, Ottawa, ON, Canada) at >15,000 
psi or by 10–18 cycles of sonication (20 sec cy-
cles, 80 % output, 0.5 sec active time interval) 
with a LABSONIC® P probe sonicator equipped with 
a 3-mm diameter probe (Sartorius AG, Göttingen, 
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Germany). The lysate was centrifuged twice at 4 °C 
at 30,000 g for 30 min (S30 extracts) or 18,000 
g for 60 min (S18 extracts), discarding the pellet. 
The supernatant was incubated at 37 °C for 80 min 
with 0.30 volume of the preincubation buffer (293 
mM Tris-acetate buffer (pH 8.2) containing 9.2 mM 
magnesium acetate, 13.2 mM ATP, 84 mM PEP, 4.4 
mM DTT, 40 µM of each of the 20 standard amino 
acids, and 6.7 U⁄ml pyruvate kinase). This preincu-
bation step was only performed for some of the ex-
tracts from figure 1. The supernatant was dialyzed 
4 times for 30 min at 4 °C against 100 volumes of 
extract buffer using Slide-A-Lyzer membrane cas-
settes (Thermo Scientific) with a MWCO of 10 kDa. 
Debris was removed during a final centrifugation 
step at 4,000 g for 10 min at 4 °C. The supernatant, 
the S30 extract, was stored as 0.1–1.0 ml aliquots 
at –80 °C.

2.5. Protein quantification

Protein concentrations were determined using the 
Pierce™ BCA Protein Assay Kit and Pierce™ Micro 
BCA Protein Assay Kit (Thermo Scientific) accord-
ing to the manufacturer’s protocol. Results were 
corrected for DTT present in the S30 extracts.

2.6. Cell-free protein synthesis

Cell-free protein synthesis was performed with a 
total reaction volume of 25–100 µl. Each reaction 
contained 30–34 % (v⁄v) (diluted) S30 extract, 
175 µg⁄ml E. coli total tRNA, 250 µg⁄ml creatine ki-
nase, 5.8 mM magnesium acetate, 55 mM HEPES-
KOH (pH 8.2), 1.7 mM DTT, 1.2 mM ATP, 0.8 mM CTP, 
0.8 mM GTP, 0.8 mM UTP, 80 mM creatine phos-
phate, 0.64 mM cAMP, 68.9 µM folinic acid, 210 mM 
potassium acetate, 27.6 mM ammonium acetate, 
1.0 mM of each of the 20 standard amino acids, 4.0 
% w⁄v PEG 8000, and 2.5 U⁄µl T7 RNA polymerase. 
Plasmid DNA was added to a final concentration of 
20 nM. The reactions were incubated for 4 hours at 
30 °C.

2.7. Quantification of β-galactosidase 
activity

The activity of cell-free produced β-galactosidase 
was determined using FDG based on a previously 
described protocol [38]. From each CFE reaction, 10 
µl was taken and added to 90 µl 33 mM Tris-acetate 
buffer (pH 7.9) with 10 mM magnesium acetate, 
66 mM potassium acetate, and 5.0 mg⁄ml BSA in a 
black 96-well plate (Greiner Bio-One, Monroe, NC). 
To each well 100 µl substrate solution (0.2 mM FDG 
in 33 mM Tris-acetate buffer (pH 7.9) with 10 mM 
magnesium acetate, 66 mM potassium acetate, 
0.2 % DMSO and 5.0 mg⁄ml BSA) was injected using 
a FLUOstar OPTIMA (BMG Labtech, Ortenberg, Ger-
many) equilibrated at 37 °C, and the fluorescence 
(excitation, 485 nm; emission, 520 nm) was meas-
ured every 0.5 sec for 120 sec. A β-galactosidase 
standard curve was also measured (2-fold dilution 
series, 7.8–500 U⁄ml). The slope per minute was 
determined using the FLUOstar OPTIMA software, 
and based on the standard curve (4-parameter fit) 
the β-galactosidase activity was calculated.

3. Results

3.1. Batch-to-batch variability of S30 
extracts

Over the past years we have noticed a very large 
variance in the protein synthesis activity of dif-
ferent batches of S30 extract. In an attempt to 
explain this variability, we investigated the effect 
of the concentration of the S30 extracts, measured 
in terms of total protein content, on the expression 
level of the extracts. We determined the total pro-
tein content of 20 extracts produced at our labora-
tory from different E. coli strains over the past 6 
years and stored at –80 °C. Three of these extracts 
were S18 extracts, produced following the same 
protocol as for the S30 extracts, except that these 
extracts were centrifuged at 18,000 g for twice the 
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amount of time. We also quantified the protein ex-
pression activity of these extracts by measuring 
the β-galactosidase activity after cell-free expres-
sion with pIVEX2.2EM-LacZ under control of the T7 
promoter (figure 1).
All highly active extracts were found to have total 
protein contents between 13 and 30 mg⁄ml, result-
ing in a final concentration of 4–9 mg⁄ml extract 
protein in the CFE reaction. At higher or lower ex-
tract protein concentrations, a concentration-
dependent decrease in activity was observed. No 

difference in trend was found between extracts 
derived from different E. coli strains, nor was any 
difference found between S30 and S18 extracts. 
No relationship was found between storage time 
and activity (data not shown).

3.2. Variance of S30 extracts produced 
in parallel

The extracts in figure 1 were produced by different 
members of our laboratory using different bacterial 
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Figure 1. S30 extracts with different total protein contents result in different expression levels. The total protein content and protein 
expression activity of 20 extracts were determined. Different E. coli strains were used to produce the extracts as indicated by the 
symbols. The results were corrected for endogenous β-galactosidase activity. The error bars show the standard deviations of both 
measurements (n=2).

Figure 2. BCA protein quantification of six different extracts produced in parallel. Significantly different total protein concentrations 
were observed (one-way ANOVA, p<0.05; n=2).
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strains, and were stored for different durations. In 
order to eliminate any bias arising from these fac-
tors, we produced six S30 extracts in parallel from 
E. coli Rosetta-gami™ B, while trying to maintain as 
much homogeneity between the extracts as pos-
sible.
Figure 2 shows the result of the total protein quan-
tification of these six extracts. Despite spending 
substantial effort in handling the extracts the 
same way in order to reduce variability, significant 
differences were found in total protein content, 
with the least concentrated extract containing 13 

% less protein per volume than the most concen-
trated extract. Thus, even preparing S30 extracts in 
parallel still results in extracts with different total 
protein contents.
To see if these differences observed in total protein 
content also result in differences in CFE activities, 
CFE of β-galactosidase was performed with the six 
extracts produced in parallel (figure 3). CFE was 
performed with equal volumes of S30 extract (30 
%) per CFE reaction, leading to different concen-
trations of S30 proteins in the final CFE reactions. 
Significant differences were observed between 
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Figure 3. S30 extracts prepared using the same protocol in parallel have different CFE activities when using equal volumes of S30 
extract. The activity of six different extracts produced in parallel was measured by quantifying β-galactosidase activity after CFE. 
Significantly different activities were observed (one-way ANOVA, p<0.01; n=6).

Figure 4. Correlation between extract protein concentration and β-galactosidase activity. The solid line shows the trend line, the 
dotted lines indicate the boundaries of the 95 % confidence interval. A clear negative trend is observed (linear regression, p<0.01).
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the extracts, with the least active extract being 27 
% less active than the most active one, indicating 
that the small differences between S30 concentra-
tions can lead to much bigger differences in overall 
protein expression. A negative trend was found, 
with extracts with higher total protein contents be-
ing less active (figure 4). This correlates well with 
the data from figure 1, where a negative trend was 
observed above 9 mg⁄ml extract protein. The CFE 
reactions in figure 3 were performed with 13.8–

15.9 mg⁄ml extract protein, which lies well within 
this region. We would thus expect that lowering 
the extract protein concentration would result in 
increased expression.

3.3. Normalization of S30 protein 
concentration

To investigate if normalizing the extract protein 
concentration results in less variance in CFE activ-
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Figure 5. Normalizing the total protein content of different extracts decreases the variability in expression levels. CFE with 
pIVEX2.2EM-LacZ was performed with six different extracts normalized to an S30 protein concentration of 7.2 mg⁄ml in the CFE 
reactions. The expression was measured by quantifying β-galactosidase activity after CFE. No significant difference between the 
extracts was observed anymore (one-way ANOVA, p=0.50; n=5), while the average relative standard deviation decreased (0.09 
here against 0.13 in figure 3).
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Figure 6. Relationship between extract protein concentration and CFE activity. CFE was performed with different concentrations of 
extract protein. The β-galactosidase activity after CFE was quantified and plotted relative to the activity using undiluted S30 extract. 
A clear trend is visible with a peak in activity at extract protein concentrations of 3.4–4.8 mg⁄ml. At concentrations below and above 
the peak a concentration-dependent decrease in activity is observed. n=3.
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ity, the six S30 extracts were diluted in 10 mM Tris-
acetate buffer (pH 8.2) containing 14 mM magne-
sium acetate, 60 mM potassium acetate, and 1.0 
mM DTT – the same buffer against which the S30 
extracts were dialyzed during preparation. This was 
done to keep the concentration of the buffer com-
ponents constant, while reducing the extract pro-
tein concentration. The S30 extracts were diluted 
to achieve a final extract protein concentration of 
7.2 mg⁄ml when using 30 % v⁄v diluted S30 extract. 
CFE with pIVEX2.2EM-LacZ was performed and the 
β-galactosidase activity was quantified (see figure 
5). No significant differences between the extracts 
were observed anymore, while the average relative 
standard deviation in fact decreased, indicating 
that the difference can be explained by a reduced 
variance of the means. Interestingly, a 3.9-fold in-
crease in average activity was observed compared 
to the undiluted extracts, clearly showing that the 
CFE reaction is concentration-dependent.

3.4. Relationship between extract 
protein concentration and CFE activity

The significant increase in average activity of the 
extracts upon dilution led us to investigate the 
influence of the S30 total protein content on the 
activity of the S30 extract. Not only might dilution 
increase the activity, but it would also save valu-
able S30 extract. S30 extract derived from Roset-
ta-gami™ B(DE3) was linearly diluted in the same 
buffer against which the extract was dialyzed dur-
ing preparation, leading to final concentrations of 
0.0–10.2 mg⁄ml extract protein in the CFE reac-
tions. CFE was performed with pIVEX2.2EM-LacZ, 
and the β-galactosidase activity was quantified 
(see figure 6). A clear trend is visible with a peak 
in activity at 3.4–4.8 mg⁄ml extract protein. At con-
centrations below and above the peak a concentra-
tion-dependent decrease in activity is observed. 
Both this trend and the peak agree with the results 
in figure 1 from the different extracts prepared 
over the years.

4. Discussion and 
conclusion

In this study we show that normalization of the 
total protein content of batches of S30 extract 
can reduce the variability in CFE activity of these 
batches. Although this might seem logical, to our 
surprise this is not standard practice. Most proto-
cols for the preparation of S30 extract define the 
S30 extract concentration based on the cell pellet 
wet weight. However, variability introduced during 
downstream processing often causes large differ-
ences between batches of S30 extract. According 
to these protocols, CFE is subsequently performed 
with a constant volume percentage of S30 extract. 
We show that this results in large differences in 
expression, even when the S30 extracts are pro-
duced in parallel and care is taken to treat the 
extracts the same way during downstream pro-
cessing (figure 3). Relatively small fluctuations in 
S30 protein concentration were seen to cause sig-
nificant differences in expression activity. These 
differences, observed when using equal volumes 
of different S30 extracts, can be decreased by 
normalizing the S30 protein concentration in CFE 
reactions (figure 5).
Many factors are responsible for the variation in 
extract protein concentration, such as incomplete 
resuspension of the bacteria, incomplete lysis, di-
lution or loss of the lysate during homogenization 
due to the dead volume of the equipment used 
to disrupt the bacterial cell walls, frothing dur-
ing sonication, loss of proteins or bacteria due to 
adhesion, the inclusion of a preincubation step, 
dilution during dialysis, rounding of volumes, or 
pipetting errors. Of the different production steps, 
lysis was shown to have the most impact [24,33]. 
Because most of these factors do not qualitatively 
influence the S30 extract, normalization of the ex-
tract protein concentration would eliminate most 
differences. Some protocols suggest optimizing 
the S30 volume concentration for each new batch 
of extract [5]. Given the results presented in this 
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paper, we believe that this is time-consuming and 
unnecessary, and that normalization of the total 
protein concentration would be more appropriate.
Not all variation in activity is caused by differ-
ences in extract protein concentration. Even at the 
same protein concentration, different extracts still 
possess different activities (figure 1). These dif-
ferences might result from other aspects such as 
different E. coli strains used for preparation, dif-
ferent extract preparation protocols, different lysis 
methods employed, loss of activity during storage, 
or accidental loss of activity due to faulty handling 
during preparation. Indeed, these variables are of-
ten the subject of studies. When these variables 
are expected to change the protein composition 
of the extract, it might be sensible to optimize the 
extract protein concentration first. However, when 
comparing these variables, it is paramount to nor-
malize the extract protein concentrations to these 
optima after preparation, otherwise the random 
variation in protein concentration arising during 
downstream processing might obscure the con-
clusions. Thus, to make an unbiased comparison 
between extracts, normalized protein concentra-
tions should be used.
We did not observe any significant difference 
between extracts derived from different E. coli 
strains, even though BL21(DE3) was expected to 
give slightly higher background FDG conversion 
activity due to endogenous β-galactosidase [38]. 
Nonetheless, all results were blank-corrected.
We did not find a relationship between storage 
time and activity of our S30 extracts, although we 
lacked the proper controls to draw any significant 
conclusions. We found that activity is retained, 
even after storage for up to 6 years at –80 °C.
The activity of S30 extracts is dependent on the 
proteins within the extracts. These proteins, includ-
ing ribosomes, are the driving force behind CFE. In-
deed, even if everything else is removed from the 
S30 extract and only the proteins and ribosomes 
remain, CFE can be achieved [11]. Among the many 
components of the S30 extract, elongation factors 
were previously shown to be restricting [21]. Anoth-

er study tested the addition of purified translation 
factors, aminoacyl-tRNA synthetases, and ribo-
somes, but did not find any of these components 
to be limiting [40]. However, this study was per-
formed with >17 mg⁄ml S30 extract protein in the 
CFE reaction. At such a high concentration, which 
lies far above the optimum (figure 1 and 6), pro-
teins are already present in excess.
We believe that the results we describe here are 
caused by differences in extract protein concen-
tration. However, we cannot exclude that other 
components of the S30 extracts add to the effects 
observed in this paper. We attempted to exclude 
some of these components by diluting the S30 
extracts in extract buffer, thus keeping the concen-
tration of the salts constant. Further studies would 
be required to determine the effect of the individu-
al proteins, or ribosomes, on the CFE reaction. Here 
we sought to improve the basic production proto-
col for S30 extracts, and further standardization of 
the individual proteins would not be possible while 
keeping the production protocol the same.
We found that the CFE yield is dependent on the 
extract protein content of the final CFE reaction. At 
an S30 protein concentration of 3.4–4.8 mg⁄ml the 
highest activity is obtained, at least for the expres-
sion of active β-galactosidase (figure 6). We do not 
know if the same also applies to other enzymes or 
proteins, although a similar peak in expression 
was obtained before with condensed extracts after 
the expression of chloramphenicol acetyltrans-
ferase (CAT) [23] and superfolder green fluorescent 
protein (sfGFP) [41]. Further studies would have to 
point out if the drop in yield at higher extract con-
centrations is caused by loss of enzyme activity 
(e.g. aggregation), or by a decrease in production. 
Previous studies found that during incubation sev-
eral key components (amino acids, energy com-
pounds, mRNA) are degraded by enzymes present 
in the S30 extract [42–44]. Increasing the extract 
protein concentration would thus also increase 
degradation, possibly at a higher rate than protein 
synthesis. Since the most expensive component 
of the CFE reaction is the S30 extract, these results 
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Figure 7. Tree structure showing select publications from the history of S30 extract. The arrows indicate the publications on which 
the CFE protocols were based. For each publication, the concentration of the S30 extract in CFE reactions is stated, along with the 
number of times the article has been cited according to Google Scholar [4,22–24,32,34,36,48–61]. After 2000, the structure becomes increas-
ingly more complex due to the many variations of the CFE protocol.

Kim, 1996 [23]

24 % v/v
Cited 195 times

Pratt, 1984 [52]

17 % v/v
Cited 88 times

Pratt, 1981 [51]

17 % v/v
Cited 59 times

Collins, 1979 [50]

25 % v/v
Cited 76 times

Johnson, PhD
thesis, 1976

?

Wetekam, 1971 [49]

6.5 mg/ml
Cited 57 times

Dottin, 1973 [48]

6.5 mg/ml
Cited 27 times

Zubay, 1973 [22]

6.5 mg/ml
Cited 640 times

Yang, 1980 [61]

6.5 mg/ml
Cited 40 times

Chen, 1983 [59]

6.5 mg/ml
Cited 8 times

Chen, 1983 [60]

6.5 mg/ml
Cited 118 times

Kigawa, 1995 [57]

24 % v/v
Cited 156 times

Kigawa, 2004 [24]

30 % v/v
Cited 174 times

Liu, 2005 [53]

9.12 mg/ml
Cited 53 times

Ellman, 1991 [58]

28 % v/v
Cited 266 times

Kang, 2005 [36]

24 % v/v
Cited 28 times

Jewett, 2004 [34]

Citomim
24 % v/v

Cited 141 times

Torizawa, 2004 [32]

30 % v/v
Cited 100 times

Kim, 2001 [55]

PANOx
24 % v/v

Cited 142 times
Kim, 1999 [56]

24 % v/v
Cited 163 times

Kigawa, 1999 [4]

30 % v/v
Cited 405 times

Calhoun, 2005 [54]

24 % v/v
Cited 66 times
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show that by decreasing the extract concentration, 
one can gain in yield while reducing the cost.
Normalization of the total protein concentration of 
an S30 extract is not without precedent. In fact, 
early protocols for CFE used a fixed amount of S30 
protein per reaction [22,45–49]. For example, in 1973, 
Zubay used 6.5 mg⁄ml S30 protein in the CFE reac-
tions [22]. The first publication we could find to use 
a fixed volume concentration of S30 extract was 
by Collins in 1979 [50]. According to the paper, his 
method was based on the protocol from Zubay, 
with modifications from a PhD thesis. We believe 
this to be the source of this change (see figure 
7). Later work from Pratt et al. [51,52] was based 
on this publication, and from that time on, most 
publications have used a fixed volume percentage 
of S30 extract. Pratt et al. also mention that they 
tested different extract protein concentrations, 
but that any S30 extract with a protein concen-
tration between 30 and 200 mg⁄ml could be used 
with limited effect on the efficiency [51]. While this 
might have been the case for their old CFE system, 
in which the S30 extract was not the limiting fac-
tor, we show that this is definitely not true for cur-
rently used optimized CFE systems based on E. 
coli S30 extract.
In one recent publication, Liu et al. normalized 
their extracts to 9.12 mg⁄ml [53]. This was done by 
varying the volume of S30 extract added, thus 

also varying the amount of salts. Moreover, they 
did not investigate the effect of the normalization 
on the expression level or mention why the ex-
tract had been normalized to this concentration. 
We observed an 80 % drop in activity at 9 mg⁄ml 
compared to the optimal concentration of 3.4–4.8 
mg⁄ml.
Despite all the different protocols we could not find 
any report investigating the effect of normalization 
on the expression activity of the extracts. Moreo-
ver, almost all recent publications still use extracts 
based on pellet wet weight instead of normalizing 
their extracts based on protein concentration. We 
now show that without normalization bias is intro-
duced, obscuring the comparison of studies on the 
activity of S30 extracts. We propose that, in the fu-
ture, the protein concentration of S30 extracts be 
determined and normalized before use.
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1. Introduction

Cell-free expression (CFE) is an excellent tech-
nique for the small-scale production of recombi-
nant proteins, utilizing an in vitro transcription 
and translation system such as an S30 bacterial 
extract [1–3]. The S30 extract prepared from Escher-
ichia coli (E. coli) has been used successfully for 
many applications, including isotopic labeling [4,5], 
the incorporation of unnatural amino acids [6–10], 
high-throughput screening [11], directed evolution 
[12], vaccine development [13–15], and the production 
of toxic proteins [16,17], membrane proteins [18,19], 
proteins requiring specific disulfide bonds [20,21], 
and multiprotein complexes [16,22].
Despite the many advantages CFE expression has 
over conventional recombinant production, the 
technique remains plagued by low levels of protein 
synthesis. Many studies have focused on increas-
ing the expression level of CFE. In most of these 
studies, either the reaction conditions were altered 
[23–25] or the energy supply was changed [26–29], but 
very few studies have focused on the S30 extract 
itself.
Most current protocols for CFE simply use a fixed 
volume percentage of S30 extract in the CFE reac-
tion, without prior characterization or normaliza-
tion of the S30 extract [2,19,25,29–38]. Given the many 

steps that are involved in the production of S30 
extracts, and the countless variations of the prep-
aration protocol that exist, using a fixed volume 
percentage often results in widely varying extract 
protein concentrations in the final CFE reaction 
[33,39,40].
We have previously shown that the yield of expres-
sion depends on the concentration of S30 extract 
protein in the CFE reaction [40]. Similar results 
have also been obtained with condensed extracts 
[1,4,41]. We found that, for the expression of active 
β-galactosidase, the highest yield is obtained us-
ing a final concentration of 3.4–4.8 mg⁄ml S30 
extract protein. This concentration is significantly 
lower than the concentrations used in the few re-
ports that do normalize S30 extracts based on pro-
tein concentration [42,43]. If this relationship holds 
true for all proteins expressed, and if the peak 
activity lies at the same extract concentration for 
each recombinant protein, this would mean that 
merely lowering the amount of extract used could 
result in a significant boost in CFE activity. On the 
other hand, if each protein requires a different ex-
tract protein concentration for optimal expression, 
this would have to be optimized to attain the high-
est expression, something that is not common 
practice.
In this study we zoomed in on this correlation be-

Abstract
In this study we show that the yield of prokaryotic cell-free expression depends on the Escherichia 
coli S30 extract protein concentration in the reaction. We tested this relationship for the expression 
of several different proteins, and found that each protein requires its own unique extract protein con-
centration for optimal expression. Furthermore, this correlation changes under different incubation 
temperatures, although incubation time does not influence the correlation. We observed a similar 
dependency with a commercially available prokaryotic cell-free expression system as well. We tried 
adding stabilizing excipients to the reaction to allow higher extract protein concentrations to be used, 
but this did not result in higher levels of protein expression. We did observe some beneficial effects 
with DMSO at suboptimal extract protein concentrations. No single extract protein concentration was 
found at which all proteins were expressed optimally, although all proteins showed reasonable ex-
pression at 5–6 mg⁄ml extract protein. This study clearly shows that the extract protein concentration 
is an important variable that needs to be optimized when expressing a new protein.
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tween CFE yield and extract protein concentration. 
We tested if the relationship we previously ob-
served for the expression of active β-galactosidase 
extends to the expression of other recombinant 
proteins. We also tested if a similar relationship 
is observed with commercially available systems. 
These systems, such as the Rapid Translation Sys-
tem (RTS) (5PRIME, previously Roche) and the 
S30 T7 High-Yield Protein Expression System (Pro-
mega), also use a fixed volume of S30 extract per 
reaction. According to the manufacturers, the sup-
plied E. coli lysate is optimized to obtain the high-
est CFE activity. However, if the optimal concen-
tration depends on the protein being expressed, a 
single best concentration would not be possible. 
Still, while Promega states that increasing the con-
centration might increase the yield, none of the 
manufacturers recommend optimizing the con-
centration of E. coli extract in the CFE reaction.
We found that the relationship between CFE yield 
and S30 extract protein concentration is not static. 
Different proteins required different extract pro-
tein concentrations for optimal expression, and 
this optimal concentration shifted under different 
incubation temperatures. Strikingly, the relative 
productivity at different S30 extract protein con-
centrations did not change during incubation. The 
addition of stabilizing excipients could not boost 
the expression at high extract protein concentra-
tions, although addition of DMSO at suboptimal 
extract protein concentrations resulted in slightly 
increased protein expression.

2. Materials and Methods

2.1. Chemicals

Adenosine-5’-triphosphate (ATP), ammonium 
acetate, β-galactosidase (G6008, 250–600 
U⁄mg), bovine serum albumin (BSA), bromophe-
nol blue, chloramphenicol, 3’-5’-cyclic adenosine 
monophosphate (cAMP), cytidine-5’-triphosphate 

(CTP), dimethyl sulfoxide (DMSO), dithiothreitol 
(DTT), folinic acid, glycerol, guanosine-5’-triphos-
phate (GTP), LB broth culture medium, magne-
sium acetate, 2-mercaptoethanol, polyethylene 
glycol 8000 (PEG 8000), polysorbate 20 (TWEEN® 
20), potassium hydroxide, sodium dodecyl sulfate 
(SDS), tris(hydroxymethyl)aminomethane (Tris), 
uridine-5’-triphosphate (UTP), and each of the 20 
standard amino acids were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetic acid, hydrochlo-
ric acid, potassium acetate, and sucrose were pur-
chased from Merck KGaA (Darmstadt, Germany). 
Creatine kinase (CK), E. coli total tRNA, and cOm-
plete EDTA-free protease inhibitor cocktail tablets 
were purchased from Roche (Basel, Switzerland). 
HEPES was purchased from Acros Organics (Geel, 
Belgium). Creatine phosphate was purchased from 
Alfa Aesar (Ward Hill, MA, USA). T7 RNA polymer-
ase and DNA-modifying enzymes were purchased 
from Thermo Scientific (Waltham, MA, USA). Fluo-
rescein di-β-D-galactopyranoside (FDG) was pur-
chased from Marker Gene Technologies (Eugene, 
OR, USA). Phosphate buffered saline (PBS) was 
purchased from B. Braun Melsungen AG (Melsun-
gen, Germany). RNase AWAY™ was purchased from 
Life Technologies (Carlsbad, CA, USA).

2.2. Plasmids

All genes were cloned into a pIVEX2.2EM or pDUAL 
GC backbone under control of a T7 promoter. The 
preparation of the pIVEX2.2EM backbone has been 
described elsewhere [12]. The plasmid pIVEX-LacZ, 
which contains the wild-type E. coli LacZ gene, 
was prepared as described previously [12]. The 
plasmid pIVEX-HaPyV-VP1/co, which contains the 
Hamster polyomavirus VP1 gene codon-optimized 
for expression in E. coli, was prepared as follows. 
The VP1 protein sequence was obtained from Ged-
vilaite et al. [44]. The sequence was reverse trans-
lated and codon-optimized for expression in E. coli 
using GeneDesign [45]. Flanking sequences were 
added to create an NcoI restriction site overlapping 
the start codon and an XhoI restriction site directly 
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adjacent to the stop codon. The gene was syn-
thesized by GenScript (Piscataway, NJ, USA) and 
delivered in a pUC57 vector. The HaPyV-VP1/co 
gene was excised from pUC57 using NcoI and XhoI, 
and cloned into pIVEX2.2EM digested with the 
same enzymes. The production of VP1 using this 
plasmid was validated previously [46]. pIVEX-EGFP, 
which contains the enhanced green fluorescent 
protein (EGFP) gene, was cloned as follows. The 
EGFP gene was amplified from pEGFP-C1 (Clon-
tech) by PCR using primers EGFP-Fw CGGTCGCCAC-
CATGGT and EGFP-Rv TGCAGAATTCGAAGCTTGAG. The 
PCR product was digested with NcoI and XhoI, and 
ligated into pIVEX2.2EM digested with the same 
enzymes. pIVEX-OVA, which contains the gene 
for soluble ovalbumin, was cloned as follows. The 
sOVA gene was amplified from pCI-neo-sOVA (ob-
tained via Addgene from [47]) by PCR using primers 
OVA-Fw TCATGAAAATGGGCTCCATCGGCGC and OVA-Rv 
GGATCCTTAAGGGGAAACACATCTGCCAAAG. The PCR 
product was digested with BspHI and BamHI, and 
ligated into pIVEX2.2EM digested with NcoI and 
BamHI. The plasmid pDUAL-Luc-NP, which contains 
the firefly luciferase gene fused to the H3N2 influ-
enza nucleoprotein epitope (NP366–374, ASNENM-
DAM), was prepared and validated previously [15]. 
All genes were verified by sequencing (BaseClear; 
Leiden, The Netherlands). Suitable quantities of 
circular plasmid DNA were obtained using the 
NucleoBond® PC 10 000 kit (MACHEREY-NAGEL; 
Düren, Germany).

2.3. Preparation of E. coli S30 extracts

The preparation of S30 extracts was based on previ-
ous protocols [2,3] and has been detailed before [40]. 
Novagen® Rosetta-gami™ B(DE3) E. coli (Merck 
KGaA) were used for the preparation. The bacteria 
were lysed by two passes through an EmulsiFlex-
C5 high pressure homogenizer (AVESTIN; Ottawa, 
ON, Canada) at >15,000 psi. No preincubation step 
was performed. The extracts were stored as 1.0 ml 
aliquots at –80 °C.

2.4. Protein quantification

Protein concentrations were determined using the 
Pierce™ BCA Protein Assay Kit (Thermo Scientific) 
according to the manufacturer’s protocol. Results 
were corrected for reducing agents present in the 
S30 extract and reconstitution buffer (RTS 100 E. 
coli HY Kit).

2.5. Cell-free protein synthesis using 
S30 extract

Cell-free protein synthesis was performed with a 
total reaction volume of 25–100 µl. During prepa-
ration, the reactions and reaction components 
were kept on ice to prevent premature expression. 
Each reaction contained 34 % v⁄v (diluted) S30 
extract, 175 µg⁄ml E. coli total tRNA, 250 µg⁄ml 
creatine kinase, 5.8 mM magnesium acetate, 55 
mM HEPES-KOH (pH 8.2), 1.7 mM DTT, 1.2 mM 
ATP, 0.8 mM CTP, 0.8 mM GTP, 0.8 mM UTP, 80 mM 
creatine phosphate, 0.64 mM cAMP, 68.9 µM folinic 
acid, 210 mM potassium acetate, 27.6 mM ammo-
nium acetate, 1.0 mM of each of the 20 standard 
amino acids, 4.0 % w⁄v PEG 8000, and 2.5 U⁄µl T7 
RNA polymerase. Plasmid DNA was added to a fi-
nal concentration of 20 nM. The reactions were 
incubated for 4 hours at 30 °C, unless specified 
otherwise.

2.6. Cell-free protein synthesis using 
RTS

The Rapid Translation System RTS 100 E. coli HY 
Kit (Roche; Basel, Switzerland) was used accord-
ing to the manufacturer’s protocol with pIVEX-LacZ 
as template. The reaction volume was 20 µl. Nor-
mally, reactions are performed with 24 % v⁄v E. coli 
lysate. We prepared different dilutions using the 
supplied reconstitution buffer, while keeping the 
total amount of reconstitution buffer per reaction 
the same.
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2.7. Quantification of β-galactosidase 
activity

The activity of the cell-free produced 
β-galactosidase was determined using FDG based 
on a previously described protocol [14,40]. Briefly, 
from each CFE reaction 10 µl was taken and added 
to 90 µl 33 mM Tris-acetate buffer (pH 7.9) with 
10 mM magnesium acetate, 66 mM potassium ac-
etate, and 5.0 mg⁄ml BSA in a black 96-well plate 
(Greiner Bio-One; Monroe, NC). To each well 100 
µl substrate solution (0.2 mM FDG in 33 mM Tris-
acetate buffer (pH 7.9) with 10 mM magnesium 
acetate, 66 mM potassium acetate, 0.2 % DMSO 
and 5.0 mg⁄ml BSA) was injected using a FLUOstar 
OPTIMA (BMG Labtech; Ortenberg, Germany) equili-
brated at 37 °C, and the fluorescence (excitation, 
485 nm; emission, 520 nm) was measured every 
0.5 sec for 120 sec. A β-galactosidase standard 
curve was also measured (2-fold dilution, 7.8–500 
U⁄ml). The slope per minute was determined us-
ing the FLUOstar OPTIMA software, and based 
on the standard curve (4-parameter fit) the 
β-galactosidase activity was calculated.

2.8. Quantification of EGFP fluorescence

EGFP expression was quantified based on its fluo-
rescence. From each CFE reaction 40 µl was taken 
and mixed with 160 µl PBS in a black 96-well plate 
(Greiner Bio-One; Monroe, NC). The plate was equil-
ibrated to 30 °C in a FLUOstar OPTIMA, and the EGFP 
fluorescence was measured (excitation, 485 nm; 
emission, 520 nm; 200 flashes per well). All values 
were blank-corrected.

2.9. Quantification of firefly luciferase 
activity

Firefly luciferase activity was quantified by meas-
uring luminescence after adding firefly luciferin. 
Reagents from the Dual-Luciferase® Reporter As-
say System (Promega; Madison, WI, USA) were 
used. 5 µl of each CFE reaction was added to 45 

µl 1× passive lysis buffer in a black 96-well plate 
(Greiner Bio-One; Monroe, NC). The firefly luciferase 
substrate was prepared according to the manufac-
turer’s protocol, and to each well 50 µl was injected 
using a FLUOstar OPTIMA equilibrated at 22 °C. Lu-
minescence was detected over a 10 sec period, 2 
seconds after substrate injection.

2.10. Quantification of VP1

VP1 was detected by Western blotting and quanti-
fied based on band intensity. All incubations were 
performed with PBS containing 0.1 % v⁄v TWEEN® 
20 (PBS-T). Each CFE sample was first diluted 
10× in PBS, followed by the addition of 4× reduc-
ing loading dye (60 mM Tris-HCl buffer (pH 6.8) 
containing 25 % v⁄v glycerol, 2.0 % w⁄v SDS, 1.0 % 
w⁄v bromophenol blue, and 5.0 % v⁄v 2-mercaptoe-
thanol) to a final concentration of 1×. The samples 
were incubated at 98 °C for at least 2 min. Next, 10 
µl of each sample was loaded on NuPAGE 4–12% 
Bis-Tris gels (Life Technologies), which were run at 
150 V for 70 min. An internal standard (HaPyV VP1) 
was included on each gel. Afterwards, the gels 
were blotted using an iBlot™ (Life Technologies) 
dry blotting machine (program P2) with Nitrocel-
lulose iBlot® Gel Transfer Stacks (Life Technolo-
gies). The blots were blocked overnight at 4 °C with 
5 ml PBS-T containing 5.0 % w⁄v BSA. Afterwards, 
the Western blots were rinsed 3 times with >5 ml 
PBS-T. The blots were incubated with 2.5 µl mouse-
anti-HaPyV-VP1 (ab34755; Abcam; Cambridge, 
United Kingdom) in 5 ml PBS-T for 1 hour at 22 
°C. The blots were rinsed 3 times with >5 ml PBS-
T, and washed three times by incubation with >5 
ml PBS-T for 5 min at 22 °C, followed by incubation 
with 4.0 µl Stabilized Goat Anti-Mouse IgG (H+L), 
Peroxidase Conjugated (#32430; Thermo Scien-
tific) secondary antibody in 5 ml PBS-T for 1 hour 
at 22 °C. The blots were rinsed and washed again, 
and imaged with a ChemiDoc™ XRS (Bio-Rad; Her-
cules, CA, USA) using the SuperSignal West Femto 
substrate with an incubation time of 30 sec. The 
amount of VP1 was quantified using ImageJ [48], 
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and the values were corrected using the internal 
standard on each blot.

2.11. Quantification of ovalbumin

Ovalbumin was detected by Western blotting and 
quantified based on band intensity. The protocol 
was identical to the quantification of VP1, except 
for the primary antibody, where 3.0 µl mouse-anti-
ovalbumin (ab17293; Abcam) in 3 ml PBS-T was 
used.

2.12. Stabilizing excipients

Stock solutions of 80 % v⁄v glycerol, 66 % w⁄v su-
crose, and 10 % v⁄v DMSO in demineralized water 
were prepared. The influence of the highest con-
centration of the three stabilizing excipients on 
β-galactosidase enzyme activity was tested by 
adding 10 µl of the stock solutions to 40 µl extract 
buffer (10 mM Tris-acetate (pH 8.2), 14 mM mag-
nesium acetate, 60 mM potassium acetate, and 1 
mM DTT) containing 0.045 U⁄µl β-galactosidase, 
and measuring the β-galactosidase activity as 
above.
The effect of the excipients on CFE was tested by 
adding up to 20 % v⁄v of the stock solutions to the 
CFE reactions. The final concentration of all CFE 
components remained constant as above.

2.13. EGFP expression over time

Cell-free expression was performed in a black 96-
well plate (Greiner Bio-One; Monroe, NC) with a re-
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Figure 1. Relationship between extract protein concentration 
and CFE yield. Five different proteins were produced by CFE. 
Expression was performed with different concentrations of 
extract protein. (a) β-galactosidase as previously quantified 
based on enzyme activity (conversion of FDG) (reproduced 
with permission from [40]). (b) Firefly luciferase activity was 
quantified based on luminescence. (c) EGFP was quantified 
based on fluorescence. (d) VP1 was quantified by Western 
blotting. (e) Ovalbumin was quantified by Western blotting. The 
results are shown relative to the peak activity, fluorescence, or 
concentration. (a–d, n=3; e, n=1).
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action volume of 100 µl. The reaction components 
were kept on ice during preparation. Afterwards, 
the plate was incubated in a FLUOstar OPTIMA set 
to 30 °C. EGFP fluorescence was measured every 
5 min for 500 min (excitation, 485 nm; emission, 
520 nm; 200 flashes per well).

3. Results

3.1. Different proteins require 
different extract protein 
concentrations for optimal expression

We have previously shown that the expression of 
active β-galactosidase depends on the concentra-
tion of S30 extract protein used in the CFE reac-
tion [40] (figure 1a). To investigate if the same also 
holds true for the expression of other proteins, CFE 
was performed using constructs bearing the genes 
encoding firefly luciferase, enhanced green fluo-
rescence protein (EGFP), hamster polyomavirus 
VP1, and ovalbumin. Expression was performed at 
16 linearly spaced extract protein concentrations 

(8 for ovalbumin) ranging from 0.0–10.3 mg⁄ml 
in the final CFE reaction. The same CFE reactions 
were also prepared without template DNA as a neg-
ative control. After CFE a precipitate had formed in 
the reactions, increasing in size with increasing 
extract concentration. Expression was quantified 
based on enzyme activity (β-galactosidase, figure 
1a; and luciferase, figure 1b), fluorescence (EGFP, 
figure 1c), or by Western blotting (VP1, figure 
1d; and ovalbumin, figure 1e). While all proteins 
show an extract protein concentration-dependent 
increase in yield at low extract protein concentra-
tions, the yield peaks at different extract protein 
concentrations for the individual proteins. While 
β-galactosidase activity peaks at 3.4–4.8 mg⁄ml 
extract protein, luciferase activity increases up to 
6.9 mg⁄ml extract protein. At this concentration, the 
β-galactosidase activity had already dropped 60 % 
from its peak activity. At extract protein concentra-
tions above the peak a concentration-dependent 
decrease in yield is observed for all proteins. This 
decrease is most significant for β-galactosidase, 
firefly luciferase, and ovalbumin, while EGFP and 
VP1 reach more of a plateau. However, at least for 
VP1, the variability in expression yield above the 
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Figure 2. Relationship between E. coli lysate concentration and CFE yield using the RTS 100 E. coli HY kit. Expression of 
β-galactosidase was performed with the RTS 100 E. coli HY kit at different E. coli lysate concentrations. The concentration of the 
reconstitution buffer was kept constant. The β-galactosidase activity was quantified and plotted against the E. coli lysate concen-
tration. The β-galactosidase activity increases in an E. coli lysate concentration-dependent manner until reaching a plateau at 4.6 
mg⁄ml. At concentrations above 6.1 mg⁄ml, the activity decreases again. n=2.
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peak extract protein concentration increases sig-
nificantly.

3.2. Concentration optimization of 
commercial E. coli lysate

The previous data was obtained with S30 extract 
produced at our laboratory. To show that this re-
lationship is a universal finding and not just an 
artifact of our own CFE system, we repeated the 
experiment with β-galactosidase with the commer-
cially available RTS 100 E. coli HY CFE system. This 
E. coli lysate-based system uses a fixed 24 % v⁄v 
reconstituted E. coli lysate per CFE reaction. We 
found that for our lot this results in a final E. coli 
protein concentration of 7.5±0.2 (±SE) mg⁄ml in 
the CFE reaction. This concentration lies well above 
the peak for β-galactosidase as observed in figure 
1a. We performed CFE with this system using 0.0–
34 % v⁄v E. coli lysate, while keeping the concentra-
tion of the reconstitution buffer constant. Because 
the standard reaction contains 10 % v⁄v reconstitu-
tion buffer, the concentration did not deviate from 
the manual. The results are shown in figure 2.
A clear E. coli lysate concentration-dependent in-
crease in activity is visible until reaching a plateau 
at 4.6 mg⁄ml. At concentrations above 6.1 mg⁄ml, 

the activity decreases again. At the concentration 
recommended by the supplier, a 12 % decrease in 
activity was observed compared to the peak. The 
location of the peak was slightly shifted to the right 
compared to the results from figure 1a, while the 
drop in activity at higher E. coli lysate concentra-
tions was less significant.

3.3. Addition of stabilizing excipients to 
increase CFE yield

In an attempt to increase the expression at higher 
extract protein concentrations, three stabilizing ex-
cipients (sucrose, glycerol, and DMSO) were added 
to the CFE reaction at different concentrations. 
To exclude any influence of the excipients on the 
β-galactosidase assay the activity of the enzyme 
was tested in the presence of the highest concen-
tration of the excipients used in the CFE reactions 
(figure 3). Sucrose and DMSO were not found to 
influence β-galactosidase activity, while glycerol 
mildly inhibited the activity.
Next, CFE of β-galactosidase was performed with 
different concentrations of sucrose (up to 13.2 % 
w⁄v), glycerol (up to 16.0 % v⁄v), and DMSO (up to 
2.0 % v⁄v) in the reaction. An extract protein con-
centration of 6.1±0.1 (±SE) mg⁄ml was chosen. 

Figure 3. Influence of sucrose, glycerol, and DMSO on β-galactosidase activity. Sucrose (13.2 % w⁄v), glycerol (16.0 % v⁄v), and DMSO 
(2.0 % v⁄v) were added to an equal amount of β-galactosidase, followed by activity measurement. During the measurement the 
excipients were diluted 20×, just as is done with the CFE samples. Sucrose and DMSO did not influence the β-galactosidase activity. 
Glycerol caused a slight (22 %) decrease in activity, although our assay was not able to show statistical significance (p=0.11 for 
t-test, p=0.05 for one-way ANOVA, n=2).
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This lies well above the peak in figure 1a and con-
tained a lot of precipitate after CFE. After CFE the 
β-galactosidase activity was measured. The re-
sults are shown in figure 4.
None of the excipients showed a beneficial effect 
on the CFE yield. Sucrose and glycerol led to a de-
crease in CFE yield, even at the lowest concentra-
tion added (figure 4a–b). DMSO, on the other hand, 
did not noticeably influence the CFE yield at lower 
concentrations, but caused a concentration-de-

pendent decrease in CFE yield at higher concentra-
tions (figure 4c). The excipients did not visually in-
fluence the amount of precipitate formed after CFE.
To determine whether this decrease is caused by 
some form of molecular crowding or volume exclu-
sion, leading to a higher local extract protein con-
centration and thereby a shift of optimal protein 
expression towards lower extract concentrations, 
the experiment was repeated using sub-optimal 
extract protein concentrations left of the peak. CFE 
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Figure 4. Effect of various excipients on the expression of 
β-galactosidase at high extract protein concentrations. Sucrose 
(a), glycerol (b), and DMSO (c) were added at different concen-
trations to CFE reactions producing β-galactosidase. The CFE 
reactions were prepared with an extract protein concentration 
of 6.1±0.1 (±SE) mg⁄ml. (a–b) Sucrose and glycerol caused a 
concentration-dependent decrease in CFE yield. (c) DMSO had 
no detectable effect at low concentrations, but caused a con-
centration-dependent decrease in CFE yield at concentrations 
above 1.0 % v⁄v. n=6.
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Figure 5. Effect of various excipients on the expression of 
β-galactosidase at suboptimal extract protein concentrations. 
Sucrose (a), glycerol (b), and DMSO (c) were added at differ-
ent concentrations to CFE reactions producing β-galactosidase. 
The CFE reactions were prepared with an extract protein con-
centration of 2.0±0.0 (±SE) mg⁄ml. (a–b) Sucrose and glycerol 
caused a concentration-dependent decrease in CFE yield. (c) 
DMSO resulted in a concentration-dependent increase in CFE 
yield (linear regression, p<0.0001). n=3.
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was performed with an extract protein concentra-
tion of 2.0±0.0 (±SE) mg⁄ml. At this concentration 
the reaction would significantly benefit from an 
increase in local protein concentration. The results 
are shown in figure 5.
Despite the lower extract protein concentration, 
the addition of sucrose and glycerol still caused 
a decrease in CFE yield. This indicates that the 
decrease in yield observed in figure 4a–b is at-
tributed to direct inhibition of the CFE, rather than 
an increase in local protein concentration. Strik-
ingly, DMSO caused a concentration-dependent 
increase in CFE yield. Although this increase might 
be caused by shifting the curve of figure 1a to the 
left, other explanations are more likely (see 4. Dis-
cussion).

3.4. Lower incubation temperatures 
increase CFE yield at lower extract 
protein concentrations

To determine the effect of the incubation tempera-
ture on the extract concentration curve, CFE of 
β-galactosidase at different extract protein con-
centrations was performed at different incubation 
temperatures. Figure 6 shows the result of the 

β-galactosidase activity quantification after CFE at 
20, 25, and 30 °C.
In accordance with previous data (figure 1a) 
obtained at 30 °C, CFE yield at this temperature 
peaked at 4.4 mg⁄ml. Incubation at a lower tem-
perature yielded a peak at a lower extract protein 
concentration, namely 3.0 mg⁄ml. The peak activ-
ity after incubation at 20 and 25 °C was on aver-
age 37 % higher than that after incubation at 30 °C, 
although this difference was not statistically sig-
nificant. Importantly, the activity at a lower extract 
protein concentration was significantly higher at 
lower incubation temperatures than at 30 °C. Taken 
together, this shows that lower extract concentra-
tions can be used to obtain higher yields by incu-
bating at lower temperatures.

3.5. Incubation time does not influence 
CFE yield profile at different extract 
protein concentrations

Finally, we determined the effect of incubation 
time on the relationship between extract protein 
concentration and CFE yield. Increasing the extract 
protein concentration might not only lead to higher 
protein synthesis activity, but also to the faster 

Figure 6. Effect of incubation temperature on the CFE yield at different extract protein concentrations. The relationship between 
β-galactosidase activity after CFE and the extract protein concentration was measured at different temperatures. At 30 °C, a peak 
in activity was found at 4.4 mg⁄ml. At 20 and 25 °C, CFE peaked at 3.0 mg⁄ml. At this protein concentration, the activity at 20 and 25 
°C was significantly higher than at 30 °C (p<0.05). The height of the peak also differed, although this difference was not significant 
(p=0.23). n=2.
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degradation of key compounds (e.g. amino acids 
and energy compounds) by metabolic enzymes. 
Together this would result in a higher initial rate of 
protein synthesis, but also a faster termination of 
protein synthesis.
EGFP was produced by CFE using different extract 
protein concentrations, and the reaction was fol-
lowed over time (see figure 7). EGFP fluorescence 
peaked at 140 min regardless of the extract pro-
tein concentration. From that point on, the fluo-
rescence gradually decreased over time (figure 
7a). The relationship between extract protein con-
centration and EGFP fluorescence did not change 
during the incubation (figure 7b). During the entire 
500 minutes incubation, 20 % of the initial volume 
was lost due to evaporation.

4. Discussion

Many studies have focused on increasing the cell-
free expression of recombinant proteins. Although 
significant advancements have been made, main-
ly with respect to the energy supply and the reac-
tion conditions, few studies have actually focused 
on the S30 extract itself. While numerous protocols 
exist for the preparation of S30 extract, almost 

none of these protocols characterize the S30 ex-
tract after preparation. When the S30 extract is 
later used for CFE, it simply constitutes a fixed vol-
ume percentage of the reaction.
In our previous work we showed that the CFE yield 
depends on the protein concentration of the S30 
extract [40]. An optimal concentration was found 
for the expression of β-galactosidase, and using 
higher concentrations led to a decrease in activity. 
Using uncharacterized S30 extracts might thus not 
always lead to the best concentration for CFE. We 
now show that this relationship is more complex. 
No single best S30 extract protein concentration 
exists. Each expressed protein requires its own 
unique extract protein concentration for optimal 
expression, and this concentration changes with 
different reaction conditions such as incubation 
temperature. We believe that by optimizing the ex-
tract protein concentration a lot could be gained in 
terms of productivity.
Although the peak in activity occurred at different 
extract concentrations for the different recombi-
nant proteins expressed, the shape of the curves 
was generally the same. The productivity of the 
system rose as the concentration of extract protein 
increased, until the peak was reached. At protein 
concentrations above the peak, the productivity 
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Figure 7. EGFP expression over time at different S30 protein concentrations. EGPF was produced by CFE using different extract 
protein concentrations, and its production was followed over time. (a) EGFP expression over time at different extract protein con-
centrations. EGFP fluorescence increases over time until it reaches a maximum at 140 minutes, regardless of the extract protein 
concentration. From that point on, the fluorescence slowly decreases. The points beyond 200 min were omitted for the sake of clar-
ity. (b) Relative EGFP fluorescence at different extract protein concentrations over time. EGFP fluorescence is plotted at different 
time points relative to the maximum fluorescence at each time point. Each curve represents a single time point, and the points on 
that curve are shown relative to the maximum fluorescence at that time point, which has been normalized to one. Curves are drawn 
for all time points between 10 and 200 min. All curves overlap, indicating that the relative expression at different extract protein 
concentrations does not change over time. n=3.
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of the system decreased again. This decrease was 
most significant for β-galactosidase, luciferase, 
and ovalbumin, while EGFP and VP1 reached more 
of a plateau. No single concentration was found at 
which all proteins were expressed optimally, al-
though all proteins showed reasonable expression 
at 5–6 mg⁄ml extract protein.
One might argue that some bias is introduced by 
the way in which expression was quantified. The 
assays for β-galactosidase, luciferase, and EGFP 
all required the protein to be correctly folded; 
VP1 and ovalbumin expression was quantified by 
Western blotting, which does not require proper 
folding. However, we observed similar profiles for 
luciferase and ovalbumin, and for EGFP and VP1, 
despite the difference in measurement technique. 
Moreover, in the end the goal is to optimize the pro-
duction of active and correctly folded protein, so 
quantifying expression based on enzymatic activ-
ity would be appropriate.
One reason for the shape of the curve might be sol-
ubility. Previous work on the expression of proinsu-
lin showed a solubility cap. At higher extract per-
centages, more total proinsulin was produced, but 
the amount of soluble protein remained the same 
[49]. Unfortunately the authors did not mention the 
protein concentration of the S30 extract employed, 
so it is difficult to quantitatively compare the re-
sults. However, we did not find an increase in total 
VP1 production at higher extract protein concen-
trations, and even observed a substantial drop in 
total ovalbumin, suggesting that solubility alone 
is not the cause. It is unlikely that this decrease is 
caused by the total amount of protein in the reac-
tion. In another study BSA was added to the CFE 
reaction at concentrations up to 150 mg⁄ml, but no 
difference in productivity was observed [50].
Another possibility might be the degradation of 
key compounds, such as amino acids, energy com-
pounds, and mRNA, during incubation [51–53]. These 
compounds are degraded over time by metabolic 
enzymes present in the S30 extract. Increasing 
the extract protein concentration would thus ex-
pedite the loss of these compounds, causing a 

higher initial rate of protein synthesis, but also a 
faster termination of the reaction. However, we 
found that EGFP expression reaches a plateau af-
ter 140 minutes regardless of the extract protein 
concentration. Therefore, another mechanism 
must be behind the cessation of expression. Al-
though denaturation or degradation of the protein 
synthesis machinery would explain these results, 
we find this very unlikely, because similar S30 
extracts were shown to remain active for at least 
20 hours in continuous CFE systems [4,54]. EGFP 
fluorescence steadily decreased after reaching its 
peak at 140 min. This shows that longer incubation 
times might have a negative impact on the yield, 
although the decrease could also be caused by 
photobleaching from the repeated measurements.
The results presented here are not limited to S30 
extract produced at our laboratory. We observed a 
similar trend with the commercially available RTS 
100 E. coli HY system, though the optimum was 
slightly shifted towards higher extract protein 
concentrations. Although not explicitly stated, the 
E. coli lysate also contains the T7 RNA polymer-
ase and the enzyme(s) responsible for energy 
regeneration. These proteins would thus increase 
the total protein concentration of the lysate. Fur-
thermore, since the E. coli lysate is delivered as 
a freeze-dried powder, the freeze-drying process 
might have caused some loss of specific activ-
ity. According to the manufacturer, the supplied E. 
coli lysate is optimized to obtain the highest CFE 
activity. Nevertheless, when we added the E. coli 
lysate at the recommended concentration, we ob-
tained 12 % less β-galactosidase activity compared 
to the peak. In fact, using 39 % less E. coli lysate 
increased the expression. While the use of higher 
extract protein concentrations caused a rapid drop 
in CFE with the S30 extract produced at our labora-
tory, this drop was less significant for the RTS kit. 
This might indicate that the RTS kit is less contami-
nated with the inhibitory components mentioned 
earlier. A study using the Promega S30 T7 system 
determined the total protein concentration of the 
CFE reaction to be 3.6 mg⁄ml [50]. According to the 
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manufacturer, the expression level would increase 
if up to 25 % more extract is added. Given the peak 
concentrations we found, we believe that this sys-
tem might indeed benefit from the addition of extra 
extract to the reaction.
The concentration of extract protein in the CFE re-
action is much lower than inside bacteria, leading 
to slower synthesis rates and lower yields [55]. We 
envisioned that by increasing the extract concen-
tration we might also be able to increase the pro-
tein synthesis rate, as long as we can keep the pro-
teins stable in solution. In an attempt to prevent 
aggregation and precipitation, we tested the addi-
tion of excipients known to stabilize proteins in so-
lution. Glycerol was previously shown to increase 
the productivity of a Saccharomyces cerevisiae-
based CFE system [56], and sucrose is well-known 
to stabilize proteins [57]. However, when we added 
these excipients to CFE reactions containing high 
extract protein concentrations, all of them caused 
a concentration-dependent decrease in productiv-
ity. Sucrose and glycerol were not able to increase 
the expression at lower extract protein concentra-
tions either, showing that the effect is not due to 
molecular crowding or volume exclusion. Tran-
scription was not affected by the excipients (data 
not shown). We believe that sucrose and glycerol 
cause this drop in activity by directly inhibiting 
translation.
The increase in CFE yield witnessed after the ad-
dition of DMSO at lower extract protein concentra-
tions might be caused by its beneficial effect on 
transcription. DMSO, a well-known cryoprotectant, 
destabilizes proteins at high concentrations [58], 
but promotes in vitro transcription at lower con-
centrations [59,60]. Furthermore, transcription and 

translation are not directly coupled in T7-based 
S30 extract systems [61], which allows mRNA to 
form secondary structures. These secondary 
structures can subsequently reduce transcription 
efficiency [62]. DMSO might also enhance transla-
tion by denaturing these mRNA secondary struc-
tures. Irrespective of its mode of action, DMSO 
could be a cheap and easy way to increase the ex-
pression with S30 extract at lower extract protein 
concentrations.
We observed that the optimum extract protein 
concentration shifts to the left, towards lower 
concentrations, upon incubation at lower tempera-
tures. This did not decrease the productivity of the 
reaction; in fact, incubation at lower temperatures 
seemed to cause a slight increase in CFE yield. A 
similar temperature dependency has also been 
shown for the expression of active luciferase [61]. At 
a higher temperature, elongation might be too fast 
for the protein to fold correctly. Furthermore, pro-
tein folding, stability, and solubility might be better 
at a lower temperature.
Taken together, this study clearly shows that the 
extract protein concentration is an important vari-
able that needs to be optimized when expressing 
a new protein.
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1. Introduction

Virus-like particles (VLPs) are promising agents 
for the delivery of genes and drugs to cells. Moreo-
ver, they show great promise in the field of vacci-
nation, inducing potent B and T cell responses to 
displayed epitopes. VLPs are assemblies of viral 
proteins, resembling the native virus, but lack-
ing viral nucleic acids. As such, they are non-rep-
licating and safer to use than viral vectors. Such 
particles can be generated from many viruses, 
including polyomaviruses [1]. Polyomavirus VLPs 
spontaneously form after overexpression of the 
major coat protein VP1, with 360 VP1 proteins 
forming a 40–45 nm icosahedral capsid. The VLPs 
are stable under physiological conditions [2] and 
stabilized by calcium [3,4] and disulfide bonds [4,5]. 
In this study, we investigated VLPs derived from 
the hamster polyoma virus (HaPyV). HaPyV VLPs 
are able to encapsidate double-stranded DNA in 
a sequence-independent fashion and transfect 
mammalian cells [6], have a high insert capacity for 
signal peptides [7], and form after expression in a 
prokaryotic system [6].
One of the main challenges preventing the use of 
polyomavirus-derived VLPs in the clinic is their 
large-scale production [8]. Almost all current strate-

gies are based on the production of VLPs in living 
cells, either bacteria [9], yeast [10], or insect cells 
[11]. Although recent advances have been made 
with respect to the large-scale production of poly-
omavirus VLPs in bacteria [9,12–14], all these meth-
ods suffer from the same inconveniencies, like 
contamination with cellular nucleic acids [15,16], or 
require the removal of fusion tags [13,17], increasing 
the production costs.
An interesting alternative would be the cell-free ex-
pression of VLPs. Cell-free expression (CFE) is an 
excellent technique for the synthesis of proteins 
using isolated transcription and translation ma-
chinery. Many different CFE systems exist, derived 
from different organisms, with one of the most 
common being the Escherichia coli-based S30 
extract. CFE has several advantages over the con-
ventional expression of proteins. The main advan-
tage is the cell-free nature of the reaction, lacking 
membranes limiting accessibility. This allows the 
reaction conditions to be controlled directly, ena-
bling the optimization of both the expression and 
assembly of VLPs using conditions that cannot be 
achieved in living cells [18,19]. DNA encapsidation 
can be tailored by removing endogenous DNA (e.g. 
the PURE system [20]) and adding target DNA for in 
vitro encapsidation. The technique is also much 

Abstract
Cell-free expression is a viable alternative to conventional in vivo production of proteins. In this study 
we investigated the Escherichia coli-based cell-free expression and formation of hamster polyomavi-
rus VP1 virus-like particles under different reaction conditions. These included conditions that were 
previously reported to cause the in vitro assembly of polyomavirus VP1 virus-like particles after VP1 
purification from bacteria and conditions for the cell-free expression of other disulfide-bonded virus-
like particles. While the capsid protein VP1 was produced at levels of 100 µg⁄ml or higher, none of these 
conditions led to significant virus-like particle assembly. This is a remarkable result, since VP1 readily 
forms virus-like particles inside bacteria. Even after purification the capsid proteins were still not able 
to form virus-like particles under otherwise favorable conditions, suggesting irreversible changes to 
the VP1 protein or improper synthesis of VP1 under the in vitro conditions. Further addition of chap-
erones did not increase the assembly efficiency. These results suggest that cell-free expression to 
our current understanding might not be adequate for the production of polyomavirus VP1 virus-like 
particles. Furthermore, these results clearly show that there are critical differences between bacterial 
and cell-free expression.
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faster than conventional expression, since CFE can 
be performed directly from PCR products without 
the need for cloning [21], and purification after CFE 
is also much easier because no membranes have 
to be disrupted [22]. Moreover, the ability to directly 
incorporate labels into the nascent proteins using 
CFE makes it an excellent technique to study the 
in situ assembly of VLPs. Finally, and of particular 
interest to us, CFE would allow directed evolution 
techniques, such as in vitro compartmentaliza-
tion [23], to be applied to VLPs.
Bundy et al. have previously shown that VLPs 
can be synthesized using CFE [18,19,24]. First, they 
showed the synthesis of the MS2 bacteriophage 
coat protein VLP (MS2 VLP) and a C-terminally 
truncated Hepatitis B core protein VLP (HBc VLP) 
[18]. These VLPs did not form intramolecular di-
sulfide bonds. HBc VLPs normally do form disulfide 
bonds, but these are not essential for assembly, 
making them rather easy to produce; this in con-
trast to polyomavirus-derived VLPs, which gener-
ally require intermolecular disulfide bridges for 
VLP assembly and stability. Later, they did man-
age to produce disulfide bonds in HBc VLPs dur-
ing expression [19]. To prevent the reduction of the 
disulfide bonds, they used a Δgor E. coli strain, 
defective in glutathione reductase (Gor), to pre-
pare the S30 extract. The extract was pretreated 
with iodoacetamide to inactivate remaining reduc-
tases. They also modified the reaction by buffering 
the redox potential with reduced and oxidized glu-
tathione, and by adding purified DsbC, a disulfide 
bond isomerase. Surprisingly, this approach did 
not work for the production of Qβ bacteriophage 
VLPs. While Qβ VLPs lacking disulfide bonds were 
formed after expression under normal conditions, 
very few VLPs were formed in the modified system. 
In the end they managed to induce disulfide bond-
ing in the VLPs by post-treatment with oxidizing 
agents such as hydrogen peroxide and diamide. 
However, this was done after purification of the 
preformed VLPs. In the case of polyomavirus VLPs 
this would not be possible, as disulfide bonding in-
duced by oxidizing agents causes the capsomeres 

to form irregular aggregates [4]. Moreover, such a 
technique would not be compatible with our goal, 
in vitro compartmentalization (see chapter 1).
In this study we investigated the CFE and forma-
tion of polyomavirus-derived VLPs. We tested over 
20 different reaction conditions, including condi-
tions that were previously used for the in vitro as-
sembly of polyomavirus VLPs [6] and for the CFE of 
other disulfide-bonded VLPs [19]. However, none of 
these conditions led to VLP synthesis at levels suf-
ficient for in vitro compartmentalization, showing 
that CFE with our current understanding might not 
be adequate for the production of polyomavirus-
derived VLPs.

2. Materials and methods

2.1. Chemicals

Adenosine-5’-triphosphate (ATP), ammonium ac-
etate, ampicillin, bovine serum albumin (BSA), 
bromophenol blue, calcium chloride, CelLytic B, 
chloramphenicol, cesium chloride, 3’-5’-cyclic 
adenosine monophosphate (cAMP), cytidine-5’-
triphosphate (CTP), dithiothreitol (DTT), ethidium 
bromide, folinic acid, glycerol, guanosine-5’-
triphosphate (GTP), iodoacetamide, isopropyl 
β-D-1-thiogalactopyranoside (IPTG), kanamycin, 
LB agar, LB broth culture medium, magnesium 
acetate, 2-mercaptoethanol, polyethylene gly-
col 8000 (PEG 8000), polysorbate 20 (TWEEN® 
20), potassium hydroxide, reduced L-glutathione 
(GSH), sodium acetate, sodium 5’,5’-diethylbar-
biturate, sodium dodecyl sulfate (SDS), sodium 
phosphate, tris(hydroxymethyl)aminomethane 
(Tris), uridine-5’-triphosphate (UTP), and each of 
the 20 standard amino acids were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Acetic acid, 
ethanol, hydrochloric acid, potassium acetate, 
propylene oxide, sodium chloride, and sucrose 
were purchased from Merck KGaA (Darmstadt, Ger-
many). Creatine kinase (CK), Agarose MP, E. coli 
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total tRNA, and cOmplete EDTA-free protease in-
hibitor cocktail tablets were purchased from Roche 
(Basel, Switzerland). Ethylenediaminetetraacetic 
acid (EDTA) and HEPES were purchased from Acros 
Organics (Geel, Belgium). Creatine phosphate was 
purchased from Alfa Aesar (Ward Hill, MA, USA). 
GeneRuler 1 kb DNA Ladder, PageBlue Protein 
Staining Solution, PageRuler Prestained Protein 
Ladder, T7 RNA polymerase, and DNA-modifying 
enzymes were purchased from Thermo Scientific 
(Waltham, MA, USA). Phosphate buffered saline 
(PBS) was purchased from B. Braun Melsungen 
AG (Melsungen, Germany). RNase AWAY™ was pur-
chased from Life Technologies (Carlsbad, CA, USA). 
Oxidized L-glutathione (GSSG) was purchased from 
SERVA (Heidelberg, Germany). Osmium tetroxide 
was purchased from Agar Scientific (Stansted, 
United Kingdom). Uranyl acetate was purchased 
from Electron Microscopy Sciences (Hatfield, PA, 
USA). Low melting point agarose (NuSieve™ GTG™ 
Agarose) was purchased from Lonza (Basel, 
Switzerland).

2.2. Plasmids

The cloning and preparation of plasmid pIVEX-
HaPyV-VP1/co, which contains a codon-optimized 
version of the hamster polyomavirus VP1 gene 
under control of a T7 promoter, was described be-
fore [25]. The plasmid pREP4, which contains a lac 
repressor, was obtained from E. coli M15[pREP4] 
(QIAGEN; Venlo, The Netherlands). All genes were 
verified by sequencing (BaseClear; Leiden, The 
Netherlands). Suitable quantities of circular plas-
mid DNA were obtained using the NucleoBond® PC 
10 000 kit (MACHEREY-NAGEL; Düren, Germany).

2.3. Overexpression of HaPyV VP1 in E. 
coli

E. coli BL21(DE3)pREP4 were prepared by trans-
forming BL21(DE3) competent cells (Novagen®, 
Merck KGaA) with pREP4. Bacteria were screened 
for the presence of pREP4, and chemically com-

petent cells were produced according to standard 
protocols. BL21(DE3)pREP4 were transformed 
with pIVEX-HaPyV-VP1/co. Individual colonies were 
grown in LB medium at 37 °C. VP1 expression was 
induced at an OD600 of 0.8 by adding IPTG to a 
final concentration of 1.0 mM. Protein expression 
was allowed to continue overnight at 37 °C. After-
wards, the bacteria were harvested by centrifuga-
tion at 5,000 g for 15 min. The bacteria were ei-
ther lysed by freeze-thawing, homogenization, or 
detergent lysis. For freeze-thawing, the bacteria 
were first washed twice in PBS, resuspended in 10 
volumes of PBS, and lysed by three cycles of freez-
ing in liquid nitrogen and thawing in a water bath at 
37 °C. For homogenization, the bacteria were first 
washed once in reassembly buffer (10 mM Tris-
HCl (pH 7.2), 1.0 M sodium chloride and 1.0 mM 
calcium chloride in demineralized water), followed 
by thorough resuspension in 20 volumes of reas-
sembly buffer. The bacteria were lysed by two or 
three passes through an EmulsiFlex-C5 high pres-
sure homogenizer (AVESTIN; Ottawa, ON, Canada) 
at >15,000 psi. For detergent lysis, the bacteria 
were first washed once in reassembly buffer, fol-
lowed by resuspension in 10 volumes of CelLytic 
B. Once resuspended, the bacteria were incubated 
on a rotary shaker at room temperature for 15 min.

2.4. Purification of VLPs

VLPs were purified by sequential ultracentrifuga-
tion. Lysates of VP1-expressing E. coli were first 
cleared by centrifugation at 6,000–10,000 g for 
10–30 min. VLPs in the supernatant were pelleted 
through a layer of 40 % w⁄v sucrose in reassembly 
buffer for 20 hours at 75,400 g at 4 °C. The pel-
lets were resuspended in 1 ml reassembly buffer 
per 25 ml lysate. Cesium chloride was added to 
a final density of 1.30 g⁄cm3, and the samples 
were centrifuged in an SW 41 Ti rotor (Beckman 
Coulter; Brea, CA, USA) at 40,000 RPM at 4 °C for 
70 hours to allow a gradient to form. Afterwards, 
the tubes were carefully removed and 1 ml frac-
tions were taken by puncturing the bottom of the 



85

CELL-FREE EXPRESSION OF VIRUS-LIKE PARTICLES DERIVED FROM POLYOMAVIRUSES

5

tubes with a needle and collecting the drops. The 
fractions were checked for VP1 by reducing SDS-
PAGE, and fractions containing VP1 were dialyzed 
4 times against 50 volumes of reassembly buffer 
using Slide-A-Lyzer membrane cassettes (Thermo 
Scientific) with a MWCO of 20 kDa. After purifica-
tion, protein concentrations of pure samples were 
determined using the Pierce™ Micro BCA Protein As-
say Kit (Thermo Scientific) according to the manu-
facturer’s protocol.

2.5. Transmission electron microscopy 
of VLPs

Negative staining was performed as described 
before [26]. Briefly, samples were diluted 10–100 
times in demineralized water, and 25 µl of each 
diluted sample was pipetted onto parafilm. Glow-
discharged formvar/carbon-coated copper grids 
(Agar Scientific; Stansted, United Kingdom) were 
placed on top of the droplets for 2 min. After incu-
bation, the grids were taken and excess liquid was 
removed by carefully touching filter paper. Next, 
the grids were placed on top of 20 µl 2 % uranyl ac-
etate droplets for 2 min. After incubation, the grids 
were taken and excess liquid was again removed. 
The grids were dried at room temperature for 5 
min before measurement. Transmission electron 
microscopy (TEM) imaging was performed using a 
Philips Tecnai 10 at 100 kV.

2.6. Transmission electron microscopy 
of bacteria

Ultrathin sections were prepared based on the pro-
tocol from Voronkova et al. [6]. VP1 was expressed 
in BL21(DE3)pREP4 (see above). Bacteria were 
harvested by centrifugation at 1,800 g for 20 min 
and fixed in 10 volumes of 1.0 % osmium tetroxide 
in Kellenberger buffer (pH 6.0) [27]. The samples 
were incubated on a rotary shaker for 1 hour, after 
which bacteria were washed 3 times with Kellen-
berger buffer, harvested, and resuspended in 1.3 
volumes of warm 2.0 % low melting point agarose. 

The suspension was transferred onto parafilm and 
allowed to solidify on ice for 15 min, after which 
2×2×2 mm cubes were excised. These cubes were 
briefly added to tubes with Kellenberger buffer. The 
cubes were dehydrated overnight in 70 % ethanol, 
followed by sequential dehydration with respec-
tively 80, 90, 96, and 100 % ethanol, and 100 % 
propylene oxide. The samples were incubated for 
at least 15 min each step, and the medium was 
exchanged at least once during every step. The 
cubes were then incubated in sequentially 50, 67, 
75, and 100 % Epon epoxy resin in propylene oxide, 
and embedded in Epon epoxy resin for 48 hours at 
60 °C. Ultrathin 50 nm sections were cut using an 
Ultracut E ultramicrotome (Leica Microsystems; 
Wetzlar, Germany), using a diamond knife. The 
sections were transferred to formvar/carbon-coat-
ed copper grids and stained with 7 % uranyl acetate 
in 70 % methanol for 6 min. TEM was performed as 
above.

2.7. Preparation of E. coli S30 extracts

S30 extracts were prepared as described before 
[28]. Briefly, E. coli Rosetta-gami™ B (Novagen®, 
Merck KGaA) were grown until mid-log phase, 
harvested, lysed by two or three passes through 
an EmulsiFlex-C5 high pressure homogenizer at 
>15,000 psi, cleared by two rounds of centrifu-
gation at 30,000 g, and dialyzed against extract 
buffer (10 mM Tris-acetate buffer (pH 8.2) con-
taining 14 mM magnesium acetate, 60 mM potas-
sium acetate, and 1.0 mM DTT) using Slide-A-Lyzer 
membrane cassettes with a MWCO of 10 kDa. No 
preincubation steps were performed. The extracts 
were stored as 1.0 ml aliquots at –80 °C. The 
standard protocol was modified in different ways 
as indicated in the results section. To prepare the 
heat-shock extracts, the bacteria were incubated 
at 42 °C for 30 before harvesting. Special extracts 
were prepared for the tests without DTT where no 
DTT and 2-mercaptoethanol were added during any 
of the steps from the production protocol. Some ex-
tracts were pretreated with iodoacetamide before 
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use. These extracts were incubated with a final 
concentration of 50 µM iodoacetamide at 30 °C for 
30 min.

2.8. Nuclear extract preparation

Nuclear extract was prepared as a source of eu-
karyotic chaperones. To prepare nuclear extract, 
1.6 × 106 human epidermoid carcinoma A431 cells 
were trypsinized, washed with PBS, and collected 
by centrifugation at 500 g for 5 min. Nuclei were 
collected using the Nuclei EZ Prep kit (Sigma-Al-
drich; St. Louis, MO, USA) according to the manu-
facturer’s protocol and stored at –80 °C until fur-
ther use. Once thawed on ice, nuclei were collected 
by centrifugation, resuspended in 200 µl PBS, and 
lysed by 6 cycles of sonication (6 sec per cycle, 
50 % output) with a LABSONIC® P probe sonicator 
equipped with a 3-mm diameter probe (Sartorius 
AG; Göttingen, Germany). The nuclear extract was 
stored at –80 °C.

2.9. Cell-free protein synthesis

Standard reactions contained pIVEX-HaPyV-VP1/
co as template. Cell-free protein synthesis was 
performed with a total reaction volume of 25–100 
µl. During preparation, the reactions and reaction 
components were kept on ice to prevent premature 
expression. Each S30 extract CFE reaction con-
tained 30 % v⁄v S30 extract, 175 µg⁄ml E. coli total 
tRNA, 250 µg⁄ml creatine kinase, 5.8 mM magne-
sium acetate, 55 mM HEPES-KOH (pH 8.2), 1.7 mM 
DTT, 1.2 mM ATP, 0.8 mM CTP, 0.8 mM GTP, 0.8 mM 
UTP, 80 mM creatine phosphate, 0.64 mM cAMP, 
68.9 µM folinic acid, 210 mM potassium acetate, 
27.6 mM ammonium acetate, 1.0 mM of each of 
the 20 standard amino acids, 4.0 % w⁄v PEG 8000, 
and 2.5 U⁄µl T7 RNA polymerase, unless specified 
otherwise. Plasmid DNA was added to a final con-
centration of 20 nM, unless specified otherwise. 
The reactions were incubated for 3 hours at 30 °C, 
unless specified otherwise. The Rapid Translation 
System (RTS) 100 E. coli HY Kit, RTS DnaK Sup-

plement, and RTS GroE Supplement (Roche; Basel, 
Switzerland) were used according to the manu-
facturer’s protocols, unless specified otherwise. 
The PURExpress® In Vitro Protein Synthesis Kit 
and PURExpress® Disulfide Bond Enhancer (New 
England Biolabs; Ipswich, MA, USA) were used ac-
cording to the manufacturer’s protocols, unless 
specified otherwise. For the reactions with eukary-
otic chaperones, the S30 extract concentration 
was reduced to 16.5 % v⁄v, and the reactions were 
supplemented with 16.5 % v⁄v nuclear extract (see 
above).

2.10. Nucleic acid degradation

To degrade nucleic acids, CFE reactions were spiked 
with Benzonase (Novagen®, Merck KGaA) to a final 
concentration of 2.5 U⁄µl and incubated at 37 °C for 
3 h. The extent of the degradation was analyzed by 
agarose gel electrophoresis using standard proto-
cols.

2.11. Quantification of VP1

SDS-PAGE was performed as before [25]. In addition 
to the samples, each gel was loaded with a stand-
ard (purified HaPyV VLPs of known concentration) 
and 5 µl PageRuler Prestained Protein Ladder. Af-
ter running, the gels were either used for Western 
blotting as described before [25], or stained with 
PageBlue Protein Staining Solution according to 
the manufacturer’s protocol using a microwave 
oven. After Western blotting, the band intensity 
of VP1 was quantified using ImageJ [29], and the 
values were corrected using the standard on each 
blot.

2.12. Mass spectrometry

Mass spectrometry analysis of individual bands on 
SDS-PAGE was performed by the Proteomics Center 
(Erasmus University Medical Center; Rotterdam, 
The Netherlands).
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2.13. Reverse purification of VP1 after 
CFE

VP1 was purified from PURExpress® reactions by 
reverse his-tag purification using Dynabeads® His-
Tag Isolation and Pulldown (Life Technologies) ac-
cording to the manufacturer’s protocol.

2.14. Disassembly and reassembly

VLPs were disassembled by adding DTT and EDTA 
at final concentrations of 10 mM and 50 mM, re-
spectively. The samples were incubated on a roller 
mixer at 4°C overnight. VLPs were reassembled by 

dialyzing against reassembly buffer at 4 °C with 
Slide-A-Lyzer membrane cassettes with a MWCO 
of 20 kDa. The samples were first dialyzed for 2 
hours, and after refreshing the buffer, the samples 
were dialyzed for another 18 hours at 4 °C.

3. Results and discussion

3.1. Expression of VLPs inside bacteria

When VP1 is expressed in E. coli and purified by 
gradient ultracentrifugation, a pure population of 

Figure 1. Purification of VLPs after expression of VP1 in bacteria. E. coli BL21(DE3)pREP4 were transformed with pIVEX-HaPyV-VP1/
co and induced to express VP1. After expression, the bacteria were lysed and VLPs were purified by continuous CsCl gradient ultra-
centrifugation. Negative staining TEM was performed to visualize VLPs; (a) purified VLPs; (b) VLPs in the bacterial lysate directly 
after lysis by freeze-thawing; (c–d) close-ups of (a–b). Arrowheads indicate the VLPs in (d). Bars = 200 nm.

A B

C D
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homogeneous VLPs is obtained (figures 1a and 
1c). However, there is controversy whether these 
VLPs are formed directly after expression inside 
the bacteria, or rather as an artifact of the purifi-
cation procedure. To investigate this, we looked 
at early steps of the purification process. We 
found that VLPs are already present in the bacte-
rial lysate directly after lysis by freeze-thawing 
(figures 1b and 1d). We also observed VLPs after 
lysis using different methods such as homogeni-
zation or treatment with CelLytic B (supplemen-
tary figure S1). While this suggests that VLPs are 
already formed before lysis, it could still be a con-
sequence of the lysis buffer or method. To exclude 
this possibility, ultrathin sections were prepared 

from E. coli expressing VP1 as well as normal E. 
coli. VLPs were clearly visible in the sections from 
BL21(DE3)pREP4 expressing VP1 (figures 2a–b), 
with at least 10 % of the bacteria showing multiple 
particles. No VLPs or anything similar to VLPs were 
found in the negative control BL21(DE3)pREP4 
(figure 2c–d), despite extensive searching. These 
results are very similar to previous results ob-
tained by Voronkova et al. [6], and unequivocally 
demonstrate that HaPyV VLPs are formed inside 
bacteria after expression in E. coli. This is a strik-
ing result, given the reducing environment in E. 
coli and the importance of disulfide bonds in the 
stability and assembly of polyomavirus VLPs [30]. 
However, previous studies with murine polyoma-

Figure 2. Expression of VP1 and formation of VLPs inside bacteria. Ultrathin sections were prepared from E. coli BL21(DE3)pREP4 
expressing VP1 and normal E. coli BL21(DE3)pREP4. VLPs are clearly visible as dark spheres in the bacteria expressing VP1 (a–b). 
No VLPs are found in the negative control bacteria (c–d). Arrowheads indicate some of the VLPs in (b). Bars = 200 nm.

A B

C D
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virus have shown that VLPs can also form with-
out disulfide bonding [31], and calcium alone was 
enough to reassemble JC VLPs treated with DTT 
and EGTA [4].

3.2. Cell-free expression of VLPs using 
S30 extract

These results gave good hope that VLPs would be 
formed after prokaryotic CFE. We expressed VP1 
using E. coli S30 extract prepared at our labora-
tory, and quantified the expression using Western 
blotting (supplementary figure S2). Approximately 
140 µg⁄ml VP1 was expressed using unmodified 

S30 extract. However, no VLPs were observed af-
ter expression (figure 3a). Because we were afraid 
that we might miss any formed VLPs due to the 
high amount of background particles, we spiked 
a negative control CFE reaction with purified VLPs 
to a final concentration of 140 µg⁄ml. VLPs were 
readily detectable in the spiked sample (figure 
3b), while no similar structures were visible prior 
to spiking (figure 3c). VLPs were still detectable in 
the spiked sample after 24 h of incubation at 30 
°C (figure 3d), showing that once formed, VLPs 
remain stable in the CFE reaction environment. 
Because we could not detect any VLPs in the CFE 
reaction expressing VP1, and given the amount of 

A B

C D

Figure 3. Expression of VP1 and formation of VLPs in S30 extract. CFE with pIVEX-HaPyV-VP1 was performed using an S30 ex-
tract prepared from E. coli Rosetta-gami™ B. After expression, the samples were imaged by negative staining TEM. Ribosomes were 
abundantly visible in all preparations. No VLPs were visible after CFE (a). VLPs were abundantly present in a negative control CFE 
reaction after spiking with purified VLPs (b), while no similar particles were found before spiking (c). VLPs could still be observed 
in the spiked sample after 24 hours of incubation at 30 °C (d). Arrowheads indicate some of the VLPs in (b) and (d). Bars = 200 nm.
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VLPs found in the spiked sample, we can safely as-
sume that very few, if any, VLPs are formed upon 
CFE.

3.3. Cell-free expression of VLPs using 
bacterial lysates

Because VLPs do form inside bacteria, but not in 
the standard S30 extract, we hypothesized that 
some essential prokaryotic components are lost 
during extract production. For example, endog-
enous calcium might be lost during the dialysis of 
the S30 extract and is not replaced in the final CFE 
reaction. Also, prokaryotic chaperones, which were 
shown to cause the assembly of VLPs in otherwise 
dissociating conditions [32], might be lost during 
extract production, preventing the correct assem-
bly of VLPs. Therefore, we used different interme-
diates of the S30 extract production process for 
CFE of VLPs. In accordance with previous results 
from Kim et al. [33], the intermediates were active 
and VP1 was expressed in all samples (figure 4a). 
However, no VLPs were found after expression in 
any sample (figure 4b). This might be caused by 
components from the lysis buffer or reaction mix, 
which are still added and might alter the physiolog-

ical conditions preventing VLP formation. It could 
be that certain key components, such as calcium, 
are diluted too far.
An interesting observation is the high (~100 kDa) 
band visible on the Western blot in figure 4a. This 
band is only found in samples that contain VP1 
produced in bacteria, and is not found in VP1 after 
CFE, correlating with VLP assembly. Mass spec-
trometry analysis confirmed that this band con-
tains VP1. This band most likely represents multi-
meric VP1, despite the denaturing pretreatment for 
reducing SDS-PAGE. We did not further investigate 
this band, but this might be a good indicator for 
VLP formation.

3.4. Modification of the cell-free 
expression system

Because the previous data suggested that the re-
action conditions in the CFE reaction might not al-
low VLPs to form, we attempted to modify the CFE 
reaction conditions in such a way to promote the 
formation of VLPs. The different modifications are 
listed in table 1. DTT was removed because reduc-
ing agents were previously shown to destabilize 
polyomavirus VLPs [4,5]. PEG was removed to im-

A B
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VP1
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55

100

130

kDa

Figure 4. CFE of VP1 using bacterial lysates. (a) Western blot analysis after reducing SDS-PAGE of VP1 produced using different S30 
extract intermediates. Lanes 1–2, crude E. coli lysate; lanes 3–4, supernatant after the first round of centrifugation; lanes 5–6, 
supernatant after the second round of centrifugation; lane 7; final dialyzed S30 extract; lane 8, negative control; lane 9, purified VLPs 
produced in E. coli; lane 10, empty; lane M, PageRuler Prestained Protein Ladder. (b) Typical example of a transmission electron 
micrograph of crude bacterial lysate expressing VP1 (the same sample from lane 1). Bars = 200 nm.
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prove the detection of VLPs, as we found that this 
obscured the assays (data not shown). Calcium 
was added to a final concentration of up to 5.0 mM. 
Calcium is important for the assembly and stabil-
ity of polyomavirus VLPs [3,4], and the standard 
S30 CFE reaction is expected to contain very little 
calcium, as the bacterial lysate is dialyzed and no 
calcium is added afterwards (see above). Other 
studies showed that both bacterial [32] and eukary-
otic [34] chaperones can stimulate the formation of 
polyomavirus VLPs, so we also tested these. We 
also tested a heat-shock extract, previously shown 
to enhance protein folding [35]. Furthermore, based 
on the results from Bundy et al. [19], we added io-
doacetamide to inactivate reductases and used 
glutathione to buffer the redox potential. We also 
tried the commercially available “PURExpress® 
Disulfide Bond Enhancer” from New England Bio-
labs, designed to increase the correct folding of 
proteins with multiple disulfide bonds. We tested 
different factors such as expression temperature 
(22–37 °C), incubation time (up to 24 hours), pH 
(6.0–8.2), and plasmid DNA template concentra-
tion (1.0–40 nM). To exclude any problems spe-
cific to our home-made S30 extract, we also tested 
two commercially available CFE systems. Most of 
these modifications did not alter the expression 
level of the system, although some modifications 
slightly reduced the expression of VP1 (primarily 

the removal of PEG). Individually, none of these 
modifications resulted in VLP formation observ-
able by TEM (see supplementary figure S3). The 
only condition under which VLPs were observed 
combined the removal of DTT and PEG, and addition 
of calcium and a glutathione redox buffer (figure 
5), and even under these conditions the amount 
of VLPs was very low and the results were difficult 
to reproduce. Based on the observed abundance of 
spiked VLPs (figure 3b) we estimate that even un-
der these conditions less than 1 % of the total VP1 
is assembled. This is not enough to make the sys-
tem commercially competitive with conventional 
in vivo production, nor is this enough for our goal, 
in vitro compartmentalization. Given the molecu-
lar weight of VP1 (42 kDa) and assuming a droplet 
size of 2 µm [36], the concentration of assembled 
VP1 would need to be at least 6 µg⁄ml to generate 
at least 1 VLP per droplet. Indeed, early attempts 
to use this system for selections through in vitro 
compartmentalization failed (data not shown).
There are several possibilities for this low assem-
bly efficiency. One problem might be the concen-
tration of VP1. At low concentrations, VP1 tends 
to aggregate rather than form VLPs [37]. However, 
Ding et al. observed a critical assembly concentra-
tion of 20 µg⁄ml for murine polyomavirus [37]. The 
expression levels we attained here are an order of 
magnitute higher than this critical concentration, 

Table 1. Overview of the different modifications of the CFE system used to produce VLPs. While all of these modifications allowed the 
expression of VP1, none of these modifications resulted in significant formation of VLPs (supplementary figures S3–5).

Modification of the CFE reaction conditions Removal of inhibitors

•	 Expression temperature •	 DTT-free systems

•	 Incubation time •	 PEG-free systems

•	 pH Addition of stabilizers

•	 DNA template concentration •	 Addition of Ca2+

Different cell-free expression systems •	 Eukaryotic chaperones

•	 PURExpress® IVPS kit •	 Bacterial chaperones

•	 Roche RTS E. coli HY kit •	 Redox buffers

•	 Crude bacterial lysates •	 Disulfide Bond Enhancer (NEB)

•	 Heat-shock extract

•	 Iodoacetamide-treated extract
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so it is unlikely that the VP1 concentration alone 
causes these problems. Another possibility is that 
important components are still lacking in the CFE 
system. Even when the expression is performed 
directly in bacterial lysates, the bacterial compo-
nents are diluted significantly compared to their 
cytoplasmic concentrations. The concentration of 
the bacterial components in the S30 CFE reaction is 
approximately 20 times lower than inside bacteria 
[38]. This dilution might cause certain components 
to fall below a critical concentration. Also, compo-
nents from the reaction mixture might inhibit the 
assembly of VLPs. In this study, we excluded DTT 
and PEG from the reaction mix, and saw that this 
improved assembly. However, other components 
might still be responsible for the low assembly effi-
ciency. We also tried the well-defined PURExpress® 
system, which contains only purified components 
necessary for transcription and translation. How-
ever, despite the supposed lack of inhibitors this 
system was not capable of assembly. Then again, 
PURExpress® might lack the necessary chaper-
ones or other factors to assemble VLPs. We tried 
adding calcium chloride, a redox buffer, bacterial 
chaperones, and the PURExpress® Disulfide Bond 
Enhancer, but this did not lead to assembly (sup-
porting figure S4). A potential solution would be the 
use of the Cytomim system, in which the reaction 

mixture more closely resembles the cytoplasmic 
conditions of E. coli [39]. Alternatively, one could try 
a mammalian extract with a sufficiently high ex-
pression yield, such as the recently published CHO 
extract [40], to more closely mimic the natural as-
sembly conditions. Another problem preventing as-
sembly might be the binding of VP1 to nucleic ac-
ids directly after translation. VP1 is known to bind 
to DNA, and, at high concentrations, DNA prevents 
the assembly of VLPs [41]. The binding of VP1 does 
not protect DNA from nucleases [42], and thus we 
added nucleases (DNase, RNase, and Benzonase) 
to the CFE reaction after expression to release VP1. 
Although these nucleases removed the nucleic ac-
ids as validated by agarose gel electrophoresis and 
reduced the background with TEM, no VLPs were 
observed (supplementary figures S5 and S6).

3.5. Purification of cell-free expressed 
VP1 and in vitro reassembly of VLPs

As we were unable to increase the assembly ef-
ficiency in the CFE reaction mixture, we inves-
tigated if VP1 was rendered in a state in which it 
was unable to assemble. To this end, we purified 
cell-free expressed VP1 and subjected it to con-
trolled assembly conditions. VP1 was produced 
using PURExpress® and purified by reverse his-tag 

A B

Figure 5. Lonely VLPs in a vast sea of extract. Cell-free expression was performed under ideal conditions in S30 extract, combining 
the removal of DTT and PEG with the addition of 5.0 mM calcium chloride and a glutathione redox buffer (1.0 mM GSH and 4.0 mM 
GSSG). (a) Representative image of the sample with no VLPs present. (b) VLPs (arrowheads) observed in the same sample after 
extensive searching. Bars = 200 nm.
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purification. All proteins in the reaction, except the 
ribosomes and VP1, contain a his-tag. These pro-

teins were removed by affinity purification, leaving 
pure VP1 with ribosomes. VP1 was also produced 

Figure 6. Reassembly of VLPs after purification from CFE (PURExpress®) and bacteria. (a) VP1 purified from CFE; (b) VP1 purified 
from bacteria; (c) VP1 purified from CFE after treatment with 10 mM DTT and 50 mM EDTA; (d) VP1 purified from bacteria after treat-
ment with 10 mM DTT and 50 mM EDTA; (e) VP1 purified from CFE after reassembly; (f) VP1 purified from bacteria after reassembly. 
VLPs were only observed in (b) and (f). Bars = 200 nm.

A B

C D
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in bacteria and purified as a positive control. VP1 
was successfully purified from both sources (sup-
plementary figure S7). After purification, VLPs 
were visible in the sample purified from bacteria 
(figure 6b), but not in the sample purified from 
CFE (figure 6a). Both samples were subjected to 
10 mM EDTA and 10 mM DTT, causing the disso-
ciation of VLPs (figures 6c–d). The samples were 
subsequently dialyzed against a high-salt buffer 
supplemented with calcium to reassemble the 
VLPs. This caused VLPs to reappear in the VP1 sam-
ple from bacteria (figure 6f), but no VLPs formed in 
the VP1 purified from the CFE reaction (figure 6e). 
The results did not change when the CFE reaction 
was treated with Benzonase before purification, 
nor when his-tagged VP1 was purified from home-
made S30 extract (data not shown).
It thus appears that cell-free expressed VP1 not 
only fails to form VLPs after cell-free expression, it 
also did not acquire the ability to do so even under 
otherwise associative conditions. We do not know 
what causes this, but possible reasons include in-
correct folding of the protein and aggregation due 
to random disulfide bonding. Perhaps the addition 
of disulfide bond isomerases might improve the 
reshuffling of the disulfide bonds, although such 
isomerases are likely to be present in the proprie-
tary “Disulfide Bond Enhancer” supplement. More-

over, all disulfide bonds should have been broken 
upon treatment with DTT, allowing the bonds to re-
form upon dialysis. Therefore, it is more likely that 
incorrect folding causes unrecoverable aggrega-
tion of VP1. We cannot exclude the possibility that 
truncations of VP1 are responsible for this, given 
the importance of the C-terminus in the forma-
tion of polyomavirus VLPs [43,44]. However, hamster 
polyomavirus VP1 tolerates C-terminal truncations 
of at least 21 amino acids without hampering VLP 
formation [30], and most VP1 observed by Western 
blotting was full-length (supplementary figure S7). 
Furthermore, PURExpress® should not contain pro-
teases, making proteolytic degradation unlikely. 
In conclusion we can infer that – probably subtle 
– qualitative differences between the in vivo and 
in vitro produced VP1 prevent the latter from as-
sembling into bona fide particles.
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Supplementary data
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Figure S1. VLPs in the bacterial lysate directly after lysis. VLPs were detected in the lysate after 3 rounds of homogenization (a–b) 
or after treatment with CelLytic B (c–d). Bars = 200 nm.
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Figure S2. Quantification of VP1 expression using Western blotting. Lane M, PageRuler Prestained Protein Ladder; lane 1, VP1 pro-
duced by CFE; lane 2, 85 µg⁄ml purified VLPs (from bacteria).
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Figure S3. Different modifications of the reaction conditions using S30 extract. (a) Addition of 1.0 mM calcium chloride; (b) addition 
of 1.0 mM calcium chloride and removal of DTT; (c) incubation for 24 h; (d) incubation at 22 °C; (e) addition of eukaryotic chaper-
ones; (f) pretreatment with iodoacetamide; (g) redox buffered with 1.0 mM GSH and 4.0 mM GSSG, and 5.0 mM calcium chloride; 
(h) heatshock S30 extract. No VLPs were visible in any of the samples. Bars = 200 nm.
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Figure S4. Different modifications of the reaction conditions using PURExpress®. (a) No template control (NTC); (b) normal reaction 
expressing VP1; (c) addition of 1.0 mM calcium chloride; (d) addition of PURExpress® Disulfide Bond Enhancer; (e) addition of RTS 
GroE Supplement; (f) addition of RTS DnaK Supplement; (g) addition of RTS GroE Supplement and RTS DnaK Supplement; (h) redox 
buffered with 1.0 mM GSH and 4.0 mM GSSG, and 5.0 mM calcium chloride. No VLPs were visible in any of the samples. Bars = 200 
nm.
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Figure S5. Different modifications of the reaction conditions using the Roche RTS E. coli HY kit. (a) NTC; (b) NTC with 1.0 mM calcium 
chloride; (c) normal reaction expressing VP1; (d) addition of 1.0 mM calcium chloride; (e) NTC post-treated with Benzonase®; (f) 
NTC with 1.0 mM calcium chloride post-treated with Benzonase®; (g) normal reaction expressing VP1 post-treated with Benzonase®; 
(h) addition of 1.0 mM calcium chloride post-treated with Benzonase®. No VLPs were visible in any of the samples. Bars = 200 nm.
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Figure S6. Removal of nucleic acids by post-treatment with Benzonase®. Agarose gel electrophoresis of samples digested with Ben-
zonase® after cell-free expression; (a) short exposure time; (b) long exposure time; (c) list of samples. The digestion of the Roche 
RTS samples was almost complete. Only a very faint band remained with the Roche RTS NTC (lane 11) and the Roche RTS NTC with 
calcium chloride (lane 12). The PURExpress® samples, on the other hand, were not fully digested, although all template plasmid was 
digested (the upper band from lanes 2 and 3 is no longer visible in lanes 5 and 6).

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 M

A

B

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 M

Lane Sample 
M GeneRuler 1 kb DNA Ladder 
1 PURExpress® NTC 
2 PURExpress® VP1 expression 
3 PURExpress® VP1 expression with 1.0 mM calcium chloride 
4 Benzonase® treated – PURExpress® NTC 
5 Benzonase® treated – PURExpress® VP1 expression 
6 Benzonase® treated – PURExpress® VP1 expression with 1.0 mM calcium chloride 
7 Roche RTS NTC 
8 Roche RTS NTC with 1.0 mM calcium chloride 
9 Roche RTS VP1 expression 
10 Roche RTS VP1 expression with 1.0 mM calcium chloride 
11 Benzonase® treated – Roche RTS NTC 
12 Benzonase® treated – Roche RTS NTC with 1.0 mM calcium chloride 
13 Benzonase® treated – Roche RTS VP1 expression 
14 Benzonase® treated – Roche RTS VP1 expression with 1.0 mM calcium chloride 
M GeneRuler 1 kb DNA Ladder 

C
Lane Sample
M GeneRuler 1 kb DNA Ladder
1 PURExpress® NTC
2 PURExpress® VP1 expression
3 PURExpress® VP1 expression with 1.0 mM calcium chloride
4 Benzonase® treated – PURExpress® NTC
5 Benzonase® treated – PURExpress® VP1 expression
6 Benzonase® treated – PURExpress® VP1 expression with 1.0 mM calcium chloride 
7 Roche RTS NTC
8 Roche RTS NTC with 1.0 mM calcium chloride
9 Roche RTS VP1 expression
10 Roche RTS VP1 expression with 1.0 mM calcium chloride
11 Benzonase® treated – Roche RTS NTC
12 Benzonase® treated – Roche RTS NTC with 1.0 mM calcium chloride
13 Benzonase® treated – Roche RTS VP1 expression
14 Benzonase® treated – Roche RTS VP1 expression with 1.0 mM calcium chloride
M GeneRuler 1 kb DNA Ladder
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Figure S7. Western blot showing the purification of VP1 from PURExpress® by reverse his-tag purification. Lane 1, 64 µg⁄ml purified 
VLPs (from bacteria); lane 2, PURExpress® NTC; lane 3, VP1 expressed using PURExpress® before purification; lane 4, VP1 purified 
from PURExpress®; lane 5, VP1 reassembled after purification from PURExpress®.
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1. Introduction

Despite the considerable progress in the field of 
rational protein design, predicting the effects of 
modifications remains very difficult. Even with a 
known structure, insufficient knowledge about 
structure-function relationships and a lack of com-
putational power often make it impossible to cal-
culate the result of mutations [1]. Changes to one 
part of a protein often cause unforeseen effects 
at other regions. Directed evolution has proven 
to be a valuable alternative to rational design for 
the modification of proteins. Instead of applying 
the changes one-by-one, large libraries of random 
mutants are prepared through high-throughput 
combinatorial techniques. Subsequently, mutants 
that possess desired properties are selected from 
the libraries by applying selective pressure, this 
way obtaining improved proteins without prior 
knowledge of structure-function relationships.
Directed evolution has mainly been used for the 
alteration of enzymes (for recent reviews see ref-

erences [2] and [3]), but this technique can also be 
used to create novel viral vectors for gene therapy. 
Most studies have been performed with adeno-as-
sociated virus (AAV) [4–11], but also other viruses, 
such as adenoviruses [12,13] and retroviruses [14–17] 
have been subjected to directed evolution. Differ-
ent properties, such as tropism [8–10], stability [15], 
and immunogenicity [4,18], have been changed.
In this chapter we investigate the application of 
directed evolution to adapt virus-like particles 
(VLPs). VLPs are assemblies of viral structural 
proteins. They resemble the native viral capsid in 
structure, tropism, and transduction efficiency, 
but do not contain any viral genetic material. This 
makes them a safer alternative to viral vectors for 
gene therapy. One class of promising VLPs is those 
derived from polyomavirus VP1 proteins [19]. The 
polyomavirus coat protein VP1 is one of the three 
structural proteins of the virus. After overexpres-
sion, VP1 proteins self-assemble to form VLPs 
[20–22]. These VLPs are able to encapsidate double-
stranded DNA in a sequence-independent fashion 

Abstract
Directed evolution provides an attractive alternative to rational design for the creation of novel viral 
vectors for gene therapy. Instead of rationally altering the viral coat protein to achieve changes in 
e.g. their tropism, high-throughput combinatorial techniques are used to create a very large library of 
random mutants. By applying selective pressure on this library, only those clones which possess de-
sired properties remain. This way, the process resembles natural evolution, with the exception that we 
can define the selection criteria. So far directed evolution has been applied to change the activity of 
individual proteins or change the tropism of viruses. Here, we give a proof of concept that this method 
can also be applied for the functional selection of polyomavirus virus-like particles (VLPs) as a model 
delivery system. VLPs are assemblies of viral structural proteins. They resemble the native viral cap-
sid in structure, tropism, and transduction efficiency, but do not contain any viral genetic material. 
To combine the beneficial properties of different polyomavirus species, vast libraries of hybrid VP1 
genes were created using DNA shuffling. Using this technique, up to 6 different polyomavirus VP1 
genes were successfully recombined. To demonstrate genotype-phenotype linkage, we transfected 
293TT cells with two types of plasmids, one encoding wild-type VP1, the other one a mutant. After VLP 
purification, we analyzed the fractions for VP1 DNA. As the VLPs form, they package available genetic 
material compartmentalized within the same cell. We observed a 10-fold enrichment of wild-type VP1 
DNA after one single selection step. This data shows that polyomavirus-derived VLPs are able to pack-
age their own coding DNA, and can thus be used for directed evolution.
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[23,24], transfect mammalian cells [24,25], have a 
high insert capacity for peptides in their surface-
exposed loops [26], and can be derived from many 

different polyomavirus species with widely diverse 
properties [19]. This makes them a good starting 
point for directed evolution.

Denaturation
and annealing

Extension

Denaturation
and annealing

ExtensionExtension

Denaturation
and annealing

Fragmentation

Denaturation and 
annealing with primers

PCR amplification

Selection

Figure 1. Principle of DNA shuffling. Homologous genes (indicated by the different colors) are digested with DNaseI to generate 
fragments of appropriate size. These fragments are denatured, allowed to anneal to one another based on homology, and extended 
through self-priming PCR. This process is repeated until full-length genes are reassembled. Primers complementary to the flank-
ing regions are then added and the full-length genes are amplified by PCR, yielding a gene library which can be used for selection 
experiments. The selected genes can then be used as templates for further rounds of DNA shuffling, resulting in directed evolution.
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We set out to prove that virus-like particles derived 
from polyomaviruses are suitable for directed evo-
lution. We did this by proving that libraries of mu-
tant polyomavirus VP1 genes can be created, and 
proving that polyomavirus-derived VLPs demon-
strate genotype-phenotype linkage, i.e. package 
their own coding DNA. Genotype-phenotype link-
age is an important aspect in directed evolution. 
This linkage between coding DNA and encoded 
protein ensures that the selected proteins can be 
traced back to their genetic origin to identify, by 
sequencing, the mutations causing the beneficial 
properties. In a way this process mimics cellular 
compartmentalization in life.
To promote genotype-phenotype linkage, we made 

use of the SV40 signal for encapsidation, ses. This 
signal is responsible for the specific encapsidation 
of plasmid DNA in cis [27–29]. This sequence over-
laps the SV40 origin of replication (ori), leading to 
its amplification in cells overexpressing the SV40 
large T antigen [27]. This results in an increase in 
copy number, in turn resulting in enhanced produc-
tion of VLPs. An excellent cell line for this purpose 
is 293TT [30]. This cell line stably overexpresses the 
SV40 large T antigen and has already been used for 
the production of reporter vectors based on several 
polyomaviruses [31,32]. To ensure the encapsidation 
of the VP1-encoding plasmid, the plasmid should 
be around 5 kb in size [27].
To combine the beneficial properties of different 

A B C

E DF

Wild-type Mutant

Figure 2. Design of the proof of concept study. Plasmid DNA encoding wild-type (green) and mutant (red) SV40 VP1 are mixed at 
a 1:100 ratio (a). The DNA is used to transfect 293TT cells (b), causing the cells to express VP1. Cells expressing wild-type VP1 
will package available plasmid DNA, while cells expressing only the mutant VP1 will not be able to package DNA (c). This way, the 
genotype (plasmid DNA encoding wild-type VP1) becomes linked to the phenotype (VLP). After 48 hours the cells are lysed (d) 
and VLPs are purified by gradient ultracentrifugation (e). DNA is then extracted from the purified VLPs and analyzed for the ratio of 
wild-type to mutant VP1 genes (f). Ideally this would lead to purification of only wild-type VP1 genes. However, because individual 
cells can become transfected with more than one type of plasmid (b), the purified DNA will most likely be contaminated with some 
mutant VP1 genes.
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polyomavirus species, we recombined their VP1 
DNA sequences through a technique called DNA 
shuffling (see figure 1) [33,34], forming novel poly-
omavirus VP1 hybrids. To demonstrate genotype-
phenotype linkage, we transfected 293TT cells 
with two types of plasmids, one encoding wild-type 
VP1, the other one a mutant. After VLP purification, 
we analyzed the fractions for VP1 DNA. The design 
of this study is shown schematically in figure 2.

2. Materials and methods

2.1. Chemicals

Ampicillin, bovine serum albumin (BSA), 
bromophenol blue, calcium chloride, dithi-
othreitol (DTT), ethidium bromide, glycerol, io-
dixanol (60 % w⁄v solution in water), isopropyl β-D-
1-thiogalactopyranoside (IPTG), kanamycin, LB 
agar, LB broth culture medium, 2-mercaptoethanol, 
polysorbate 20 (TWEEN® 20), sodium dodecyl sul-
fate (SDS), and tris(hydroxymethyl)aminometh-
ane (Tris) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Agarose MP and cOmplete 
EDTA-free protease inhibitor cocktail tablets were 
purchased from Roche (Basel, Switzerland). Ethyl-
enediaminetetraacetic acid (EDTA) was purchased 
from Acros Organics (Geel, Belgium). GeneRuler 
1 kb DNA Ladder, GeneRuler 50 bp DNA Ladder, 
PageBlue Protein Staining Solution, PageRuler 
Prestained Protein Ladder, proteinase K, and DNA-
modifying enzymes were purchased from Thermo 
Scientific (Waltham, MA, USA). Dulbecco’s Modi-
fied Eagle’s Medium (DMEM), fetal bovine serum 
(FBS), and Trypsin-EDTA (L11-004) were pur-
chased from PAA Laboratories (Pasching, Austria). 
Phosphate buffered saline (PBS) was purchased 
from B. Braun Melsungen AG (Melsungen, Germa-
ny). Primers were purchased from Eurogentec (Se-
raing, Belgium). Acetic acid, hydrochloric acid, and 
sodium chloride were purchased from Merck KGaA 
(Darmstadt, Germany). iQ™ SYBR® Green Supermix 

was purchased from Bio-Rad (Hercules, CA, USA). 
Dulbecco’s Phosphate Buffered Saline (DPBS) was 
purchased from GE Healthcare (Little Chalfont, 
United Kingdom).

2.2. Homology analysis

The list of polyomaviruses was taken from the 
NCBI Genome database using the search cri-
teria ‘“Polyomaviridae”[Organism]’ (retrieved 
02/2011). VP1 protein sequences from the re-
trieved polyomaviruses were taken from the NCBI 
RefSeq database. Homology was calculated using 
ClustalW2 (pairwise alignment, standard settings) 
[35].

2.3. Plasmids

The VP1 genes from six different polyomaviruses 
were cloned into pIVEX2.2EM under control of a 
T7 promoter. The preparation of the pIVEX2.2EM 
backbone has been described elsewhere [36]. The 
cloning and preparation of plasmid pIVEX-HaPyV-
VP1, containing the VP1 gene from the hamster 
polyomavirus, has been described elsewhere [37]. 
The plasmids pIVEX-BKPyV-VP1, pIVEX-JCPyV-VP1, 
pIVEX-MCPyV-VP1, pIVEX-MPyV-VP1, and pIVEX-
SV40-VP1, which contain the VP1 genes from 
BK polyomavirus (GenBank: AAA46882.1), JC 
polyomavirus (GenBank: AAA82101.1), Merkel Cell 
polyomavirus (GenBank: FM864207.1), murine 
polyomavirus (GenBank: CAA24468.1), and SV40 
(GenBank: AAB59923.1), respectively, were pre-
pared similar to pIVEX-HaPyV-VP1 [37]. Briefly, the 
VP1 protein sequences were reverse translated 
and codon-optimized for expression in E. coli us-
ing GeneDesign [38]. Flanking sequences were 
added to create an NcoI restriction site overlapping 
the start codon and an XhoI restriction site directly 
adjacent to the stop codon. The genes were syn-
thesized by Mr. Gene (Regensburg, Germany) and 
delivered in a pMA-T or pMA vector. The genes were 
excised from the vectors using NcoI and XhoI, and 
cloned into pIVEX2.2EM digested with the same 
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enzymes. The expression of the VP1 proteins in E. 
coli was performed as described before [22]. Briefly, 
E. coli BL21(DE3)pREP4 were transformed with 
the different pIVEX-VP1 constructs, grown in LB 
medium, induced with 1.0 mM IPTG at an OD600 of 
0.8, and analyzed for VP1 production by SDS-PAGE 
after overnight expression at 37 °C.
The plasmid pAU was created through a series of 
modifications of pEGFP-C1 (Clontech; Mountain 
View, CA, USA). First, the PciI site in pEGFP-C1 was 
removed; pEGFP-C1 was digested with PciI, blunt-
ed using T4 DNA polymerase, phosphorylated with 
T4 Polynucleotide Kinase, and re-ligated using T4 
DNA Ligase. Next, the NcoI site at the start of the 
EGFP gene in pEGFP-C1ΔPciI was mutated into 
a PciI site using the QuikChange Lightning Site-
Directed Mutagenesis Kit (Agilent Technologies; 
Santa Clara, CA, USA) according to the manufac-
turer’s protocol with primers pEGFP-NcoI_to_Pci_fw 
(CGCTACCGGTCGCCAACATGTTGAGCAAGGGCGAGG) 
and pEGFP-NcoI_to_Pci_rv (CCTCGCCCTTGCTCAACAT-
GTTGGCGACCGGTAGCG). Finally, the XbaI-site was 
mutated to prevent Dam methylation using the 
QuikChange Lightning Site-Directed Mutagenesis 
Kit according to the manufacturer’s protocol with 
primers pEGFP-C1_XbaI_dam-_fw (GCGGGCCCGG-
GATCCACCGCCTCTAGATAACTGATCATAATC) pEGFP-C1_
XbaI_dam-_rv (GATTATGATCAGTTATCTAGAGGCGGTG-
GATCCCGGGCCCGC). pAU-SV40-VP1, which contains 
the wild-type SV40 VP1 gene under control of a 
CMV promoter, was cloned as follows. The SV40 
VP1 gene was amplified from pIVEX-SV40-VP1 by 
PCR using primers VP1_Shuffling_secondary_fw2 
(CTTTAAGAAGGAGATATACCAT) and VP1_XbaI_C_term_
rv (CTAGTCTAGAGCAGAGCTCGCTCGAG). The PCR 
product was digested with NcoI and XbaI, and li-
gated into pAU digested with PciI and XbaI. pGL3-
SV40-VP1, which contains the wild-type SV40 VP1 
gene under control of a SV40 promoter, was cloned 
as follows. The SV40 VP1 gene was amplified from 
pIVEX-SV40-VP1 by PCR using primers VP1_Shuf-
fling_secondary_fw2 and VP1_XbaI_C_term_rv. The 
PCR product was digested with NcoI and XbaI, and 
ligated into pGL3-control (Promega; Madison, WI, 

USA) digested with NcoI and XbaI. The SV40 VP1 
mutant was created using the QuikChange Light-
ning Site-Directed Mutagenesis Kit according to 
the manufacturer’s protocol with primers SV40_
fs_mutant_fw (GCCGTGCTACTCTGTTGACTAGTATCC-
CGCTGCCGAACATC) and SV40_fs_mutant_rv (GAT-
GTTCGGCAGCGGGATACTAGTCAACAGAGTAGCACGGC). 
All genes and mutations were verified by sequenc-
ing (BaseClear; Leiden, The Netherlands). Suitable 
quantities of circular plasmid DNA were obtained 
using the NucleoBond® PC 10 000 kit (MACHEREY-
NAGEL; Düren, Germany).

2.4. SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as 
before [37] with the following modifications. In ad-
dition to the samples, 5 µl PageRuler Prestained 
Protein Ladder was included on each gel. No HaPyV 
VP1 internal standard was included. For Western 
blotting, the mouse-anti-JCPyV-VP1 (ab34756; 
Abcam; Cambridge, United Kingdom) monoclonal 
antibody, which cross-reacts with SV40 VP1, was 
used as primary antibody. For SDS-PAGE, the gels 
were stained with PageBlue Protein Staining Solu-
tion according to the manufacturer’s protocol us-
ing a microwave oven.

2.5. Preparation of the gene libraries

For each polyomavirus, VP1 DNA was excised 
from 100 µg pIVEX-VP1 by digestion with BlpI 
and BglII. The VP1 DNA was gel purified using 
the NucleoSpin® Extract II kit (MACHEREY-NAGEL; 
Düren, Germany). Next, the VP1 DNA was frag-
mented using DNaseI. Reaction mixtures were 
prepared in thin-walled polypropylene PCR tubes 
(Greiner Bio-One; Monroe, NC). Each reaction mix-
ture contained 2.5 µg VP1 DNA in 25 µl 2× DNaseI 
buffer. The samples were placed in a Primus 96 
advanced thermocycler (PEQLAB; Erlangen, Ger-
many) set to 25°C. The reactions were started by 
adding 25 µl 5.0 U⁄ml DNaseI (kept on ice). The 
samples were incubated at 25 °C for 30 seconds, 
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and then stopped by adding 5.0 µl 25 mM EDTA. 
The samples were immediately transferred to 
another Primus 96 advanced thermocycler pre-
heated to 65 °C and incubated for 20 minutes to 
further inactivate the DNaseI. The fragments were 
separated on 2.0 % agarose gels. Fragments of the 
indicated sizes were gel purified as above.
To reassemble the VP1 genes, a total of 200 ng of 
purified fragments of the different polyomaviruses 
were mixed together at equal weight ratios. Each 
reassembly reaction mixture (25 µl) contained 
200 ng DNA fragments, 1.0× Taq buffer with am-
monium sulfate, 2.5 mM magnesium chloride, 0.20 
mM of each dNTP, and 0.10 U Taq DNA polymerase. 
PCR was performed in a Primus 96 advanced ther-
mocycler with the lid temperature set to 110 °C. The 
PCR was started at 98 °C for 30 sec, followed by 
40 cycles of 98 °C for 10 sec, 50 °C for 30 sec, and 
72 °C for 45 sec. The PCR was completed at 72 °C 
for 10 min, followed by storage at 4 °C. After the 
PCR, the reassembled genes were run on a 1.0 % 
agarose gel, and all DNA between 1000 and 1500 
bp was purified as above, eluting in 15 µl nuclease-
free water.
Another PCR was performed to amplify the reas-
sembled genes. Each amplification reaction mix-
ture (25 µl) contained up to 3 µl purified reas-
sembled genes, 1.0× Taq buffer with ammonium 
sulfate, 2.5 mM magnesium chloride, 0.20 mM of 
each dNTP, 0.20 µM VP1_Shuffling_primary_fw2 
(CCACAACGGTTTCCCTCTA), 0.20 µM VP1_Shuffling_
primary_rv (AGCAGCCAACTCAGCTTC), and 0.10 U 
Taq DNA polymerase. PCR was performed in a Pri-
mus 96 advanced thermocycler with the lid tem-
perature set to 110 °C. The PCR was started at 98 °C 
for 5 min, followed by 30 cycles of 98 °C for 15 sec, 
56 °C for 1 min, and 72 °C for 90 sec. The PCR was 
completed at 72 °C for 10 min, followed by storage 
at 4 °C. After the PCR, the amplified genes were 
purified using the GeneJET PCR Purification Kit 
(Thermo Scientific; Waltham, MA, USA). The flank-
ing regions of the purified genes were removed by 
digesting with NcoI and XhoI. The digestions were 
run on a 1.0 % agarose gel, and all DNA between 

1000 and 1500 bp was purified as above. The di-
gested VP1 genes were ligated into NcoI/XhoI-di-
gested pIVEX2.2EM using a 3:1 insert:vector molar 
ratio. After ligation, the libraries were transformed 
into E. coli DH5α. To analyze the diversity of the 
libraries, the bacteria were plated out on LB agar 
plates. After overnight incubation at 37 °C, individ-
ual colonies were picked and grown in LB medium. 
DNA was extracted from the cultures using the 
GeneJET Plasmid Miniprep Kit (Thermo Scientific; 
Waltham, MA, USA). Sequencing was performed by 
BaseClear (Leiden, The Netherlands). Alignments 
were calculated using ClustalW2 (multiple se-
quence alignment, standard settings) [35]. For large 
scale production, the plating step was skipped and 
the libraries were grown directly in LB medium af-
ter transformation.

2.6. Cell culture

COS-7 cells were grown in DMEM supplemented 
with 10 % v⁄v FBS. 293TT cells were obtained from 
the NCI DCTD Tumor Repository (National Cancer 
Institute, Division of Cancer Treatment and Diag-
nosis; Frederick, MD, USA). The cells were grown 
in DMEM supplemented with 10 % v⁄v FBS without 
antibiotics. All cells were grown in a humidified in-
cubator with 5 % CO2 at 37 °C.

2.7. Maintenance of pEGFP-C1 in COS-7 
cells

COS-7 cells were seeded onto six-well plates at 2.5 
× 105 cells per well. After 24 hours, the cells were 
transfected in triplicate with pEGFP-C1 and pIVEX-
(MCPyV/SV40)-VP1 mixed at different weight ra-
tios (0:0; 1:0; 1:1; 1:8; 1:512; and 0:1) in DMEM 
using Lipofectamine® 2000 (Life Technologies; 
Carlsbad, CA, USA) according to the manufacturer’s 
protocol (12.5 µg total DNA per well). The cells 
were monitored daily with light and fluorescence 
microscopy (Eclipse TE2000-U with GFP-B filter; 
Nikon; Tokyo, Japan). Starting after 24 hours, 
each day for five days, the cells were harvested 
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by adding 0.2 ml 1× Trypsin-EDTA for up to 5 min-
utes, followed by the addition of 1.3 ml DMEM + 
5 % FBS. From each sample, 0.5 ml was taken for 
analysis and remaining the 1.0 ml was incubated 
for another 24 hours. Plasmid concentrations in 
the samples were determined using qPCR with 
primers Bla_qPCR_fw (AAGTTGGCCGCAGTGTTATC) 
and Bla_qPCR_rv (GCTATGTGGCGCGGTATTAT) for 
pIVEX, and eGFP_qPCR_fw (CGACGGCAACTACAAGAC) 
and eGFP_qPCR_rv (TAGTTGTACTCCAGCTTGTGC) for 
pEGFP-C1. Each reaction mixture (20 µl) contained 
0.20 µM of a primer set, 10 µl 2× iQ™ SYBR® Green 
Supermix, and 1.0 µl sample. PCR was performed 
using a CFX96™ Real-Time System (Bio-Rad) with 
the lid temperature set to 105 °C. The PCR was 
started at 95 °C for 3 min, followed by 40 cycles of 
95 °C for 10 sec, 58 °C for 30 sec, 72 °C for 30 sec, 
and plate reading. The PCR was completed with a 
melt curve from 65 °C to 95 °C. Next to the samples 
and controls, ten-fold dilution series of both pEGFP 
and pIVEX, ranging from 1.0 × 10–8 to 0.10 ng DNA, 
were also included.

2.8. Proof of concept for directed 
evolution of VLPs in 293TT cells

293TT cells were seeded onto 75 cm2 flasks at 2 × 
106 per flask. After 2 days the cells (90 % confluent) 
were transfected with pAU-SV40-VP1 wild-type and 
mutant mixed at different weight ratios (0:0; 1:0; 
1:100; 0:1) in DMEM using Lipofectamine® 2000 
according to the manufacturer’s protocol (24 µg 
total DNA per flask). Small samples of the original 
transfection mixtures were kept for later use as 
negative control for enrichment. After 4 hours 2 
ml FCS was added to each flask, making the final 
concentration 10 %. The medium was exchanged 
with fresh DMEM + 10 % FCS 18 hours after the 
transfection. Forty hours after the transfection 
the cells were harvested in 6 ml DPBS with 1.0 mM 
calcium chloride and cOmplete protease inhibitor 
cocktail (1 tablet per 50 ml). The cells were freeze-
thawed 3 times, alternating between –20 °C and 
room temperature. Next, the cells were resuspended 

by vigorous vortexing and lysed by sonication 
(1 min, 80 % output, 0.5 sec active time interval) 
with a LABSONIC® P probe sonicator equipped with 
a 3-mm diameter probe (Sartorius AG; Göttingen, 
Germany) at 4 °C while keeping the samples on ice. 
The lysates were cleared at 10,000 g for 15 min. 
The supernatants were poured into ultracentrifuge 
tubes and equilibrated to 6.0 ml using DPBS with 
1.0 mM calcium chloride. In each ultracentrifuge 
tube, 1.4 ml of 27 %, 33 %, and 39 % w⁄v iodixanol in 
reassembly buffer (10 mM Tris-HCl (pH 7.2), 1.0 M 
sodium chloride and 1.0 mM calcium chloride in 
demineralized water) was sequentially underlaid. 
The samples were ultracentrifuged at 40,000 RPM 
in a SW 41 Ti rotor (Beckman Coulter; Brea, CA, 
USA) at 4 °C for 11 hours. Afterwards, the tubes 
were carefully removed and 0.25 ml fractions were 
taken by puncturing the bottom of the tubes with 
a needle and collecting the drops. The fractions 
were checked for VP1 by reducing SDS-PAGE and 
Western blotting. Next, DNA was extracted from the 
fractions. First, 25 µl 5× VLP destruction solution 
(100 mM Tris-HCl (pH 8.0), 100 mM DTT, 100 mM 
EDTA, 1.0 % SDS, and 0.20 mg⁄ml proteinase K) 
was added to 100 µl of each fraction, followed 
by incubation at 50 °C for 15 min to release the 
DNA. Afterwards, the DNA was purified using the 
GeneJET PCR Purification Kit. During the drying 
step, the columns were spun for 5 min instead of 
1 minute. DNA was eluted in 50 µl nuclease-free 
water. PCR was performed to amplify the part of 
the VP1 gene covering the mutation. Each reaction 
mixture (20 µl) contained 0.20 µM SV40_qPCR_fw 
(CTGGGTGTTAAAACCGGTG), 0.20 µM SV40_qPCR_rv 
(GTTAGAACCCTGGATCGG), 10 µl 2× iQ™ SYBR® Green 
Supermix, and 1.0 µl sample. PCR was performed 
using a CFX96™ Real-Time System with the lid 
temperature set to 105 °C. The PCR was started at 
95 °C for 3 min, followed by 40 cycles of 95 °C for 
10 sec, 56 °C for 30 sec, 72 °C for 30 sec, and plate 
reading. The PCR was completed with a melt curve 
from 65 °C to 95 °C. Next to the extracted DNA, the 
original transfection mixtures were also included 
in the PCR. To differentiate between wild-type and 
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mutant VP1, the PCR fragments were digested 
with SpeI directly in the PCR mixture. Glycerol was 
added to a final concentration of 10 %, and the 
samples were run on 2.0 % agarose gels without 
ethidium bromide. The gels were post stained 
using GelRed™ Nucleic Acid Gel Stain (Biotium; 
Hayward, CA, USA). The relative amount of wild-
type and mutant DNA was quantified using Image 
Lab™ software (Bio-Rad).

3. Results and discussion

3.1. Creation of hybrid polyomavirus VP1 
gene libraries

Polyomavirus VP1 genes were selected for DNA 
shuffling based on homology, tropism, and VLP 
formation. We reviewed the literature and created a 

Table 1. Homology between the six selected polyomavirus VP1 genes after codon optimization. The VP1 DNA sequences were 
aligned using ClustalW2. The scores represent the total homology in percent over the full length of the VP1 genes. Several con-
served regions within the VP1 genes are identical for all VP1 genes, while other parts, such as the surface-exposed loops, are less 
homologous.

Figure 3. Sequence analysis of the pilot libraries. Every line in the image represents a single clone from a library, with the 5’ end of 
the gene to the left and the 3’ end to the right. Homology to the parental genes at each region is indicated by the different colors, with 
blue and green representing JCPyV and MPyV, respectively. The grey areas represent the regions where the crossovers took place; 
regions with homology to both parental genes. Only 3 out of 8 clones from the library with shuffled MPyV and JCPyV were hybrids, 
yielding a crossover frequency of 0.6 for the total library (a). All hybrids were unique. The control libraries with JCPyV (b) and MPyV 
(c) alone yielded their respective parental genes.
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table with known properties of different polyoma-
viruses (supplementary table S1). We eliminated 
polyomaviruses without a genome sequence in 
the RefSeq database (as of 2011), and compared 
the homology of the VP1 proteins of the remain-
ing polyomaviruses by pairwise alignment using 
ClustalW2 (supplementary table S2). The homol-
ogy ranged from 22 to 87 %, with most polyoma-
virus VP1 proteins sharing 50–60 % homology. 
Polyomaviruses with an average homology of less 
than 40 % were discarded as such low homologies 
are unlikely to yield good recombinants through 
gene shuffling [39]. Based on this data we selected 
six polyomavirus VP1 genes (see table 1). To in-
crease the chance of success we selected poly-
omaviruses known to form VLPs after overexpres-
sion in mammalian cells [19], plus the well-studied 
SV40 and the HaPyV previously studied by our 
group [22]. All selected VP1 genes were codon-op-
timized using the same codon usage table to maxi-
mize the homology (see table 1).
After validating the expression of the individual 
VP1 proteins (data not shown), we started out by 

preparing a library by shuffling two of the most 
unrelated polyomaviruses, JCPyV and MPyV (68 
% homology). Relatively large fragments (100–
400 bp) were used for this preliminary library to 
ensure reassembly. We also reassembled both 
parental genes as a control. Several clones from 
these libraries were sequenced, and the results 
were aligned with both parental genes (see figure 
3). Hybrid VP1 genes were found, proving that 
it is possible to shuffle the selected VP1 genes, 
although a relatively large fraction of the clones 
contained reassembled parental genes. This could 
be prevented by using smaller fragments or lower-
ing the annealing temperature [40], although there 
is always a tradeoff between higher diversity and 
viability of the mutants [41].
To investigate the influence of fragment size, li-
braries were created using different fragment 
sizes (50–200 bp, 200–400 bp and 400–1000 
bp). This time three VP1 genes were included: 
MPyV, JCPyV, and BKPyV. The latter two share a 
rather high homology (88 %), and we wondered 
if this might introduce bias into the reassembly 

Figure 4. Restriction analysis of plasmid DNA obtained from colonies from the different libraries. The VP1 gene was excised from 
plasmid DNA by digestion with NcoI and XhoI and loaded on a 1.5 % agarose gel. (M) GeneRuler 1 kb DNA Ladder; (A) pIVEX-MPyV-VP1 
control; (B) pIVEX-BKPyV-VP1 control; (C) pIVEX-JCPyV-VP1 control; (D) pIVEX-HaPyV-VP1 undigested control; (1–28) clones from 
the library prepared using 50–200 bp fragments; (29–52) clones from the library prepared using 200–400 bp fragments; (53–64) 
clones from the library prepared using 400–1000 bp fragments. The higher bands (>3.0 kb) represent the pIVEX backbones, where-
as the lower bands (1.0–1.5 kb) represent the hybrid VP1 genes. Not all clones contained a VP1 gene.
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process. No noticeable difference was found in the 
absolute yield of the reassembly PCR among the 
different fragment sizes. However, the quality of 
the reassembled genes decreased with fragment 
size, with the lowest fragment size yielding the 
fewest correctly reassembled genes. This is not 
strange, as smaller fragments require more risky 
annealing steps to form full-length VP1 genes. Af-
ter cloning the libraries, 12–28 colonies from each 
library were picked and their plasmid DNA was 
analyzed (see figure 4). Most colonies contained 
a VP1 gene with a length intermediate to that of 
the parental genes, indicative of a correctly reas-
sembled hybrid VP1 gene. However, 32 % of the 
colonies from the library prepared using 50–200 
bp fragments did not contain a correct insert. This 

percentage dropped to 17 % for the library prepared 
using intermediate length fragments (200–400 
bp), while no incorrect inserts were found in 
the library prepared from the largest fragments 
(400–1000 bp). These incorrect vectors will not 
qualitatively influence the selection experiments 
because these vectors will not demonstrate gen-
otype-phenotype linkage. However, such a con-
tamination of the library does have to be taken into 
account when dosing the library. Moreover, given 
the limited amount of transformation events, such 
incorrect vectors might significantly limit the total 
diversity of the library.
Several VP1-positive clones from each libraries 
were sequenced, and the results were aligned with 
the parental genes (see figure 5a–c). Hybrid VP1 

A

B

C

D

Homology Crossover frequency

Figure 5. Sequence analysis of the libraries prepared using three parental VP1 genes. The VP1 genes of three different polyomavi-
ruses were recombined by DNA shuffling. Different fragment sizes were used to prepare the libraries; (a) 50–200 bp; (b) 200–400 
bp; (c) 400–1000 bp. Several clones from each library were sequenced. Every line in the image represents a single clone from a 
library, with the 5’ end of the gene to the left and the 3’ end to the right. Homology to the parental genes at each region is indicated 
by the different colors, with red, blue, and green representing BKPyV, JCPyV, and MPyV, respectively. The grey areas represent the 
regions where the crossovers took place; regions with homology to both parental genes. The different libraries yielded crossover 
frequencies of 5.7, 2.0 and 1.5, respectively. (d) Crossovers (blue line) took place in areas where the parental genes shared high 
homology (brown line). Both the crossover frequency and homology are shown as moving average over ±3 amino acids. No cross-
overs took place within the variable loops (BC, DE, and HI).
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genes were found in all libraries, with the average 
number of crossovers per gene increasing from 1.5 
for the library prepared using the large 400–1000 
bp fragments to 5.7 for the library prepared us-
ing the smaller 50–200 bp fragments. No reas-
sembled parental genes were found in the library 
prepared using the smallest fragments. All hybrid 
VP1 genes were unique, and all libraries contained 
hybrids composed of all three parental genes. How-
ever, the crossovers were clearly biased towards 
the highly homologous BKPyV and JCPyV. With 43 
events these crossovers were more abundant than 
those between BKPyV and MPyV (11 events) and 
JCPyV and MPyV (14 events) combined. Such bias 
could be reduced by lowering the annealing tem-
perature during reassembly [40]. However, as stat-
ed above, this will probably decrease the viability 
of the library. Selection experiments would have to 
be performed to identify either the diversity or the 
viability of the library as the bottleneck, and this 
will probably depend on the individual selection ex-
periment. As expected, the crossovers took place 
in regions of high homology between the parental 

genes (see figure 5d). No crossovers took place 
in the highly variable loops BC, DE, and HI. These 
surface-exposed loops are responsible for receptor 
binding and tropism [42–44]. Mutation of these loops 
leads to retargeting of the VLPs [45]. Our data show 
that these loops are efficiently exchanged during 
DNA shuffling, conceivably creating VLPs with a 
novel tropism. Multiple point mutations were also 
observed, further increasing the diversity of the 
library. These point mutations are most likely in-
troduced by the error-prone Taq polymerase dur-
ing amplification. Depending on the requirements 
for the library, the amount of point mutations can 
be regulated by changing the PCR conditions [46] or 
using different polymerases [41]. We do not expect 
that more crossovers will lead to better libraries. 
Previous studies with AAV showed that 2–6 cross-
overs already led to vectors with radically altered 
properties [7–9]. However, if more crossovers are 
required, other techniques, such as “random chi-
meragenesis on transient template” (RACHITT) [47], 
could be used as well.
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Figure 6. Maintenance of pEGFP-C1 and pIVEX in COS-7 cells over time. The plasmid concentrations were determined by qPCR with 
primers specific for β-lactamase (pIVEX) and EGFP (pEGFP-C1). The quantities were derived from a standard curve of both plasmids 
assuming an amplification efficiency of 100 %. The pEGFP content surpassed that of pIVEX within 5 days for all tested ratios, indicat-
ing maintenance of the plasmid in the cells and ses activity. n=2.
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3.2. Selection of a suitable expression 
vector

Vector backbones were screened for use with the 
library based on the following criteria: the back-
bone should (1) measure between 4.5 and 5.5 kb 
in length after insertion of the library, (2) contain 
the SV40 signal for encapsidation, ses, (3) contain 
a strong eukaryotic promoter for the expression 
of the library, and (4) be commercially available. 
Searching through the NCBI nucleotide collection 
(nr/nt) database we found two different backbones 
satisfying these criteria, namely pEGFP-C1 and 
pGL3-control. We modified both of these vectors to 
enable easy insertion of the library. In pEGFP-C1, 
several restriction sites had to be altered before 
the EGFP gene could be excised to prepare the fi-
nal vector, pAU; pGL3-control already contained 
the correct restriction sites, so the luciferase gene 
could directly be removed. The wild-type VP1 gene 
from SV40 was inserted into both vectors. The vec-
tors were tested for the expression of VP1 in 293TT 

cells. The CMV promoter on pAU caused a more than 
10 fold higher expression of VP1 than the SV40 pro-
moter on pGL3-control. Therefore, this vector was 
chosen for further studies.

3.3. Maintenance of pEGFP-C1 in COS-7 
cells

To verify the activity of the ses sequence in pEGFP-
C1, COS-7 cells were transfected with mixtures of 
pEGFP-C1 and pIVEX plasmids. The ses sequence 
on pEGFP-C1 should cause the large T antigen-me-
diated amplification of the plasmid [27], resulting in 
maintenance of the plasmid during propagation of 
the cells. After transfection, the cells were sam-
pled daily and analyzed by fluorescence micros-
copy and qPCR. Steady EGFP fluorescence was 
observed during the entire assay in all pEGFP-C1 
transfected samples. The plasmid content over 
time was quantified and plotted for each ratio (see 
figure 6). For all ratios, the pEGFP-C1 content had 
surpassed that of pIVEX by the fifth day, indicat-

CCGGACAAAGAACAGCTGCCGTGCTACTCTGTTG-CTCGTATCCCGCTGCCGAACATCAACGAAGACCTGACCTGC

CCGGACAAAGAACAGCTGCCGTGCTACTCTGTTGACTAGTATCCCGCTGCCGAACATCAACGAAGACCTGACCTGC

Stop codon

Wild-type

Mutant

81 105

 P  D  K  E  Q  L  P  C  Y  S  V  D  -

 P  D  K  E  Q  L  P  C  Y  S  V   A  R  I  P  L  P  N  I  N  E  D  L  T  C

|||||||||||||||||||||||||||||||||| || ||||||||||||||||||||||||||||||||||||||

SpeI restriction site

Wild-type

Mutant

Figure 7. Schematic representation of the wild-type and mutant SV40 VP1 used in the proof of concept experiment. Mutations are 
indicated in red. The frameshift and stopcodon are shown, as well as the new SpeI restriction site.

Table 2. Different samples used in the proof of concept study. Vectors harboring wild-type and mutant VP1 genes were mixed to-
gether at different molar ratios as indicated in the table. The total amount of vectors in each sample was kept constant.

Wild-type Mutant

1 0 Wild-type only, positive control

1 100 Diluted 100 times

0 1 Mutant only, negative control

0 0 No DNA control
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ing maintenance of the plasmid. However, the total 
quantity of pEGFP-C1 did drop over time. This drop 
is likely to be caused by the degradation of plas-
mids that did not achieve productive transfection. 
No drop in EGFP fluorescence was visible.

3.4. Proof of concept for directed 
evolution of VLPs in 293TT cells

To perform the proof of concept experiment shown 
in figure 2, a negative control for selection – a mu-

tant VP1 gene – was required. To prevent bias, the 
plasmid was kept mostly intact. We introduced a 
frameshift and a stop codon about a quarter into 
the gene, resulting in a truncated (9.9 kDa) form 
of VP1 (see figure 7). Moreover, the mutation also 
introduced a new restriction site (SpeI) into the 
gene, allowing us to distinguish the gene from 
wild-type VP1 by gel electrophoresis after diges-
tion. We confirmed that the mutant VP1 cannot 
form VLPs by demonstrating its inability to pene-
trate the iodixanol gradient during purification. We 
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Figure 8. Western blot showing the distribution of SV40 VP1 in the iodixanol gradient. (1–14) Fractions 1–14 from the iodixanol 
gradient of cells transfected with wild-type VP1 DNA only were analyzed by Western blotting using an antibody reactive against 
SV40 VP1. VP1 was found in fractions 7–10, matching the 33 % iodixanol portion of the gradient, indicating the formation of VLPs. 
(M) PageRuler Prestained Protein Ladder.

Figure 9. Quantification of VP1 DNA in the iodixanol gradient fractions. VP1 DNA was quantified by qPCR using primers specific for 
VP1. In the wild-type only samples, VP1 DNA peaked in fractions 7–9, the same fractions that contained VLPs. A smaller VP1 DNA 
peak was also observed in fraction 7 from the samples where wild-type VP1 DNA had been mixed 1:100 with mutant VP1 DNA. 
Fractions 11 and higher, which mainly represent the aqueous phase, contained non-encapsidated plasmid DNA.
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expect that the mutant can still bind DNA, as DNA 
binding is mediated by the N-terminus of SV40 VP1 
[48].
The two vectors were mixed together at different 
ratios (see table 2) and used to transfect 293TT 
cells. Two days after transfection, VLPs were har-
vested from the cells by iodixanol gradient ultra-
centrifugation. Fractions were collected and ana-
lyzed for the presence of VP1 by Western blotting 
(see figure 8). VP1 was found in the 33 % iodixanol 
layer (fractions 7 through 10), consistent with 
previous results obtained with VLPs from other 
polyomaviruses [31]. VP1 was only observed in the 
gradient from cells that were transfected with the 
wild-type VP1 gene only; the assay was not sen-

sitive enough to demonstrate VP1 in the diluted 
samples. The mutant VP1 could not be detected 
with the used antibody.
Plasmid DNA was isolated from the fractions after 
protease digestion of the VLPs. The amount of VP1 
DNA in each fraction was quantified by qPCR (see 
figure 9). A peak in VP1 DNA content was found in 
the same fractions that contained VLPs (see figure 
8). This suggests that the plasmids were encapsi-
dated by the VLPs. This peak was not only found 
in the wild-type only samples, but also in the sam-
ples where most of the wild-type DNA had been re-
placed with mutant DNA.
To confirm that these peaks contained wild-type 
VP1 genes, and thus to demonstrate genotype-

Figure 10. Enrichment of wild-type VP1 genes from an excess of non-functional mutant VP1 genes. 293TT cells were transfected 
with two types of plasmids, one encoding the wild-type SV40 VP1 protein, the other one a non-functional VP1 mutant. Both plasmids 
had the same size. Two days after transfection the cells were harvested and VLPs were purified by gradient ultracentrifugation. 
VP1 DNA was extracted from the different fractions and amplified by PCR. Wild-type genes were distinguished from mutants by 
restriction analysis (A). The PCR primers were designed to yield two fragments of equal length for the mutant gene after digestion 
with SpeI, allowing direct comparison based on band intensity. The VLP fraction showed a 10-fold enrichment of wild-type VP1 DNA 
compared to the original transfection mixture, while the residual supernatant did not show any enrichment (B). This proves that, by 
using this system, polyomavirus VLPs can selectively package their own coding DNA.

VLP fraction Supernatant Transfection mix Pure mutant Pure wild-type

Wild-type

Mutant

0

50

100

VLP fraction Supernatant Transfection
mixture

Mutant

Wild-type
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B



120

CHAPTER VI

6

phenotype linkage, the amplified DNA was digest-
ed with SpeI and analyzed by gel electrophoresis 
(see figure 10). The results clearly show the en-
richment of the wild-type VP1 gene from the ex-
cess of non-functional mutants. As the VLPs form, 
they package available genetic material compart-
mentalized within the same cell. This results in a 
10-fold enrichment of the wild-type VP1 gene af-
ter one single selection step, showing the potential 
of this system. This data shows that polyomavirus 
VLPs are able to package their own coding DNA af-
ter expression in 293TT cells, and can thus be used 
for directed evolution.
This system might benefit from the addition of the 
other structural proteins of the virus, VP2 and VP3. 
These proteins, derived from the same coding DNA 
sequence, are responsible for escape from the en-
doplasmic reticulum (ER) [49–51] and nuclear entry 
[52,53] after transfection. There is also some evi-
dence of their involvement in DNA packaging [29,54]. 
Indeed, VLPs composed of all three structural pro-
teins have been shown to possess improved trans-
fection characteristics [55]. One possibility would be 
to add an expression vector encoding VP2 and VP3 
during transfection. This vector should not be en-
capsidated by the VLPs, or lest it disturbs the geno-
type-phenotype linkage. This could be achieved by 
using a large (over 5.5 kb) vector without a func-
tional ses sequence.

4. Conclusion

Virus-like particles derived from polyomaviruses 
are suitable candidates for gene delivery. We now 
show that these particles are also amenable to 
directed evolution to further improve their proper-
ties for gene therapy. We show that it is possible 

to recombine different polyomavirus VP1 genes 
using DNA shuffling. This way, beneficial proper-
ties of the different polyomaviruses can be com-
bined, and large evolutionary gaps can be bridged. 
We show that the binding domains are efficiently 
exchanged between the different viruses, allowing 
the creation of VLPs with novel tropism. For the ex-
pression of the library, we developed an efficient 
vector with a functional encapsidation signal. We 
also demonstrate that polyomavirus VP1 VLPs 
display genotype-phenotype linkage after expres-
sion in 293TT cells. The VLPs package their own 
coding DNA, making sure that the genetic origin of 
improved VLPs can be traced back after selection.
Together these results give the proof of concept 
for the directed evolution of VLPs derived from 
polyomaviruses. We are currently in the process of 
replicating these results. The next step would be to 
combine these two experiments, i.e. to perform se-
lections with our library. The first selections might 
be based on VLP formation and DNA packaging. 
Once successful, more advanced selections, such 
as retargeting, could be performed. Ultimately, this 
technique could lead to novel viral vectors suitable 
for personalized medicine.
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CHAPTER VI
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KIPyV 24 23 24 67 
 

27 26 26 26 28 25 22 25 27 27 23 26 25 25 26 35 34 22 28 24 
FPyV 60 55 52 29 27 

 
60 55 55 55 57 55 63 73 55 52 56 53 58 56 28 27 59 56 59 

CPyV 59 55 56 27 26 60 
 

57 55 55 62 53 71 57 54 54 56 58 62 56 26 27 56 59 56 
SA12 55 48 51 26 26 55 57 

 
51 81 54 47 58 53 83 49 79 47 55 50 24 26 55 51 55 

MPyV 55 52 50 26 26 55 55 51 
 

52 55 58 56 50 51 47 52 53 55 50 25 24 56 51 55 
JCPyV 55 48 49 29 28 55 55 81 52 

 
55 51 56 53 80 49 77 50 55 49 26 25 52 54 52 

LPyV 61 59 55 28 25 57 62 54 55 55 
 

56 60 55 54 51 53 53 87 56 27 27 59 54 57 
HaPyV 54 55 49 25 22 55 53 47 58 51 56 

 
54 50 46 45 47 49 56 51 25 23 52 51 53 

GHPyV 62 55 58 27 25 63 71 58 56 56 60 54 
 

60 54 54 56 59 59 56 26 27 61 60 59 
APyV 58 52 49 29 27 73 57 53 50 53 55 50 60 

 
51 53 52 50 55 53 27 27 56 54 55 

BKPyV 52 48 50 26 27 55 54 83 51 80 54 46 54 51 
 

47 82 48 54 51 25 25 54 51 54 
MPtV 67 46 56 24 23 52 54 49 47 49 51 45 54 53 47 

 
47 49 49 44 24 24 53 51 52 

SV40 54 49 52 27 26 56 56 79 52 77 53 47 56 52 82 47 
 

50 54 49 23 26 55 52 55 
BPyV 57 51 55 25 25 53 58 47 53 50 53 49 59 50 48 49 50 

 
52 53 27 25 56 59 55 

HPyV9 59 59 54 28 25 58 62 55 55 55 87 56 59 55 54 49 54 52 
 

60 25 25 61 55 60 
ChPyV 53 51 53 26 26 56 56 50 50 49 56 51 56 53 51 44 49 53 60 

 
24 28 58 41 59 

HPyV6 27 27 26 35 35 28 26 24 25 26 27 25 26 27 25 24 23 27 25 24 
 

69 25 22 25 
HPyV7 26 27 25 37 34 27 27 26 24 25 27 23 27 27 25 24 26 25 25 28 69 

 
26 23 25 

TSPyV 63 57 56 23 22 59 56 55 56 52 59 52 61 56 54 53 55 56 61 58 25 26 
 

55 80 
CSLPyV 60 44 54 27 28 56 59 51 51 54 54 51 60 54 51 51 52 59 55 41 22 23 55 

 
55 

OraPyV 58 53 56 24 24 59 56 55 55 52 57 53 59 55 54 52 55 55 60 59 25 25 80 55 

Table S2. Homology between the polyomavirus VP1 proteins. The VP1 protein sequences were obtained from the RefSeq database. 
The VP1 protein sequences were aligned using ClustalW2 (pairwise alignment). The scores represent the total homology in percent 
over the full length of the VP1 proteins.
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1. Introduction

Virus-like particles (VLPs) are assemblies of viral 
structural proteins, resembling the native virus, 
but lacking viral nucleic acids. These particles are 
promising agents for gene delivery. They are non-
replicating and thus safer to use than viral vec-
tors. Moreover, their regular structure allows them 
to induce potent B and T cell responses towards 
epitopes displayed on their surface. One class of 
promising VLPs is those derived from polyomavi-
rus VP1 proteins [1]. Polyomavirus VLPs spontane-
ously form after overexpression of the major coat 
protein VP1, with 360 VP1 proteins forming a 40–
45 nm icosahedral capsid. This size is appropriate 
for applications such as gene delivery [2], tumor 
targeting [3], or for the uptake of antigens by den-
dritic cells [4]. However, this small size also makes 
it difficult to investigate their stability in biological 
environments and their behavior inside cells. The 
stability of gene delivery vectors in biological fluids 
is important, as the rapid clearance of vectors by 
the mononuclear phagocyte system, aided by the 
binding of the vectors to blood components, is one 
of the major challenges of gene delivery [2]. Also, 
the entry of the VLPs into cells, and their intracel-
lular fate, are still not completely understood [5]. 
The low intrinsic contrast of VLPs makes them dif-
ficult to track inside cells by transmission electron 
microscopy (TEM), which generally still relies on 

negative staining or immunogold labeling for con-
trast [6,7].
In this chapter we investigated two alternative ap-
proaches to study VLPs in biological environments. 
In the first approach, we used a clonable contrast-
ing tag for visualization with TEM based on the mu-
rine metallothionein-I (MT) protein. This protein is 
capable of binding heavy metal ions through the 
thiol groups of its 20 cysteine residues. The result-
ing metal clusters are easily detectable by TEM [8]. 
By fusing the tag to a target protein, it can be visu-
alized and tracked by TEM [9–13], even in intact cells 
[14], analogous to the fusion with green fluorescent 
protein (GFP) for light microscopy.
The second approach employed a technique 
called nanoparticle tracking analysis (NTA). This 
technique is based on the correlation between 
the average velocity at which particles travel due 
to Brownian motion and the sphere-equivalent 
hydrodynamic diameter, given by the Stokes-Ein-
stein equation, and yields the particle size distri-
bution [15]. A laser is used to illuminate particles 
in suspension, and scattered light is captured us-
ing a camera coupled to a conventional light mi-
croscope. Video is recorded and analyzed by NTA 
software, tracking the motion of individual parti-
cles. In contrast to dynamic light scattering (DLS), 
individual particles are measured using NTA, re-
ducing the bias introduced by large particles and 
making it possible to analyze heterogeneous and 

Abstract
The small size and low intrinsic contrast of virus-like particles make it difficult to study their behavior 
in cells and their stability in biological fluids using conventional methods. In this chapter we explored 
two alternative approaches to study model virus-like particles derived from hamster polyomavirus 
VP1. First, we used a clonable tag based on murine metallothionein, which is capable of binding heavy 
metal ions and providing additional contrast for transmission electron microscopy. We inserted this 
tag into surface-exposed loops of VP1. Although the insertion of the tag did not reduce the yield of 
prokaryotic expression of VP1, it completely abolished VLP formation. Second, we used a technique 
called nanoparticle tracking analysis for the detection of virus-like particles. Using a NanoSight 
instrument, we were able to measure the particle size distribution of virus-like particles. By using 
fluorescently labeled virus-like particles, we could detect these particles in a background of serum, 
which, under normal conditions, completely obscured detection.
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polydisperse samples [16]. NTA has been used for 
the detection and quantification of many kinds of 
nanoparticles, including viruses [17–20] and VLPs 
[21,22]. It can be operated in two modes, normal and 
fluorescence. In the normal mode, all scattering is 
detected. While this is practical for quantification 
of purified samples, this is unusable for the study 
of VLPs in biological fluids due to the high amount 
of background scattering. The fluorescence mode, 
on the other hand, can be used to specifically de-
tect labeled particles [23]. By labeling the VLPs with 
a fluorescent dye, these particles can be distin-
guished from other nano-sized particles in a com-
plex biological environment.

2. Materials and methods

2.1. Chemicals

Ammonium chloride, ampicillin, bovine serum 
albumin (BSA), bromophenol blue, calcium chlo-
ride, cesium chloride, dimethyl sulfoxide (DMSO), 
glycerol, isopropyl β-D-1-thiogalactopyranoside 
(IPTG), kanamycin, LB agar, LB broth culture 
medium, 2-mercaptoethanol, polysorbate 20 
(TWEEN® 20), sodium dodecyl sulfate (SDS), and 
tris(hydroxymethyl)aminomethane (Tris) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ethylenediaminetetraacetic acid (EDTA) and so-
dium bicarbonate were purchased from Acros Or-
ganics (Geel, Belgium). PageBlue Protein Staining 
Solution, PageRuler Prestained Protein Ladder, and 
DNA-modifying enzymes were purchased from 
Thermo Scientific (Waltham, MA, USA). Fetal bo-
vine serum (FBS) was purchased from PAA Labo-
ratories (Pasching, Austria). Phosphate buffered 
saline (PBS) was purchased from B. Braun Melsun-
gen AG (Melsungen, Germany). Hydrochloric acid, 
sodium chloride, sodium hydroxide, and sucrose 
were purchased from Merck KGaA (Darmstadt, 
Germany). Uranyl acetate was purchased from 
Electron Microscopy Sciences (Hatfield, PA, USA). 

Tetramethylrhodamine-5-isothiocyanate (TRITC) 
was purchased from Life Technologies (Carlsbad, 
CA, USA).

2.2. Plasmids

The cloning and preparation of plasmid pIVEX-
HaPyV-VP1/co, containing the wild-type VP1 gene 
from the hamster polyomavirus (HaPyV) codon-
optimized for expression in E. coli, has been de-
scribed before [24]. The plasmids pIVEX-HaPyV-VP1/
MT1 and pIVEX-HaPyV-VP1/MT4, which contain the 
HaPyV VP1 gene with the amino acids at site 1 
(81–88) and site 4 (289–294), respectively, re-
placed with a metallothionein-tag, were prepared 
similar to pIVEX-HaPyV-VP1/co [24]. Briefly, the VP1 
protein sequence and location of the variable loops 
were obtained from Gedvilaite et al. [25]. The MT-
tag sequence was derived from pMAL-c2x-MT1 [10], 
and consists of the full-length murine metallothio-
nein-1 gene (RefSeq: NP_038630). The variable 
loops were completely replaced with the MT-tag 
sequence. The resulting sequences were reverse 
translated and codon-optimized for expression in 
E. coli using GeneDesign [26]. Flanking sequences 
were added to create an NcoI restriction site over-
lapping the start codon and an XhoI restriction 
site directly adjacent to the stop codon. The genes 
were synthesized by GenScript (Piscataway, NJ, 
USA) and delivered in a pUC57 vector. The genes 
were excised from pUC57 using NcoI and XhoI, and 
cloned into pIVEX2.2EM [27] digested with the same 
enzymes.

2.3. Production of virus-like particles

HaPyV VLPs were produced and purified as de-
scribed before [28]. Briefly, E. coli BL21(DE3)pREP4 
were transformed with pIVEX-HaPyV-VP1/co, 
pIVEX-HaPyV-VP1/MT1, or pIVEX-HaPyV-VP1/MT4 
for the production of wild-type, MT1- or MT4-VLPs, 
respectively. Individual colonies were grown in LB 
medium at 37 °C. VP1 expression was induced at 
an OD600 of 0.8 by adding IPTG to a final concen-
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tration of 1.0 mM. Protein expression was allowed 
to continue overnight at 37 °C. Afterwards, the bac-
teria were harvested by centrifugation at 5,000 g 
at 4 °C for 15 min. The bacteria were washed once 
in reassembly buffer (10 mM Tris-HCl (pH 7.2), 1.0 
M sodium chloride and 1.0 mM calcium chloride 
in demineralized water), followed by thorough re-
suspension in 20 volumes of reassembly buffer. 
The bacteria were lysed by two passes through 
an EmulsiFlex-C5 high pressure homogenizer (AV-
ESTIN; Ottawa, ON, Canada) at >15,000 psi. VLPs 
were purified by sequential ultracentrifugation. 
The lysates were first cleared by centrifugation at 
6,000 g at 4 °C for 30 min. VLPs in the supernatant 
were pelleted through a layer of 60 % w⁄v sucrose in 
reassembly buffer for 20 hours at 75,400 g at 4 °C. 
The pellets were resuspended in 1 ml reassembly 
buffer per 25 ml lysate. Cesium chloride was added 
to a final density of 1.30 g⁄cm3, and the samples 
were centrifuged in an SW 41 Ti rotor (Beckman 
Coulter; Brea, CA, USA) at 40,000 RPM at 4 °C for 
70 hours to allow a gradient to form. Afterwards, 
the tubes were carefully removed and 1 ml frac-
tions were taken by puncturing the bottom of the 
tubes with a needle and collecting the drops. The 
fractions were checked for VP1 by reducing SDS-
PAGE, and fractions containing VP1 were dialyzed 
4 times against 50 volumes of reassembly buffer 
using Slide-A-Lyzer membrane cassettes (Thermo 
Scientific) with a MWCO of 20 kDa. After purifica-
tion, protein concentrations of pure samples were 
determined using the Pierce™ Micro BCA Protein As-
say Kit (Thermo Scientific) according to the manu-
facturer’s protocol.

2.4. SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as 
before [24] with the following modifications. In ad-
dition to the samples, 5 µl PageRuler Prestained 
Protein Ladder was included on each gel. For SDS-
PAGE, the gels were stained with PageBlue Protein 
Staining Solution according to the manufacturer’s 
protocol using a microwave oven.

2.5. Transmission electron microscopy

Negative staining was performed as described 
before [29]. Briefly, samples were diluted 10–100 
times in demineralized water, and 25 µl of each di-
luted sample was pipetted onto parafilm. Glow-dis-
charged formvar/carbon-coated copper grids (Agar 
Scientific; Stansted, United Kingdom) were placed 
on top of the droplets for 2 min. After incubation, 
the grids were taken and excess liquid was re-
moved by carefully touching filter paper. Next, the 
grids were placed on top of 20 µl 2 % uranyl acetate 
droplets for 2 min. After incubation, the grids were 
taken and excess liquid was again removed. The 
grids were dried at room temperature for 5 min be-
fore measurement. Transmission electron micros-
copy (TEM) imaging was performed using a Philips 
Tecnai 10 at 100 kV.

2.6. Hemagglutination assay

Red blood cells (RBCs) were collected by cen-
trifugation at 100 g for 5 min from mouse blood 
pretreated with potassium EDTA (SARSTEDT; 
Nümbrecht, Germany) to prevent clotting. The pel-
let was washed three times by resuspending in 20 
volumes of PBS and centrifuging at 100 g for 5 min. 
The final pellet was resuspended in 100 volumes 
of PBS to create a 1.0 % RBC suspension. Samples 
were serially diluted in PBS and 50 µl of each di-
luted sample was added to a round-bottom 96-well 
plate. To each well, 50 µl of a 0.5 % or 1.0 % RBC 
suspension in PBS was added. The plate was incu-
bated at room temperature for 60 min, after which 
pictures were taken.

2.7. Labeling of virus-like particles for 
NTA

Wild-type HaPyV VLPs were diluted in 0.10 M so-
dium bicarbonate (pH 9.0) to a final concentration 
of 2.0 mg⁄ml. The VLPs were dialyzed against 1000 
volumes of 0.10 M sodium bicarbonate (pH 9.0) 
at 4 °C using Slide-A-Lyzer membrane cassettes 
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with a MWCO of 10 kDa. The samples were first dia-
lyzed for 3 hours, and after refreshing the buffer, 
the samples were dialyzed for another 60 hours 
at 4 °C. TRITC (1.0 mg⁄ml), freshly dissolved in dry 
DMSO, was added to the dialyzed VLPs to a final 
concentration of 50 µg⁄ml. The reaction was incu-
bated in the dark at 4 °C for 40 hours. The labeled 
VLPs were checked by TEM and NTA.

2.8. Labeling of antibodies for NTA

Fifty microliters of 1.5 mg⁄ml mouse-anti-HaPyV-
VP1 (ab34755; Abcam; Cambridge, United King-
dom) was dialyzed against 200 ml 0.10 M sodium 
bicarbonate (pH 9.0) at 4 °C using a Slide-A-Lyzer 
MINI Dialysis Device (Thermo Scientific) with a 
MWCO of 10 kDa. The antibodies were first dia-
lyzed for 3 hours, and after refreshing the buffer, 
the antibodies were dialyzed for another 60 hours 
at 4 °C. TRITC (1.0 mg⁄ml), freshly dissolved in dry 
DMSO, was added to the dialyzed antibodies to a 
final concentration of 50 µg⁄ml. The reaction was 
incubated in the dark at 4 °C for 40 hours. The reac-

tion was stopped by adding ammonium chloride to 
a final concentration of 50 mM.

2.9. Nanoparticle tracking analysis

NTA measurements were performed using a 
NanoSight LM10 (NanoSight; Amesbury, UK), 
equipped with a 532 nm green laser, 565 nm cut-
off emission filter, Andor electron-multiplying 
charged coupled device (EMCCD) camera, and 
LM14 sample viewing unit. Samples were diluted 
500 to 50,000 times in PBS filtered using 0.02 
µm syringe filters (Whatman; GE Healthcare, Little 
Chalfont, United Kingdom) before measurement. 
To some samples, FBS was added to a final con-
centration of 10 % v⁄v. Videos of 60 to 300 seconds 
were recorded and analyzed using the NTA 2.3 Ana-
lytical software, build 0011 RC1.

2.10. Protein modeling

All 3D models were predicted using the SWISS-
MODEL server at ExPASy in Automated Mode [30]. 

Figure 1. Hemagglutination assay. Wild-type HaPyV VLPs stored in different buffers were serially diluted in PBS from stock solutions 
of indicated concentrations. Next, an equal volume of 0.5 % or 1.0 % RBCs was added. Hemagglutination was assessed 60 minutes 
after the addition of murine RBCs. No hemagglutination was observed. RA, reassembly buffer; pH 9.0, 0.10 M sodium bicarbonate 
(pH 9.0).
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Viewer (SPDBV) version 4.0.1 [31]. All structural 
images were created using Chimera version 1.6.2 
[32].

3. Results

3.1. Hemagglutination assay

To be able to study the integrity of VLPs in blood 
using single particle tracking, the VLPs should be 
free in solution and not bound to cells. Since cell 

binding of various polyomaviruses via surface-
exposed sialic acid residues has been described, 
we studied the binding of wild-type hamster poly-
omavirus (HaPyV) VLPs to murine erythrocytes. 
For this, a hemagglutination assay was performed. 
No hemagglutination was observed, regardless of 
the storage buffer, at any VLP concentration (see 
figure 1).

3.2. Production of MT-VLPs

Two VP1 constructs with an MT-tag inserted 
into either site 1 (MT1-VP1) or site 4 (MT4-VP1), 
were prepared. The two MT-VP1 proteins, as well 

A C

D E

MWTMT4MT1

40

55

kDa

WT-VP1

MWTMT4MT1

40

55

kDa

MT-VP1

B
SDS-PAGE Western blot

Figure 2. Production of VP1 in bacteria and purification of VLPs by sequential ultracentrifugation. VP1 was overexpressed in E. coli 
BL21(DE3)pREP4 and partially purified by pelleting through a sucrose layer. (a) SDS-PAGE after partial purification of VP1, show-
ing the expression of MT1-VP1 (MT1), MT4-VP1 (MT4), and wild-type VP1 (WT). Lane M, PageRuler Prestained Protein Ladder. (b) 
Western blot of the same samples. VP1 was detected using an anti-HaPyV-VP1 antibody. VP1 was further purified using cesium 
chloride density gradient ultracentrifugation. Negative staining TEM was performed to visualize VLPs in the fractions containing 
wild-type HaPyV VP1 (c), MT1-VP1 (d), and MT4-VP1 (e). Regularly-shaped VLPs were only observed with wild-type HaPyV VP1. 
Bars = 200 nm.
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as wild-type VP1, were overexpressed in E. coli 
BL21(DE3)pREP4. VP1 production was verified 
by SDS-PAGE (see figure 2a). All three VP1 pro-
teins were expressed, and as expected based on 
their calculated molecular weights (wild-type VP1, 
41.9 kDa; MT1-VP1, 47.1 kDa; MT4, 47.2 kDa), both 
MT-VP1 proteins were found to be larger than wild-
type VP1. The insertion of the epitopes did not have 
a significant effect on the yield of expression, nor 
did it prevent the detection of the proteins using 
an anti-VP1 antibody (figure 2b). This antibody 
recognizes an epitope localized near amino acids 

223/224 in the EF loop [33], which is indeed pre-
dicted to fold correctly in the MT-VP1s according to 
calculated models (see figure 3). VLPs were puri-
fied by density gradient ultracentrifugation and 
visualized by TEM (see figure 2c–e). For all three 
samples, the VP1 proteins were found in fractions 
with a density of approximately 1.30 g⁄cm3. While 
regularly-shaped VLPs were found in fractions with 
wild-type VP1, no VLPs were observed for either 
MT-VP1 protein. Both samples contained large (up 
to 1 µm) rectangular and oval structures reminis-
cent of membranes. Similar structures were also 

Figure 3. Predicted models of VP1, MT-VP1, and free MT. The 3D models were predicted using the SWISS-MODEL server at ExPASy [30]. 
(a) Structure of hamster polyomavirus VP1 based on the crystal structure of murine polyomavirus VP1 (PDB: 1VPN). Insertion sites 
1 and 4 (yellow), corresponding to the surface-exposed loops BC and HI [1], as well as the antibody-binding region EF, are indicated. 
(e–f) Structure of MT1-VP1 and MT4-VP1 based on the crystal structure of murine polyomavirus VP1 (PDB: 1SID chain B). The MT-
tags are shown in yellow. (b–c) Predicted local error of the MT-VP1 models based on the QMEANlocal score [34]. The quality of the 
models at the region of the MT-tag is relatively poor. (d) Structure of the free MT-tag based on the crystal structure of rat metallothio-
nein-2 (PDB: 4MT2 chain A). The two metal-binding domains are clearly visible. All structural images were created using Chimera [32].
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observed in off-peak (lower density) fractions 
containing wild-type VP1 (data not shown), and 
are likely to be bacterial contaminants. We also 
checked the bacterial lysates and pellets after su-
crose cushion ultracentrifugation, but the results 
were the same (data not shown).

3.3. Modeling of MT-VP1

To investigate why MT-VP1 did not form VLPs, we 
predicted the structure of VP1 with and without 
an MT-tag inserted into loops 1 and 4 (see figure 
3). The VP1 structures were predicted based on 
the crystal structure of murine polyomavirus VP1. 
The structure of the free MT-tag was also predicted 
based on the crystal structure of rat metallothio-

nein-2. This model shows that the MT-tag normally 
contains two domains; each with inward-facing 
thiol groups which complex heavy metal ions form-
ing metal clusters. In the models of MT-VP1, the MT-
tag is squeezed tightly and unable to form similar 
domains. The distance between the attachment-
points of the loops 1 and 4 in the wild-type VP1 
model is 7.6 Å and 4.6 Å, respectively. In the MT-
tag, the distance between the N- and C-terminus is 
34.5 Å. Regardless of the predicted errors in mod-
eling, such a large difference is likely to cause sig-
nificant strain on the tag, disrupting not only the 
structure of the tag, but possibly also that of VP1 
itself. In MT4-VP1, the MT-tag is even predicted to 
form helices, although the reliability of the model 
in this region is very low (figure 3c).

A B

C D

Figure 4. TEM of VLPs before, during, and after labeling with TRITC. (a) Untreated VLPs purified from bacteria; (b) VLPs after dialysis 
against 0.10 M sodium bicarbonate (pH 9.0), before labeling with TRITC; (c) VLPs after labeling with TRITC; (d) same sample as (c) 
at a higher magnification. No difference is observed between VLPs before and after labeling with TRITC. Bars = 200 nm.
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3.4. Labeling of wild-type HaPyV VLPs for 
NTA

Wild-type VLPs were labeled with the amine-re-
active fluorescent dye TRITC. Each VP1 molecule 
contains several surface-exposed lysine residues, 
allowing a large number of dye molecules to be 
conjugated to each VLPs. TEM was performed to 
check the VLPs during the labeling process (see 
figure 4). Dialysis against a low-salt pH 9.0 buffer 
and labeling with TRITC did not cause the dissocia-
tion of the VLPs; in fact, no noticeable differences 
in gross structure were observed before and after 
labeling.

3.5. Characterization of labeled VLPs by 
NTA

Unlabeled and TRITC-labeled VLPs were measured 
using a NanoSight LM10 instrument. VLPs were 
visible as bright randomly moving dots in both 
samples when viewed directly through the bin-
oculars in normal mode. In fluorescence mode, 
unlabeled particles were not visible anymore, but 
TRITC-labeled VLPs could still be seen by eye. Na-
noparticle tracking analysis was performed and 
the particle size distribution was determined (see 
figure 5a). Using the normal mode, both unlabeled 
and TRITC-labeled VLPs gave a clear peak at 40–45 
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Figure 5. Nanoparticle tracking analysis of labeled and unlabeled VLPs. TRITC-labeled and unlabeled VLPs were measured using a 
NanoSight instrument. The VLPs (2.0 mg⁄ml) were diluted in filtered PBS before measurement (50,000 and 500 times for measure-
ments in normal and fluorescence mode, respectively). (a) Particle size distribution obtained after NTA. (b) Detected concentration 
of particles between 30 and 60 nm in diameter, assuming each particle has the molecular weight of an empty wild-type VLP (15.1 
MDa). The results were corrected for the employed dilution factor. (c) Background-subtracted screen capture of 50,000 times di-
luted unlabeled VLPs imaged using the normal mode. (d) Background-subtracted screen capture of 500 times diluted TRITC-labeled 
VLPs imaged using the fluorescence mode.
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nm, corresponding to the size of wild-type HaPyV 
VLPs (see figure 4). No unlabeled VLPs were ob-
served in fluorescence mode, while the labeled 
particles yielded a peak very similar to that of 
unlabeled VLPs measured in normal mode. How-
ever, for measurements in fluorescence mode, 100 
times higher concentrations were used. The con-
centration of particles calculated after correcting 
for the different dilution factors was significantly 
lower than with normal detection (see figure 5b). 
Labeling itself already resulted in a 75 % drop in the 
number of particles between 30 and 60 nm in di-

ameter, possibly caused by losses during labeling. 
Of the labeled particles, only 13 % was detected by 
fluorescence. The total concentration of unlabeled 
VLPs measured in normal mode was a factor 10 
lower than the concentration as determined us-
ing the Pierce™ Micro BCA Protein Assay Kit (2.0 
mg⁄ml).

3.6. Detection of labeled VLPs in serum

To determine the influence of serum on the detec-
tion of VLPs by NTA, the measurements were re-
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Figure 7. Detection of VLPs using labeled antibodies. TRITC-labeled anti-HaPyV-VP1 antibodies were mixed with unlabeled VLPs and 
measured using a NanoSight instrument. Both antibodies and VLPs were diluted 1,000 times in PBS before measurement. The size 
distribution was determined using NTA without (a) or with 10 % v⁄v serum (b). No VLPs were detected in fluorescence mode.

Figure 6. Nanoparticle tracking analysis of VLPs in serum. TRITC-labeled and unlabeled VLPs were measured using a NanoSight 
instrument. Before measurement, the VLPs were diluted 1,000 times in filtered PBS supplemented with 10 % v⁄v FBS. (a) Particle 
size distribution obtained after NTA. (b) Comparison of the detected concentrations of particles between 30 and 60 nm in diameter 
with and without serum, assuming each particle has the molecular weight of an empty wild-type VLP (15.1 MDa). The results were 
corrected for the employed dilution factor.
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peated in the presence of 10 % fetal bovine serum 
(FBS) (see figure 6a). In normal mode, the pres-
ence of serum resulted in a very high background 
level of particles of all sizes, and the addition of 
VLPs to the serum was not detectable, even at con-
centrations as high as 2.0 µg⁄ml. In fluorescence 
mode, no particles were observed in serum or se-
rum with unlabeled VLPs. However, TRITC-labeled 
VLPs were readily detectable in serum, yielding a 
peak at 40–55 nm. The number of particles be-
tween 30 and 60 nm in diameter was similar to 
that without serum (figure 6b).

3.7. Detection of VLPs in serum using 
labeled antibodies

The fact that labeled VLPs are detectable in serum 
also opens up options in the field of diagnostics. 
However, labeling of VP1 itself in a diagnostic set-
ting is not feasible. Therefore, we attempted to use 
labeled antibodies to detect unmodified VLPs. Anti-
HaPyV-VP1 antibodies were labeled with TRITC and 
mixed with unlabeled VLPs. The antibodies were al-
lowed to bind the VLPs for 60 min, after which the 
samples were measured using a NanoSight instru-
ment (see figure 7). Although diffuse fluorescence 
was visible in the samples with labeled antibodies, 
VLPs could not be detected in fluorescence mode.

4. Discussion

In this chapter we investigated the use of a clon-
able metallothionein tag as a contrasting agent 
for the detection of VLPs by transmission electron 
microscopy. We cloned the tag into insertion sites 
1 and 4 of the hamster polyomavirus VP1 gene 
[25]. Previous studies showed that the insertion of a 
large 120 amino acid epitope at these sites did not 
prevent the formation of VLPs [35]. Site 4 even toler-
ated the insertion of a complete and functional en-
hanced green fluorescent protein (EGFP) [33]. The 
insertion of large peptides into site 1 was shown 
to cause aggregation of the VP1 proteins, but only 

at concentrations above 0.5 mg⁄ml [25]. We found 
that insertion of the 61 amino acid MT-tag did not 
reduce the expression of full-length VP1, but did 
prevent the formation of VLPs.
There are several possible explanations for this. 
First of all, as shown by the modeling data (figure 
2), the close proximity of the attachment sites in 
VP1 causes the compression of the tag, thereby 
likely disrupting the tertiary structure of both the 
tag and VP1. Similar problems were found before 
when a 38 amino acid WW domain was inserted 
into site 4 of murine polyomavirus [36]. A possible 
solution would be the inclusion of a long flexible 
linker between VP1 and the termini of the MT-tag. 
Such a strategy was employed to insert the en-
zyme dihydrofolate reductase into murine poly-
omavirus VP1, which formed VLPs with enzymatic 
activity [37]. Next to that, correct disulfide bonding 
is crucial for the formation of VLPs [38,39] and likely 
to be involved in the correct folding of VP1 [28]. The 
MT-tag used in this study contains 20 cysteine 
residues, and this large amount of thiol groups 
could result in faulty disulfide bond formation. To 
encourage proper folding, it might be beneficial to 
express the MT-VP1 proteins in heavy metal-en-
riched growth medium. Previous work showed that 
MT-tagged GroEL formed inclusion bodies upon 
overexpression under regular growth conditions, 
but formed soluble proteins upon addition of cad-
mium chloride to the medium [9].
It is important to consider that the extensive modi-
fication of the surface of VLPs might disrupt the 
native properties of the particles, such as receptor 
binding and tropism. Insertion of a small RGD-pep-
tide into sites 1 [40] and 4 [41] already completely re-
targeted VLPs derived from other polyomaviruses. 
Therefore, it might be better to link the MT-tag to 
the N-terminus of VP1. The N-terminus is normally 
responsible for DNA binding, but could also be 
used to attach proteins [42]. This way the tag would 
remain buried within the VLP unable to interact 
with the outside environment. However, it remains 
questionable whether such MT-VP1 proteins would 
form VLPs.
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Finally, if the sole goal is to track intact VLPs inside 
cells, it would also be possible to modify VP2 with 
the MT-tag (see chapter 2 section 5.2), or even 
to load VLPs with metal nanoparticles such as 
quantum dots [43] or magnetic nanoparticles [44]. 
Although this would solve the problems associ-
ated with assembly, the dissociation of such VLPs 
would release their cargo, limiting their applicabil-
ity and possibly leading to false (positive) results.
Many viruses, including many polyomaviruses 
[45–49], are known to agglutinate erythrocytes, and 
this hemagglutination depends on the source of 
the blood [48]. We found that HaPyV VLPs do not 
cause the hemagglutination of mouse RBCs. These 
results are consistent with literature [50], and allow 
us to study the integrity of HaPyV VLPs in mouse 
blood using NTA without the risk of the VLPs attach-
ing to RBCs (see below).
The second strategy we tested for the detection of 
VLPs in biological environments was nanoparticle 
tracking analysis. We showed that, by labeling VP1 
with the fluorescent rhodamine derivative TRITC, 
VLPs could specifically be tracked in serum-con-
taining media using NanoSight NTA. The observed 
size of VLPs in serum was slightly larger than 
in PBS alone. This might be due to the binding of 
VLPs to serum components. We observed a rather 
large (tenfold) difference in titer between NTA and 
BCA results. This is possibly caused by proteina-
ceous contaminants in the purified VLP prepara-
tion. These contaminants would be detected in the 
BCA assay, but might be too small or too large to 
be detected by NTA. Furthermore, the NanoSight 
NTA cannot detect monomeric or pentameric VP1, 
which may account for a significant fraction of 
the VP1 present in the samples. Moreover, loss-
es during labeling could have reduced the con-
centration of VLPs; the BCA assay was only per-
formed before labeling. Finally, NanoSight NTA was 
shown to underestimate the titers of adenovirus 
and latex particles by 15 % [20]. This difference was 
amplified by the fact that NanoSight NTA was only 
linear over a very narrow range of dilutions [20], al-
though another study found much smaller devia-

tions from linearity [23].
Not all particles detected in the normal mode in the 
samples with labeled VLPs were still detected upon 
switching to the fluorescence mode. Although this 
might be caused by heterogeneous labeling, this 
is very unlikely given the high expected amount 
of labels per VLP. More likely is that NTA is not as 
sensitive using fluorescence mode, although other 
factors like photobleaching might also contribute. 
This difference was less pronounced when larger 
(>80 nm) particles were measured [23].
Serum completely overshadowed any added VLPs, 
even at concentrations as high as 2.0 µg⁄ml (8.0 
× 1010 VLPs⁄ml). Even though the serum had been 
filtered at 0.1 µm by the supplier, many particles 
with diameters above 100 nm were found. These 
particles might have formed by aggregation after 
filtration.
We also tested if TRITC-labeled antibodies can be 
used to detect unlabeled VLPs. However, we were 
not able to detect any VLPs in fluorescence mode. 
Perhaps the labeling disturbed the binding site of 
the antibodies, preventing the antibodies from 
binding VP1. More likely is that too few antibodies 
bind to each VLP, resulting in an insufficient con-
centration of dye molecules per VLP. Direct labeling 
of VLPs results in a much higher degree of labe-
ling, in turn translating to a much brighter signal. 
A possible solution would be to couple brighter la-
bels to the antibodies. For example, in a previous 
study antibodies functionalized with quantum 
dots were used to detect cellular vesicles with high 
efficiency [23].
For diagnostics such a technique would be very 
interesting, given the speed of the measurement. 
However, the concentration of particles required 
for reliable detection (>106 per ml) is rather high. 
Another major drawback of NTA for diagnostics, 
or for any quantitative application, is the lack of 
standardization and reproducibility. This is very 
evident in figure 6a, where the addition of VLPs to 
serum seemed to cause a 50 % drop in the appar-
ent amount of particles. This variability originates 
both at the level of measurement (by choosing the 



141

DETECTION OF VIRUS-LIKE PARTICLES IN BIOLOGICAL FLUIDS

7

location for the measurement by focusing the mi-
croscope on the laser beam) and that of the analy-
sis (by changing the parameters). This method 
would benefit greatly from a reduction in this vari-
ability. A possible alternative would be the use of 
a newly developed high-resolution, fluorescence-
based flow cytometric method [51].
Another application for these fluorescently labeled 
VLPs would be to study the assembly of VLPs. By 
combining the fluorescent labeling of VP1 with that 
of DNA, the interactions between VP1 and DNA, and 
the assembly of VLPs, could be studied. This could, 
for example, be done using fluorescence correla-
tion spectroscopy (FCS) [52] or fluorescence single 
particle tracking (fSPT) [53].
Taken together, we show that there is a limit to the 
tolerance of the insertion sites of HaPyV VLPs; the 
insertion of a cysteine-rich tag based on murine 
metallothionein completely abolished VLP forma-
tion. We were able to measure the particle size dis-
tribution of wild-type VLPs using NanoSight NTA, 

and by using fluorescently labeled VLPs, these 
particles could be detected in a background of 
serum.
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1. Introduction

Virus-like particles (VLPs), supramolecular struc-
tures that spontaneously form after overexpres-
sion of viral structural proteins, are ideal vectors for 
epitope presentation. These particles resemble the 
native viral capsids in their structure and proper-
ties, but do not contain any viral genetic material, 
making them a safer alternative to attenuated and 
inactivated virus vaccines. Due to their repetitive 
structure, VLPs can activate the immune system 
via pattern-recognition receptors on immune cells 
and cross-link B-cell receptors, leading to a potent 
immune response [1,2]. VLPs can be derived from 
many viral proteins and used as a vaccine against 
the native viral capsid. Examples include the pro-
phylactic HPV vaccines Cervarix® [3] and Gardasil® 
[4]. Next to that, it is possible to integrate foreign 
epitopes in the VLPs, allowing the display of these 
epitopes in a highly immunogenic format.
One of the viral structural proteins that form VLPs 
is the polyomavirus major capsid protein VP1. 
Polyomavirus VP1 VLPs are promising vectors for 
the delivery of therapeutic cargos, such as nucleic 
acids for gene therapy, or antigens for vaccina-
tion [2]. Four distinct sites on polyomavirus VP1 
have been tested for antigen display by inserting 

foreign epitopes. All four sites tolerated the inser-
tion of small epitopes [5], while longer epitopes of 
up to 120 amino acids were only tolerated in sites 
1 and 4 (see figure 1) [6]. Next to humoral immune 
responses [7], cytotoxic T lymphocyte (CTL) re-
sponses can also be induced by foreign epitopes 
displayed at these sites [8]. Prior contact with the 
wild-type virus does not prevent an immune re-
sponse against the displayed epitopes [9], and the 
presence of antibodies against VP1 does not ham-
per a specific CTL response induced by the VLPs 
[10]. However, even though good results have been 
achieved with epitope-displaying VLPs as prophy-
laxis in a mouse model [11,12], the current VLPs are 
not potent enough to work in a therapeutic setting 
[13,14]. For cancer immunotherapy to become a real-
ity, very strong immunogens are required capable 
of breaking the tolerance [15].
Polyomavirus VLPs are also very efficient delivery 
vehicles for genetic vaccines [16]. These VLPs can 
be loaded with plasmids encoding antigens [16,17] 
and are rapidly taken up by dendritic cells (DCs) 
[18], thus showing potential for DNA vaccination. 
However, the immune responses were not impres-
sive [16,17]. Thus, individually, epitope insertion and 
genetic vaccination are not strong enough.
Our goal was to test if these two strategies, epitope 

Abstract
Virus-like particles derived from polyomaviruses can be used for both epitope and genetic vaccination. 
Individually these strategies result in reasonable immune responses, but these immune responses 
are generally not strong enough to break immune tolerance, which is often needed for effective can-
cer immunotherapy. In this chapter we investigate the possibility of combining these two strategies 
into a single particle, based on the hypothesis that such co-delivery will lead to a synergistic effect. 
Six different epitopes based on CD8+ and CD4+ epitopes from ovalbumin were designed and inserted 
into site 1 and site 4 of hamster polyomavirus VP1. We show that insertion at both sites is tolerated 
without interfering with virus-like particle formation. These virus-like particles are smaller (20 nm in 
diameter) than wild-type virus-like particles, but are capable of inducing a strong immune response 
in an in vitro antigen presentation assay. We also tested different strategies for loading virus-like 
particles with plasmid DNA. We found that reassembly of virus-like particles from capsomers in the 
presence of plasmid DNA does not result in significantly better protection against nucleases than ob-
served after mixing the DNA with preformed virus-like particles. Neither strategy resulted in higher 
transfection efficiency than naked plasmid DNA.
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insertion and genetic vaccination, can be com-
bined to form a single, more potent vaccine. Such 
co-delivery can result in a synergistic effect on the 
immune response [19] and is exploited in systems 
such as antigen-expressing immunostimulatory 
liposomes (AnExILs) [20,21]. Previous studies have 
also shown that the co-delivery of adjuvants, such 
as CpG, and epitopes [22,23], or the co-delivery of 
different toll-like receptor (TLR) ligands [24] to the 
same dendritic cell is very important for a potent 
immune response. Such strategies have never be-
fore been studied with polyomavirus VLPs.
In this study we used peptides derived from oval-
bumin (OVA) as model antigens for tumor vaccina-
tion. These peptides were chosen because of the 
large toolbox available for analysis. For example, 
transgenic OT-I [25] and OT-II [26] T-cells are avail-
able that react specifically with presented CD8+ 
and CD4+ ovalbumin epitopes, respectively, as 
well as B3Z hybridoma cells, that react specifically 
with the major histocompatibility complex (MHC)-
bound ovalbumin CD8+ epitope [27]. To achieve this 
goal of co-delivery, these model epitopes (both 
CD8+ and CD4+) were integrated into surface-

exposed loops 1 and 4 of hamster polyomavirus 
(HaPyV) VP1. VLPs were generated from these 
epitope-VP1 proteins and tested for their immu-
nogenicity. Furthermore, we compared different 
strategies to load the wild-type VLPs with DNA.

2. Materials and methods

2.1. Chemicals

Ampicillin, bovine serum albumin (BSA), bromo-
phenol blue, calcium chloride, cesium chloride, 
dithiothreitol (DTT), ethidium bromide, glycerol, 
heat-inactivated sterile filtered fetal bovine se-
rum (FBS), iodixanol (60 % w⁄v solution in water), 
isopropyl β-D-1-thiogalactopyranoside (IPTG), 
kanamycin, LB agar, LB broth culture medium, 
2-mercaptoethanol, Nonidet® P-40 Substitute, 
polysorbate 20 (TWEEN® 20), SIINFEKL peptide 
(S7951), sodium acetate, sodium dodecyl sulfate 
(SDS), and tris(hydroxymethyl)aminomethane 
(Tris) were purchased from Sigma-Aldrich (St. 

Figure 1. Structure of hamster polyomavirus VP1. Insertion sites 1 and 4, corresponding to the surface-exposed loops BC and HI [2], 
are indicated. The 3D model of hamster polyomavirus VP1 was predicted using the SWISS-MODEL server at ExPASy [28] based on the 
structure of murine polyomavirus VP1 (PDB: VPN). The image was created using Chimera [29].

Site 4
Site 1
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Louis, MO, USA). Acetic acid, chlorophenol red-β-D-
galactopyranoside (CPRG), ethanol, hydrochloric 
acid, isopropanol, sodium chloride, and sucrose 
were purchased from Merck KGaA (Darmstadt, 
Germany). Agarose MP was purchased from Roche 
(Basel, Switzerland). Ethylenediaminetetraacetic 

acid (EDTA) and magnesium chloride were pur-
chased from Acros Organics (Geel, Belgium). Phos-
phate buffered saline (PBS) was purchased from 
B. Braun Melsungen AG (Melsungen, Germany). 
Uranyl acetate was purchased from Electron Mi-
croscopy Sciences (Hatfield, PA, USA). iQ™ SYBR® 

Table 1. List of oligonucleotides used in this study.

Name Sequence

eGFP_qPCR_fw CGACGGCAACTACAAGAC

eGFP_qPCR_rv TAGTTGTACTCCAGCTTGTGC

VP1_Shuffling_secondary_fw2 CTTTAAGAAGGAGATATACCAT

VP1_Shuffling_secondary_rv TTTCGGGCTTTGTTAGCA

Site_1_BamHI_fw CGCGGATCCGAAGTTAAAGCTAACCAGCTG

Site_1_BamHI_rv CGCGGATCCTTTGATAGACTGAGAGAAACC

Site_4_BamHI_fw CGCGGATCCTGGCACTGGCGTGGTC

Site_4_BamHI_rv CGCGGATCCGATGTACCAACCCATAACG

Site_1_L_BamHI_fw CGCGGATCCGGCGGCGAAGTTAAAGCTAACCAGCTG

Site_1_L_BamHI_rv CGCGGATCCGCCGCCTTTGATAGACTGAGAGAAACC

Site_4_L_BamHI_fw CGCGGATCCGGCGGCTGGCACTGGCGTGGTC

Site_4_L_BamHI_rv CGCGGATCCGCCGCCGATGTACCAACCCATAACG

E1_fw GATCCGTGAACGGCCTGGAACAGCTGGAAAGCATTATTAACTTTGAAAAACTGACCGAATGGACCAGCAGCAA- 
CGTGATGGAAGAACGCAAAATTAAAGTGTATCTGCCGCGCG

E1_rv GATCCGCGCGGCAGATACACTTTAATTTTGCGTTCTTCCATCACGTTGCTGCTGGTCCATTCGGTCAGTTTTTCA- 
AGTTAATAATGCTTTCCAGCTGTTCCAGGCCGTTCACG

E2_fw GATCCGTGAACGGCCTGGAACAGCTGGAAAGCATTATTAACTTTGAAAAACTGACCGAATGGACCAGCAGCAA- 
CGTGG

E2_rv GATCCCACGTTGCTGCTGGTCCATTCGGTCAGTTTTTCAAAGTTAATAATGCTTTCCAGCTGTTCCAGGCCGTTC- 
ACG

E3_fw GATCCATTAACTTTGAAAAACTGACCGAATGGACCAGCAGCAACGTGATGGAAGAACGCAAAATTAAAGTGTAT- 
CTGCCGCGCATGAAAATGGAAG

E3_rv GATCCTTCCATTTTCATGCGCGGCAGATACACTTTAATTTTGCGTTCTTCCATCACGTTGCTGCTGGTCCATTCG- 
GTCAGTTTTTCAAAGTTAATG

E4_fw GATCCATTAGCAGCGCGGAAAGCCTGAAAATTAGCCAGGCGGTGCATGCGGCGCATGCGGAAATTAACGAAG- 
CGGGCCGCGAAGTGGTGGGCAGCGCGGAAGCGG

E4_rv GATCCCGCTTCCGCGCTGCCCACCACTTCGCGGCCCGCTTCGTTAATTTCCGCATGCGCCGCATGCACCGCCT- 
GGCTAATTTTCAGGCTTTCCGCGCTGCTAATG

E5_fw CGCGGATCCGTGATTAGCAGCGCGGAAAGCCTGAAAATTAGCCAGGCGGTGCATGCGGCGCATGCGGAAATT- 
AACGAAGCGGGCCGCGAAGTGGTGGGCAGCGCGGAAGCGGTGAACGGC

E5_rv CGCGGATCCGTTGCTGCTGGTCCATTCGGTCAGTTTTTCAAAGTTAATAATGCTTTCCAGCTGTTCCAGGCCGTT- 
CACCGCTTCCGCGCTGCCCACCACTTCGCGGCCCGCTTCGTTAAT

E6_fw CGCGGATCCGTGAACGGCCTGGAACAGCTGGAAAGCATTATTAACTTTGAAAAACTGACCGAATGGACCAGCA- 
GCAACGTGATTAGCAGCGCGGAAAGCCTGAAAATTAGCCAGGCGGTG

E6_rv CGCGGATCCCGCTTCCGCGCTGCCCACCACTTCGCGGCCCGCTTCGTTAATTTCCGCATGCGCCGCATGCACC- 
GCCTGGCTAATTTTCAGGCTTTCCGCGCTGCTAATCACGTTGCTGCT
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Green Supermix was purchased from Bio-Rad (Her-
cules, CA, USA). Dulbecco’s Modified Eagle’s Me-
dium (DMEM), FBS, and Trypsin-EDTA (L11-004) 
were purchased from PAA Laboratories (Pasching, 
Austria). Cell-culture antibiotics, GlutaMAX™ Sup-
plement, glycogen, and Lipofectamine® 2000 
were purchased from Life Technologies (Carlsbad, 
CA, USA). Dulbecco’s Phosphate Buffered Saline 
(DPBS) was purchased from GE Healthcare (Lit-
tle Chalfont, United Kingdom). GeneRuler 1 kb 
DNA Ladder, nuclease-free water, PageBlue Protein 
Staining Solution, PageRuler Prestained Protein 
Ladder, proteinase K, RNase A, and DNA-modifying 
enzymes were purchased from Thermo Scientific 
(Waltham, MA, USA). Iscove’s Modified Dulbecco’s 
Media (IMDM) without L-glutamine was purchased 
from Lonza (Basel, Switzerland).

2.2. Oligonucleotides

All oligonucleotides (see table 1) were purchased 
from Eurogentec (Seraing, Belgium). The nucleo-
tides were reconstituted in nuclease-free water.

2.3. Plasmids

The plasmid pEGFP-C1 was obtained from Clontech 
(Mountain View, CA, USA). The cloning and prepa-
ration of the plasmid pIVEX-HaPyV-VP1/co, which 
contains the hamster polyomavirus VP1 gene co-
don-optimized for expression in E. coli under con-
trol of a T7 promoter, was described before [30]. Six 
different ovalbumin epitopes were inserted into 
VP1 sites 1 and 4. First, the BamHI site in pIVEX-
HaPyV-VP1/co was removed; pIVEX-HaPyV-VP1/co 
was digested with BamHI, blunted using T4 DNA 
polymerase, phosphorylated with T4 Polynucleo-
tide Kinase, and re-ligated using T4 DNA Ligase. 
Next, a BamHI restriction site was inserted into 
VP1 in four different ways: either into site 1 or site 
4, and either with or without a GG linker sequence 
(L). Mutagenic PCR was performed with pIVEX-
HaPyV-VP1/co as template. The N-terminal part 
of the VP1 gene was amplified using VP1_Shuf-

fling_secondary_fw2 as forward primer and Site_1_
BamHI_rv, Site_4_BamHI_rv, Site_1_L_BamHI_rv, and 
Site_4_L_BamHI_rv, as reverse primers for site 1, 
site 4, site 1 with linker, and site 4 with linker, re-
spectively. The C-terminal part of the VP1 gene 
was amplified with VP1_Shuffling_secondary_rv as 
reverse primer and Site_1_BamHI_fw, Site_4_Bam-
HI_fw, Site_1_L_BamHI_fw, and Site_4_L_BamHI_fw, as 
forward primers for site 1, site 4, site 1 with linker, 
and site 4 with linker, respectively. All 8 PCR prod-
ucts were purified and digested with BamHI and 
NcoI (N-terminal fragments) or BamHI and XhoI 
(C-terminal fragments). Corresponding fragments 
were mixed together and ligated into pIVEX-HaPyV-
VP1/coΔBamHI digested with NcoI and XhoI, creat-
ing pIVEX-HaPyV-VP1/co-S1, -S4, -S1L, and -S4L. 
Next, the six different epitopes (E1–E6) were in-
serted into the four vectors using annealed or PCR 
extended oligonucleotides. Forward and reverse 
oligonucleotides for E1–4 were mixed together, 
treated with T4 Polynucleotide Kinase, and ligated 
into the vectors digested with BamHI. Forward and 
reverse oligonucleotides for E5 and E6 were mixed 
together, extended by one round of PCR, digested 
with BamHI, and ligated into the vectors digested 
with BamHI. All genes, mutations, and epitope in-
sertions were verified by sequencing (BaseClear; 
Leiden, The Netherlands). Suitable quantities of 
circular plasmid DNA were obtained using the 
NucleoBond® PC 10 000 kit (MACHEREY-NAGEL; 
Düren, Germany).

2.4. Production of wild-type VP1 VLPs

Wild-type VP1 VLPs were produced and purified 
as described before [31]. Briefly, E. coli BL21(DE3)
pREP4 were transformed with pIVEX-HaPyV-VP1/
co. Individual colonies were grown in LB medium 
at 37 °C. VP1 expression was induced at an OD600 
of 0.8 by adding IPTG to a final concentration of 1.0 
mM. Protein expression was allowed to continue 
overnight at 37 °C. Afterwards, the bacteria were 
harvested by centrifugation at 5,000 g at 4 °C for 
15 min. The bacteria were washed once in reassem-
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bly buffer (10 mM Tris-HCl (pH 7.2), 1.0 M sodium 
chloride and 1.0 mM calcium chloride in deminer-
alized water), followed by thorough resuspension 
in 20 volumes of reassembly buffer. The bacteria 
were lysed by two passes through an EmulsiFlex-
C5 high pressure homogenizer (AVESTIN; Ottawa, 
ON, Canada) at >15,000 psi. VLPs were purified 
by sequential ultracentrifugation. The lysates 
were first cleared by centrifugation at 6,000 g 
at 4 °C for 30 min. VLPs in the supernatant were 
pelleted through a layer of 60 % w⁄v sucrose in re-
assembly buffer for 20 hours at 75,400 g at 4 °C. 
The pellets were resuspended in 1 ml reassembly 
buffer per 25 ml lysate. Cesium chloride was added 
to a final density of 1.30 g⁄cm3, and the samples 
were centrifuged in an SW 41 Ti rotor (Beckman 
Coulter; Brea, CA, USA) at 40,000 RPM at 4 °C for 
70 hours to allow a gradient to form. Afterwards, 
the tubes were carefully removed and 1 ml frac-
tions were taken by puncturing the bottom of the 
tubes with a needle and collecting the drops. The 
fractions were checked for VP1 by reducing SDS-
PAGE, and fractions containing VP1 were dialyzed 
4 times against 50 volumes of reassembly buffer 
using Slide-A-Lyzer membrane cassettes (Thermo 
Scientific) with a MWCO of 20 kDa. After purifica-
tion, protein concentrations of pure samples were 
determined using the Pierce™ Micro BCA Protein As-
say Kit (Thermo Scientific) according to the manu-
facturer’s protocol.

2.5. Production of epitope-VP1 VLPs

E. coli BL21(DE3)pREP4 were transformed with 
pIVEX-HaPyV-VP1-epitope constructs. Individual 
colonies were grown in LB medium at 37 °C. VP1 
expression was induced at an OD600 of 0.8 by 
adding IPTG to a final concentration of 1.0 mM. Pro-
tein expression was allowed to continue overnight 
at 37 °C. Afterwards, the bacteria were harvested 
by centrifugation at 6,000 g at 20 °C for 15 min. 
The bacteria were thoroughly resuspended in 5 vol-
umes of reassembly buffer, followed by 4 cycles of 
sonication (60 sec cycles, 80 % output, 0.5 sec ac-

tive time interval) with a LABSONIC® P probe soni-
cator equipped with a 3-mm diameter probe (Sar-
torius AG; Göttingen, Germany). VLPs were purified 
by sequential ultracentrifugation. The lysates were 
first cleared by centrifugation at 6,000 g at 4 °C 
for 30 min. The supernatants were taken, and the 
cleared again at 10,000 g at 4 °C for 30 min. VLPs 
in the supernatant were pelleted through a layer of 
30 % w⁄v sucrose in reassembly buffer for 17 hours 
at 75,400 g at 10 °C. The pellets were resuspended 
in 1 ml reassembly buffer per 10 ml lysate. The 
VLP suspensions were poured into ultracentrifuge 
tubes and equilibrated to 6.0 ml using reassem-
bly buffer. In each ultracentrifuge tube, 1.4 ml of 
27 %, 33 %, and 39 % w⁄v iodixanol in reassembly 
buffer was sequentially underlaid. The samples 
were ultracentrifuged at 40,000 RPM in a SW 41 
Ti rotor at 4 °C for 16 hours. Afterwards, the tubes 
were carefully removed and 0.25 ml fractions were 
taken by puncturing the bottom of the tubes with a 
needle and collecting the drops. The fractions were 
checked for VP1 by reducing SDS-PAGE.

2.6. SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as 
before [30] with the following modifications. In ad-
dition to the samples, 5 µl PageRuler Prestained 
Protein Ladder was included on each gel. No HaPyV 
VP1 internal standard was included. For SDS-PAGE, 
the gels were stained with PageBlue Protein Stain-
ing Solution according to the manufacturer’s proto-
col using a microwave oven.

2.7. Transmission electron microscopy

Negative staining was performed as described 
before [32]. Briefly, samples were diluted 10–100 
times in demineralized water, and 25 µl of each 
diluted sample was pipetted onto parafilm. Glow-
discharged formvar/carbon-coated copper grids 
(Agar Scientific; Stansted, United Kingdom) were 
placed on top of the droplets for 2 min. After incu-
bation, the grids were taken and excess liquid was 
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removed by carefully touching filter paper. Next, 
the grids were placed on top of 20 µl 2 % uranyl ac-
etate droplets for 2 min. After incubation, the grids 
were taken and excess liquid was again removed. 
The grids were dried at room temperature for 5 
min before measurement. Transmission electron 
microscopy (TEM) imaging was performed using a 
Philips Tecnai 10 at 100 kV.

2.8. Cell culture

COS-7 cells were grown in DMEM containing 1 g⁄L 
glucose supplemented with 5.0 % v⁄v FBS and anti-
biotics (100 IU⁄ml penicillin, 100 µg⁄ml streptomy-
cin, and 0.25 µg⁄ml amphotericin B). D1 cells, GM-
CSF-dependent immature dendritic cells derived 
from spleens of female C57BL/6 (H-2Kb) mice [33], 
were grown on non-tissue culture treated petri 
dishes (633180; Greiner Bio-One; Monroe, NC) in D1 
medium, which consists of 60 % v⁄v IMDM without 
L-glutamine, 30 % v⁄v R1 supernatant with 10 to 20 
ng⁄ml recombinant mouse GM-CSF [33], and a final 
concentration (including the contributions from 
the R1 supernatant) of 35 µM 2-mercaptoethanol, 
1.0 % v⁄v GlutaMAX™, 11.5 % v⁄v heat-inactivated 
FBS, and antibiotics (30 IU⁄ml penicillin, 30 µg⁄ml 
streptomycin, and 0.08 µg⁄ml amphotericin B). R1 
supernatant was derived from GM-CSF-producing 
NIH/3T3 fibroblast cells cultured in DMEM con-
taining 10.0 % heat-inactivated FBS, 1.0 % v⁄v Glu-
taMAX™, 50 µM 2-mercaptoethanol, and antibiotics 
(100 IU⁄ml penicillin, 100 µg⁄ml streptomycin, and 
0.25 µg⁄ml amphotericin B). The supernatant was 
collected from confluent cell cultures and filtered 
using 0.2 µm syringe filters (Sartorius; Göttingen, 
Germany) before use. B3Z cells, CD8+ T cell hybri-
domas specific for the H-2Kb-restricted ovalbumin 
epitope SIINFEKL, which express β-galactosidase 
under control of the NFAT-responsive element from 
the IL-2 promoter upon activation [27], were grown 
in B3Z medium (IMDM without L-glutamine supple-
mented with 20 µM 2-mercaptoethanol, 1.0 % v⁄v 
GlutaMAX™, and 10 % v⁄v heat-inactivated FBS). All 
cells were incubated in a humidified incubator with 

5 % CO2 at 37 °C.

2.9. In vitro antigen presentation assay

D1 antigen presenting cells were seeded onto 
96-well plates at 5.0 × 104 cells per well in 50 µl 
D1 medium. Samples were diluted in D1 medium 
and added to the cells at 50 µl per well. Free SIIN-
FEKL peptide was included as a positive control. 
After 24 hours, 5.0 × 104 B3Z cells in 100 µl B3Z 
medium were added to each well. After 24 hours, 
the β-galactosidase activity was measured using 
CPRG. The 96-well plates were centrifuged at 250 
g for 5 min, washed with DPBS, and centrifuged 
again at 250 g for 5 min. The supernatant was re-
moved and 100 µl CPRG solution (90 µg⁄ml CPRG, 
9.0 mM magnesium chloride, 0.125 % v⁄v NP-40, 
and 100 mM 2-mercaptoethanol in PBS) was add-
ed to each well. The plates were incubated at 37 °C 
for 2 hours, after which the absorbance was meas-
ured in a SPECTROstar Nano (BMG Labtech; Orten-
berg, Germany) microplate reader at 590 nm with 
630 nm as reference wavelength.

2.10. Gel retardation assay

Plasmid DNA was mixed with purified VP1 at dif-
ferent weight ratios in PBS (20 µl total volume). 
To test for DNA protection, 1.0 µl 1 U⁄µl DNaseI 
was added to the indicated samples. The samples 
were incubated at 37 °C for 10 min. Afterwards, the 
samples were analyzed by agarose gel electropho-
resis.

2.11. Preparation of DNA-loaded wild-
type VLPs

To encapsidate plasmid DNA by reassembly, VLPs 
were first disassembled, mixed with plasmid DNA, 
and then reassembled. Wild-type VP1 VLPs were 
disassembled by adding DTT and EDTA at final con-
centrations of 3.0 or 10 mM and 50 mM, respec-
tively. The samples were incubated on a roller mix-
er at 4°C overnight. DNA was added at a 1:50 w⁄w 
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DNA:VP1 ratio, and the samples were incubated 
on a roller mixer overnight at 4°C. VLPs were reas-
sembled by dialyzing against reassembly buffer at 
4 °C with Slide-A-Lyzer membrane cassettes with a 
MWCO of 7 kDa. The samples were first dialyzed for 
2 hours, and after refreshing the buffer, the sam-
ples were dialyzed for another 18 hours at 4 °C. The 
same protocol was followed for direct interaction, 
except that no DTT or EDTA was added.

2.12. Analysis of encapsidated DNA

DNA was isolated from samples containing 0.2 µg 
DNA and/or 10 µg VLPs. Some samples were treat-
ed with DNaseI. These samples were incubated 
with 0.05 U DNaseI in a total volume of 20 µl 1× 
DNaseI buffer at 37 °C for 30 min. The reactions 
were stopped by incubating at 65 °C for 10 min. 
VLPs were degraded by adding a final concentra-
tion of 1.0 µg⁄µl proteinase K, 1.0 % v⁄v SDS, and 
25 mM EDTA (pH 7.5) to the samples, followed by 
incubating at 55 °C for 24 h. DNA was recovered 
from the samples by phenol-chloroform extrac-
tion. Each sample was equilibrated to 250 µl us-
ing demineralized water. Next, 250 µl of a 25:24:1 
phenol:chloroform:isoamyl alcohol mixture satu-
rated with 10 mM Tris (pH 8.0) and 1.0 mM EDTA 
(P3803; Sigma-Aldrich) was added to each sam-
ple, mixed by vigorous vortexing for 10 sec, and 
separated by centrifuging at 20,000 g for 2 min. 
The upper phase of each sample was carefully col-
lected without disturbing the interface, mixed with 
250 µl of the phenol:chloroform:isoamyl alcohol 
mixture, and separated as above. The upper phase 
of each sample was again carefully collected with-
out disturbing the interface, and the volumes were 
adjusted to 250 µl using PBS. Subsequently 1.0 µl 
20 mg⁄ml glycogen, 25 µl 3.0 M sodium acetate 
(pH 5.3), and 175 µl isopropanol were added to 
each sample while vortexing after each addition. 
The mixtures were incubated at –20 °C for 15 min, 
and centrifuged at 20,000 g at 4 °C for 15 min. The 
supernatants were removed without disturbing 
the clearly visible pellets. The pellets were washed 

twice with 100 µl 70 % v⁄v ethanol, while centrifug-
ing at 20,000 g for 5 minutes after each washing 
step. After removing the remaining supernatants 
the pellets were air-dried overnight at 37 °C. The 
pellets were finally resuspended in 20 µl nuclease-
free water. Extracted DNA was analyzed by aga-
rose gel electrophoresis. Plasmid concentrations 
in the samples were determined using qPCR. Each 
reaction (20 µl) contained 0.5 µM eGFP_qPCR_fw, 
0.5 µM eGFP_qPCR_rv, 10 µl 2× iQ™ SYBR® Green 
Supermix, and 1.0 µl sample. PCR was performed 
using a CFX96™ Real-Time System (Bio-Rad) with 
the lid temperature set to 105 °C. The PCR was 
started at 95 °C for 3 min, followed by 40 cycles of 
95 °C for 10 sec, 51 °C for 30 sec, 72 °C for 15 sec, 
and plate reading. The PCR was completed with a 
melt curve from 65 °C to 95 °C. Next to the samples 
and controls, a ten-fold dilution series of pEGFP-C1, 
ranging from 1.0 × 10–7 to 1.0 ng DNA, was also 
included. The extracted DNA was also subjected to 
RNase A (0.1 U⁄µl) and DNaseI (0.01 U⁄µl) diges-
tion. The reactions were incubated at 37 °C for 30 
minutes, terminated at 65 °C for 10 minutes, and 
analyzed by agarose gel electrophoresis.

2.13. Transfection of COS-7 cells

COS-7 cells were seeded onto 24-well plates at 1.0 
× 104 cells per well. After 24 hours, the cells (50 
% confluent) were transfected with VLPs reas-
sembled with pEGFP-C1 (0.2, 0.4, and 0.8 µg DNA 
per well). The same amounts of DNA were also 
transfected after mixing with intact VLPs (1:50 
DNA:VLP weight ratio), as naked DNA, and using 
Lipofectamine® 2000 according to the manufac-
turer’s protocol. All transfections were performed 
in duplicate. After 5 hours, the transfection me-
dium was replaced with complete medium. The 
cells were analyzed by fluorescence microscopy 
(Eclipse TE2000-U with GFP-B filter; Nikon; Tokyo, 
Japan) and the transfection rate was determined 
48 hours after transfection (90 % confluent).
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3. Results

3.1. Part I: T-cell epitope display on HaPyV 
VLPs

3.1.1. Epitope design

Six different epitopes were designed based on 
CD8+ and CD4+ epitopes from ovalbumin (see 
table 2). The full ovalbumin sequence was derived 
from GenBank: AAB59956.1. As CD8+ epitope, 
the MHC class I H-2Kb-restricted epitope SIINFEKL 
(OVA257–264) was selected [34,35]. SIINFEKL is natu-
rally flanked by the MHC class II I-Ab-restricted 
CD4+ epitope TEWTSSNVMEERKIKV (OVA265–280) 
[34,35]. However, the transgenic OT-II T-cells recog-
nize the MHC class II I-Ab-restricted CD4+ epitope 
ISQAVHAAHAEINEAGR (OVA323–339), which occurs 
distant from SIINFEKL [26]. Constructs were de-
signed using both CD4+ epitopes. Two synthetic 
epitopes were prepared with OVA323–339 either in 
front of or behind SIINFEKL. As far as we could find, 
this was the first time these synthetic constructs 
were used. To ensure proper antigen processing, 
endogenous flanking regions of 8 amino acids long 
were included. In the synthetic epitopes E5 and 
E6, the CD4+ and CD8+ epitopes were flanked on 
both sides. In the case of E1, the previously vali-
dated SIINFEKL with extended flanking sequence 
was used [36], in which the CD4+ epitope is flanked 

by only 4 additional amino acids. This sequence 
contains one substitution (N250S) in the N-terminal 
region flanking the CD8+ epitope compared to the 
GenBank sequence. We chose to adhere to the vali-
dated extended sequence, and applied the substi-
tution to the other epitopes. In the case of E3, the 
N-terminal flanking region was reduced to 6 amino 
acids to prevent the full CD8+ epitope from being 
included, which might obscure results.

3.1.2. Insertion of the six epitopes into VP1

The wild-type VP1 sequence from the hamster 
polyomavirus was modified at sites 1 and 4 to al-
low the insertion of the epitopes. Constructs were 
prepared in which a BamHI restriction site replaced 
all amino acids of the surface-exposed loops (see 
figure 2). BamHI was chosen as it encodes the 
flexible glycine-serine (GS). Additional constructs 
were prepared in which the BamHI site was flanked 
with a double-glycine linker, resulting in GGGS/
GSGG. The six epitopes were inserted into the Bam-
HI restriction sites with or without linker sequence, 
resulting in a total of 24 epitope-VP1 constructs. 
All 24 constructs were successfully cloned as veri-
fied by DNA sequencing.

3.1.3. Production of E1-VLPs

The difference between the insertion sites was in-
vestigated using the E1 constructs. The four differ-
ent E1-VP1 proteins were overexpressed in E. coli 

Table 2. Epitopes based on CD8+ and CD4+ epitopes from ovalbumin. Indicated in bold is the ovalbumin CD8+ epitope, SIINFEKL. 
The CD4+ epitope naturally flanking SIINFEKL is underlined, and the distant CD4+ is italicized. The locations indicate the amino acid 
span in ovalbumin.

# Ovalbumin epitopes Location Sequence

E1 CD8+ and CD4+ with flanking aa 249–284 VNGLEQLESIINFEKLTEWTSSNVMEERKIKVYLPR

E2 CD8+ with flanking aa 249–272 VNGLEQLESIINFEKLTEWTSSNV

E3 CD4+ with flanking aa 259–288 INFEKLTEWTSSNVMEERKIKVYLPRMKME

E4 CD4+ with flanking aa 315–347 ISSAESLKISQAVHAAHAEINEAGREVVGSAEA

E5 CD4+ and CD8+ with flanking aa 315–347 + 249–272 ISSAESLKISQAVHAAHAEINEAGREVVGSAEAVNGLEQLESIINFEKLTEWTSSNV

E6 CD8+ and CD4+ with flanking aa 249–272 + 315–347 VNGLEQLESIINFEKLTEWTSSNVISSAESLKISQAVHAAHAEINEAGREVVGSAEA
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BL21(DE3)pREP4. E1-VP1 production was verified 
by SDS-PAGE (see figure 3a). Insertion at site 1 
resulted in a higher yield after purification than at 
site 4, while the linker had no obvious impact on 
the yield. The E1-VLPs were purified by density 
gradient ultracentrifugation and visualized by TEM 
(see figure 3c–f). Although VP1 was found in io-
dixanol gradient fractions 6 through 10, which sug-
gests assembly [37,38], the VLPs were smaller than 
expected, with an average diameter of 20 nm. Wild-
type T=7 icosahedral VLPs are 45 nm in diameter 
(see figure 3b). These smaller particles might be 
T=1 icosahedral VLPs, consisting of 12 capsomers 
instead of the regular 72 [39–41].

3.1.4. In vitro antigen presentation assay

To test if these small E1-VLPs present their CD8+ 
epitope correctly and are capable of eliciting a 
CTL response, an antigen presentation assay was 
performed. Different iodixanol gradient fractions 
of E1-VLPs were added to D1 antigen presenting 
dendritic cells. These cells process the VLPs and, if 
presented correctly by the VLPs, present SIINFEKL 
on their MHC class I complexes [42]. Next, B3Z CD8+ 
T-cell hybridomas were added. These cells start to 
express β-galactosidase once they recognize SIIN-
FEKL bound to MHC class I H-2Kb [27]. This expres-
sion is controlled by the transcription factor NFAT, 
which is activated in T-cells by T-cell receptor en-
gagement [43]. The β-galactosidase expression was 
then quantified using a CPRG assay as a measure 

of antigen presentation (see figure 4). Fractions 6 
through 10 of S1E1, S1LE1, and S4LE1 resulted in 
high levels of β-galactosidase expression, indicat-
ing excellent SIINFEKL presentation. However, no 
peak was observed for S4E1, showing that these 
VLPs failed to induce a CTL response.

3.2. Part II: Loading of plasmid DNA into 

wild-type HaPyV VLPs

3.2.1. Complexation of plasmid DNA by wild-
type VLPs

We next explored different strategies to load VLPs 
with DNA for vaccination. These studies were per-
formed with wild-type VLPs as model delivery vehi-
cles. Because previous studies showed that VLPs 
loaded by direct interaction are suitable for DNA 
vaccination, but did not show results in regard to 
complexation [16,17], we first investigated whether 
wild-type VP1 VLPs form complexes with plasmid 
DNA. Plasmid DNA was mixed with purified VLPs 
and analyzed by gel electrophoresis (figure 5a). 
The results clearly show that VP1 bound plasmid 
DNA and formed large complexes that were unable 
to migrate through the gel. Surprisingly, this DNA is 
partially protected against nucleases (figure 5b).

3.2.2. Loading of plasmid DNA

To establish how VLPs are best loaded with nucleic 

Figure 2. Schematic representation of the insertion sites before and after modification. The original loops are completely replaced 
by the epitopes, which are flanked by GS (without linker) or GGGS/GSGG (with linker).

QNKPGTGTDGQYYGFSQSIK-----VNSSLTAD-----EVKANQLPYYSMAKIQLPTL
QNKPGTGTDGQYYGFSQSIK--GS-        -GS--EVKANQLPYYSMAKIQLPTL
QNKPGTGTDGQYYGFSQSIKGGGS-        -GSGGEVKANQLPYYSMAKIQLPTL

PLCKGDGLYLSAADVMGWYI-----        -----WHWRGLPRYFNVTLRKRWVK
PLCKGDGLYLSAADVMGWYI--GS-        -GS--WHWRGLPRYFNVTLRKRWVK
PLCKGDGLYLSAADVMGWYIGGGS-        -GSGGWHWRGLPRYFNVTLRKRWVK
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acids for genetic vaccination, plasmid DNA (pEGFP-
C1, size 4.7 kb) was complexed with and encapsi-

dated into wild-type VP1 VLPs. This process was 
followed by TEM (see figure 6). Wild-type HaPyV 

Figure 3. Production and purification of E1-VLPs. The four different E1-VP1 proteins were overexpressed in E. coli BL21(DE3)
pREP4. (a) SDS-PAGE of bacteria 90 min after induction of expression, showing the expression of the four E1-VP1 proteins. Lane 
M, PageRuler Prestained Protein Ladder; lane –, induced but untransformed BL21(DE3)pREP4. E1-VLPs were purified after their 
expression in bacteria. Negative staining TEM was performed to visualize VLPs. (b) Wild-type HaPyV VLPs; (c) S1E1-VLPs; (d) S4E1-
VLPs; (e) S1LE1-VLPs; (f) S4LE1-VLPs. The individual E1-VP1 particles measured approximately 20 nm in diameter. Bars = 200 nm.
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VP1 was expressed in E. coli BL21(DE3)pREP4. Af-
ter expression, VLPs were purified, yielding a pure 
population of VLPs (figure 6a). No big changes 
were observed when these VLPs were mixed with 
plasmid DNA, although the VLPs seemed to be 

more aggregated (figure 6b). To encapsidate plas-
mid DNA, the VLPs were first disassembled using 
DTT and EDTA. When DTT was added to a final con-
centration of 3.0 mM, this led to incomplete disas-
sembly of the VLPs (figure 6c). Some intact and 

Figure 5. Gel retardation assay using wild-type VP1 VLPs. Plasmid DNA (pIVEX-HaPyV-VP1/co) was mixed with purified VP1 at differ-
ent ratios and analyzed by agarose gel electrophoresis (a). The DNA was completely complexed by VP1 at a 1:50 weight ratio (lane 
8). DNaseI was added to 50 ng plasmid DNA complexed with VP1 at a 1:50 weight ratio. After digestion, the samples were analyzed 
by agarose gel electrophoresis (b). Partial protection is observed. M, GeneRuler 1 kb DNA Ladder.

Figure 4. Antigen presentation assay of iodixanol gradient fractions of E1-VLPs. Iodixanol gradient fractions were diluted 100 times, 
added to D1 dendritic cells and incubated for 24 hours. Next, B3Z CD8+ T-cell hybridomas were added. After 24 hours, antigen pre-
sentation was measured by quantifying β-galactosidase expression using CPRG. All E1-VLPs, except S4E1, displayed strong antigen 
presentation in fractions 6 through 10. No CTL activation was observed with S4E1. The lines indicate the CTL activation induced by 
10 and 100 ng SIINFEKL peptide.
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Figure 6. Loading of plasmid DNA into VLPs. Wild-type HaPyV VP1 was expressed in E. coli BL21(DE3)pREP4. After expression, the 
bacteria were lysed and VLPs were purified by sucrose and continuous cesium chloride gradient ultracentrifugation. Negative stain-
ing TEM was performed to visualize VLPs. (a) Purified VLPs; (b) purified VLPs mixed with pEGFP-C1 (loading by direct interaction); 
(c) VLPs partially disassembled after treatment with 3 mM DTT and 50 mM EDTA; (d) VLPs fully disassembled after treatment with 
10 mM DTT and 50 mM EDTA; (e) sample (c) after reassembly; (f) sample (d) after reassembly; (g) sample (c) after reassembly 
with pEGFP-C1; (g) sample (d) after reassembly with pEGFP-C1. The arrowheads indicate some of the typical spheres found inside 
VLPs after reassembly with pEGFP-C1, possibly indicating encapsidated plasmid DNA. Bars = 200 nm.
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some partially disassembled VLPs were visible on 
a background filled with capsomers. No intact VLPs 
or capsomers were observed anymore when the 
DTT concentration was increased to 10 mM (figure 
6d). VLPs were reassembled by dialysis against re-
assembly buffer, a high-salt buffer supplemented 
with calcium (figures 6e and 6f). When the disas-
sembled VLPs were mixed with plasmid DNA prior 
to reassembly, at least 10 % of the reassembled 
VLPs were found to be filled with spherical parti-

cles; possibly plasmid DNA (figures 6g and 6h).

3.2.3. Protection of loaded DNA against 
nucleases

A good indicator of encapsidation is the degree to 
which the loaded DNA is protected against nucle-
ases. To determine the level of protection, the VLPs 
were treated with DNaseI to digest unincorporated 
DNA. Next, the VLPs were degraded and DNA was 
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Figure 7. Analysis of encapsidated DNA. DNA was extracted from VLPs with (a) or without (b) prior DNaseI digestion. No intact 
pEGFP-C1 was observed after DNaseI digestion. No difference was found between reassembly (lanes 1 and 3) and direct interaction 
(lane 5). A smear of nucleic acids smaller than 1.0 kb in size was found in all samples containing VLPs. These nucleic acids were 
shielded from the DNaseI action. DTT (mM) refers to the DTT concentration used during reassembly. M, GeneRuler 1 kb DNA Ladder.
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extracted from the samples. No intact plasmid DNA 
was visible by gel electrophoresis after recovery 
in any of the samples digested with DNaseI, while 
plasmid DNA was observed in the undigested sam-
ples (see figure 7). This shows that very little, 
if any, plasmid DNA was fully protected against 
nucleases. A smear of nucleic acids smaller than 
1.0 kb in size was found in all samples contain-
ing VLPs, even in the ones that had not been reas-
sembled and to which no plasmid DNA had been 
added, indicating that the VLPs are contaminated 
with small nucleic acids. The VLPs provide these 
nucleic acids with full protection against DNaseI di-
gestion, as no decrease in intensity is visible upon 
pretreatment with DNaseI. The smear consisted of 
a mixture of DNA and RNA, as neither DNaseI nor 
RNase A alone could fully digest the nucleic acids 
(data not shown). After reassembly these nucleic 
acids were still protected against DNaseI, suggest-
ing that the nucleic acids were either repackaged 
in the VLPs, or were never released from VP1 dur-
ing disassembly. When VLPs were analyzed by gel 
electrophoresis without extraction these nucleic 

acids barely migrated through the gel; almost no 
nucleic acids were recovered without proteinase K 
digestion (data not shown).
This low plasmid DNA protection is striking given 
the abundance of spheres found inside VLPs after 
reassembly (figure 6g and 6h). However, ethidium 
bromide staining has a rather low sensitivity (ap-
proximately 2 ng, data not shown). It could be that 
not enough plasmid DNA was recovered to be de-
tectable by gel electrophoresis. A previous report 
showed that 10 µg VLPs reassembled with 0.5 µg 
plasmid DNA can yield as little as 10 ng plasmid 
DNA after DNaseI digestion and extraction [44]. 
Therefore, a more sensitive technique, qPCR, was 
used to quantify the encapsidated pEGFP-C1 after 
digestion of the freely accessible pEGFP-C1 out-
side the VLPs (see figure 8). Low levels of pEGFP-
C1 were found in the VLPs loaded by reassembly. 
However, a high background of pEGFP-C1 was also 
found in the samples with naked pEGPF-C1 and in 
the samples where pEGFP-C1 had been complexed 
with VLPs by direct interaction. This indicates that 
very little DNA was protected against DNaseI, and 

Figure 8. Quantification of encapsidated DNA protected against DNaseI. The amount of pEGFP-C1 DNA was quantified by qPCR. 
The VLPs were first incubated with DNaseI to remove unincorporated plasmids, followed by the release of the protected DNA by 
proteinase K treatment. The quantities were derived from a standard curve of pEGFP-C1 assuming an amplification efficiency of 100 
% and are given as total amount of pEGFP-C1 after extraction. Each sample contained 0.2 µg pEGFP-C1 and/or 10 µg VLPs before 
digestion and extraction. The differences between the samples containing DNA were not statistically significant (one-way ANOVA, 
p>0.05). n = 2.
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that DNaseI digestion was not complete in the 
samples. No significant benefits in terms of protec-
tion against nucleases were found for VLPs loaded 
by reassembly when compared with direct inter-
action, although all individual values were higher 
after reassembly.

3.2.4. Transfection of COS-7 cells using wild-
type VLPs

Because at least some pEGFP-C1 had been encap-
sidated by the VLPs, and the recovered amount 
was comparable to previous results [44], we con-
tinued with transfection studies. VLPs loaded 
with pEGCP-C1 by reassembly and by direct inter-
action were used to transfect COS-7 cells. These 
cells were previously shown to be susceptible to 

transfection with HaPyV VLPs [44]. Naked DNA and 
Lipofectamine® 2000-mediated transfection were 
included as controls. The transfection efficiency 
using VLPs was very low; equal to that using naked 
DNA (see figure 9). No obvious cytotoxicity was 
observed for any sample at any of the concentra-
tions tested. Lipofectamine® 2000 yielded good 
transfection results.

4. Discussion

This study was aimed at investigating the syner-
gistic effect of combined nucleic acid and epitope 
vaccination with virus-like particles derived from 
hamster polyomavirus VP1. Towards this end we 
designed six unique epitope constructs based on 

A B

C D

Figure 9. Transfection of COS-7 cells with pEGFP-C1. COS-7 cells were transfected with pEGFP-C1 using different transfection re-
agents and imaged by fluorescence microscopy two days later. (a) Transfection with VLPs loaded by reassembly; (b) transfection 
with VLPs loaded by direct interaction; (c) transfection with naked DNA; (d) transfection of DNA using Lipofectamine® 2000.
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CD8+ and CD4+ epitopes from ovalbumin. These 
constructs were designed to make optimal use 
of the extensive toolbox available for analysis. As 
such, they included the CD8+ epitope OVA257–264, 
which can be recognized by OT-I [25] and B3Z cells 
[27], and the CD4+ epitope OVA323–339, which can be 
recognized by OT-II cells [26]. We also included the 
CD4+ epitope OVA265–280, which occurs adjacent to 
the CD8+ epitope. This epitope was shown to be 
important in generating a strong CTL response [35]. 
The longest epitopes, E5 and E6, span 57 amino 
acids. Such a length poses significant restrictions 
on the choice of insertion site. We inserted these 
epitopes into sites 1 and 4 of hamster polyoma-
virus VP1. Previous research showed that these 
sites were the most likely to tolerate the insertion 
of large epitopes [6]. The epitopes were inserted 
into the sites with or without a flexible linker. Simi-
lar linker sequences were shown to aid the folding 
of complex inserts, allowing even the insertion of 
a complete and functional dihydrofolate reductase 
into site 4 [45].
Due to time constraints, we limited the production 
and purification of VLPs to the different E1-VP1 
constructs, containing the previously validated 
CD8+/CD4+ combination OVA249–284 [36]. We 
found that insertion at site 1 resulted in a higher 
yield than that at site 4. Although this does not 
directly influence immunogenicity, it might say 
something about the folding and solubility of the 
E1-VP1 proteins. E1-VLPs were found at the same 
buoyant density as wild-type VLPs (see chapter 
6), but were smaller in size, with an average diam-
eter of 20 nm, about half that of wild-type VLPs. 
Most likely these smaller particles are T=1 icosa-
hedral VLPs, consisting of 12 capsomers instead of 
the regular 72 [39–41]. Similar small-sized particles 
were observed after the combined insertion of a 
60 amino acid N-terminal fragment of urokinase 
plasminogen activator (uPA) into site 2 and a FLAG 
epitope into site 4 of murine polyomavirus VP1 
[46]. Although we did not investigate the DNA up-
take capacity of these smaller VLPs, their reduced 
size alone makes it impossible to encapsidate the 

usual 5 kb of DNA. Therefore, it might be important 
to find conditions that stimulate these proteins to 
form normal T=7 VLPs if these proteins are to be 
used for genetic vaccination. Three out of four E1-
VLPs caused significant B3Z cell activation after 
processing by D1 dendritic cells. Apparently the 
smaller size of the VLPs does not hamper the im-
mune response. We do not know why S4E1-VLPs 
did not cause B3Z cell activation. Before the CD8+ 
epitopes can be displayed on MHC class I mol-
ecules, the VLPs first have to be taken up by the 
DCs and processed by proteasomes in the cytosol 
[47]. One possibility is that the direct insertion of 
E1 into S4 prevents the binding of the VLPs to DCs, 
thus also preventing their uptake. The level of up-
take of polyomavirus VLPs by DCs was previously 
shown to correspond to the induced maturation 
and activity of these cells [48]. It is unlikely that im-
proper folding caused this loss of immunogenicity, 
as S4E1-VLPs did form and were morphologically 
indistinguishable from the other E1-VLPs (see fig-
ure 3).
We tested both reassembly and direct interaction 
for loading plasmid DNA into VLPs. Very little plas-
mid DNA was recovered from reassembled VLPs af-
ter DNaseI treatment. This is unfortunate, although 
these results do agree with previous work, where 
as little as 10 ng of plasmid DNA was recovered 
from 10 µg loaded VLPs [44]. This low yield could 
be caused by losses during DNA extraction. An-
other possibility, albeit unlikely, is that the VLPs 
are disrupted during the heat inactivation step 
before DNaseI is inactivated, exposing the DNA to 
the nuclease. We found that purified VLPs are as-
sociated with small DNA and RNA fragments of less 
than 1.0 kb in size. This smear of nucleic acids is 
most likely derived from endogenous bacterial 
DNA and RNA. VLPs produced in E. coli are often 
contaminated with host DNA and RNA [2,49]. If these 
nucleic acids fill a significant portion of the VLPs, 
as is evident from the large fraction of particles 
with an electron-dense interior when observed by 
TEM (see figure 5a), and remain associated with 
VP1 during disassembly (figures 5e and 5f), this 
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might prevent the uptake of plasmid DNA during 
reassembly (see chapter 2 section 4.3). Future 
loading protocols might therefore benefit from ad-
ditional purification steps removing contaminating 
nucleic acids from the VLPs before reassembly [50].
The amount of encapsidated plasmid DNA was 
quantified by qPCR. This technique might have 
over-estimated the amount of intact pEGFP-C1 re-
covered from the VLPs. Even after partial degrada-
tion of the plasmid, qPCR might still detect pEGFP-
C1, as only a 129 bp fragment of the EGFP gene, 
and not the entire plasmid, is amplified. Thus, the 
detected DNA might be present in the smear. Previ-
ous studies have shown that loading of DNA does 
not always lead to the protection of the entire plas-
mid [51–53].
Protection against nucleases is neither a require-
ment [54], nor a guarantee for transfection. None-
theless, both direct interaction and reassembly 
did not lead to higher transfection efficiencies 
than naked plasmid DNA. This contrasts with pre-
vious results obtained with HaPyV VLPs [44]. Even 
though the medium was already replaced after 5 
hours, the VLPs should have had ample time to 
enter the cells. Previous studies with another poly-
omavirus showed that half of the VLPs are already 
internalized by cells within the first 40 minutes 
[55]. Moreover, there is some controversy whether 
optimizing genetic vaccines for high expression 
of full-length proteins would lead to optimal gen-
eration of antigenic epitopes for loading into MHC 
class I molecules, as defective ribosomal products 
(DRiPs), which are immediately degraded upon 
translation, provide a substantial fraction of the 
MHC class I peptides [56]. The expression of DRiPs 
varies widely amongst genetic transcripts, and 
so-called immuno ribosomes are thought to play a 
central role in this process [57].
Encapsidation is not an absolute necessity for ge-
netic vaccination. In fact, previous studies on DNA 
vaccination with polyomavirus VLPs used direct 
interaction, and have shown that this works just 
fine for boosting the immune response [16,17]. We 
did show that VP1 forms complexes with plasmid 

DNA. Surprisingly direct interaction did result in at 
least partial protection against nucleases based 
on the gel retardation assay. Therefore, despite the 
fact that our initial attempts to deliver loaded DNA 
were unsuccessful, it would still be worthwhile to 
perform antigen presentation studies with com-
plexed DNA.
One of the challenges this system might face 
would be pre-existing anti-carrier immunity. How-
ever, there is some evidence that prior contact with 
the wild-type virus [9], or previous immunizations 
with the same VLP [10], do not prevent a successful 
CTL reponse.
Another possible challenge is the disruption of the 
natural tropism of the VLPs by the insertion of the 
epitopes into the capsid, preventing their uptake 
and processing by antigen presenting cells, and 
thus an efficient CTL response. The variable loops 
at sites 1 and 4 are responsible for receptor bind-
ing in polyomaviruses [58–61]. Therefore, it is likely 
that changes to these sites will alter the tropism of 
the VLPs [62,63]. This could be solved by coupling the 
epitopes to the C-terminus of VP1 [12,14], which is 
hidden inside the capsid, or by fusing the antigens 
to (truncated) VP2/3 [11,64]. Next to that, chimeric 
VLPs could be prepared where some VP1 proteins 
or capsomers are modified, while the bulk of the 
capsid consists of wild-type VP1. Using this strat-
egy, it might also be possible to prepare normal 
T=7 VLPs for the E1-VP1 proteins that now form 
smaller VLPs (see figure 3).
It is unlikely that inserting more than one copy of 
the same epitope into the same VP1 protein will 
enhance the immune response [9]. Although the 
hamster polyomavirus VP1 protein tolerates the 
insertion of epitopes at different sites at the same 
time [65], it is also possible to produce the same ef-
fect by preparing VLPs from different VP1 proteins 
with each a single epitope inserted. It would be 
very interesting to compare the immune response 
elicited by such chimeric VLPs composed of E2-
VP1 and E4-VP1 (see table 2) with that of VLPs 
composed solely of a synthetic epitope construct 
– E5-VP1 or E6-VP1 – which contains both indi-



163

INVESTIGATION INTO COMBINED NUCLEIC ACID – EPITOPE VACCINATION

8

vidual epitopes linked together.
In conclusion, the strong immune response in-
duced by the E1-VLPs warrants further studies into 
the use of HaPyV VLPs as a platform for antigen 
display. It would be interesting to test the other 
epitope-VP1 VLPs as well using the in vitro anti-
gen presentation assay. In particular the S1 and 
S1L constructs would be of interest as these gave 
the best results for E1, though this is of course 
no guarantee. Unfortunately, this assay only 
provides information on the presentation of the 
CD8+ epitope OVA257–264. To investigate the role of 
the CD4+ epitopes, other cells, such as OTZ-II and 
MF2.2D9 T-cell hybridoma cells, could be used. 
MF2.2D9 cells secrete IL-2 upon recognition of 
MHC class II I-Ab-bound OVA265–280 [66,67]; OTZ-II cells 
produce β-galactosidase upon recognition of MHC 
class II I-Ab-bound OVA323–339 [68]. If positive results 
would be obtained, in vivo studies would be justi-
fied to determine the quality of the presentation of 
both CD8+ and CD4+ epitopes. These studies could 
be performed in mice by injecting labeled OT-I and 
OT-II cells after administering the VLPs, although 
such an assay would not detect the CD4+ epitope 
OVA265–280. The investigation should specifically 
focus on the benefit of adding CD4+ epitopes, as 
the CTL response to inserted CD8+ epitopes alone 
has already been investigated thoroughly [8,10]. 

Although the small size of the E1-VLPs and the 
limited protection wild-type VLPs provide against 
nucleases might argue against DNA vaccination, 
it might be worthwhile to test E1-VLPs in combina-
tion with CpG or DNA encoding full-length ovalbu-
min using the antigen presentation assay. If this 
would lead to a synergistic effect, the same might 
be tested in vivo.
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Summarizing discussion and future perspectives

Part I: Research

The original project plan

Virus-like particles (VLPs) are promising vectors 
for both gene delivery and vaccination. These par-
ticles form a bridge between viral and non-viral 
gene delivery systems, retaining the elite trans-
duction characteristics of viral vectors, but without 
the potentially severe adverse effects wrought by 
viral genetic material. VLPs are formed by the as-
sembly of viral structural proteins without packag-
ing viral genetic material after their recombinant 
overexpression. For some viruses, such empty 
capsids are even formed as accidental by-prod-
ucts of infection [1,2]. These particles resemble the 
structure, immunogenicity, tropism, and transduc-
tion efficiency of the virus they are derived from.
The goal of this project was to develop an evolu-
tion-based method for the improvement of the 
characteristics of VLPs for gene delivery. We chose 
to use the VLPs derived from polyomaviruses – in 
particular the hamster polyomavirus (HaPyV) – 
as model vectors for our studies. In chapter 2 we 
highlighted the structural characteristics of these 
VLPs and gave an overview of their current appli-
cations in diagnostics, vaccine development and 
gene delivery. The plan was to create vast libraries 
of mutant capsid genes, and from these libraries, 
select clones that possess improved properties 
for gene delivery. The expression of the libraries 
would be performed using a cell-free protein syn-
thesis system compartmentalized into small, mi-
crometer-scale emulsion droplets with on average 
one gene per droplet; a technique called in vitro 
compartmentalization (IVC). Inside these droplets, 
the genes would be transcribed and translated 
into capsid proteins, and these proteins would 
assemble together with their own coding DNA to 
form what we call artificial viruses – VLPs that 
encapsidate their own synthetic genome. Because 

the proteins cannot leave the droplets, they would 
be forced to associate with only their own coding 
DNA, thus providing the indispensable genotype-
phenotype linkage. However, over the course of our 
research this proved to be impossible.

Cell-free synthesis of VLPs

In chapter 5 we described our efforts at synthesiz-
ing HaPyV VLPs in prokaryotic cell-free expression 
systems. Despite the many conditions we tested, 
none of these conditions led to VLP assembly suf-
ficient for in vitro compartmentalization. Without 
assembly, there is no genotype-phenotype link-
age, and thus no directed evolution. We also dis-
covered that the formation of VLPs after expres-
sion in E. coli already takes place inside the cells 
before lysis. Therefore, the obvious alternative 
would be to express the libraries inside bacteria, 
where the expression is, in effect, also compart-
mentalized. However, in chapter 8 we showed that, 
although wild-type HaPyV VLPs did form and did 
encapsidate nucleic acids after expression inside 
bacteria, no detectable amounts of plasmid DNA 
were observed. We were unable to replicate the re-
sults of another research group, that showed the 
packing of plasmid DNA by VLPs derived from JC 
polyomavirus after their expression in E. coli [3,4].
We originally assumed that artificial viruses would 
form based on several observations. First of all, 
similar experiments had been performed before 
with non-viral DNA-binding proteins [5]. Other 
groups previously demonstrated the formation of 
VLPs [6,7], including those derived from polyomavi-
ruses [8], after expression of coat proteins in bac-
teria. For other viruses the same had been demon-
strated after cell-free expression [9]. Furthermore, 
VLPs derived from polyomaviruses were shown to 
encapsidate nucleic acids after their expression in 
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bacteria [10]. Nonetheless, we were not able to as-
semble artificial viruses.

Requirements for artificial virus formation

Based on literature, we identified several factors 
that might enhance the efficient assembly of poly-
omavirus VLPs that encapsidate their own coding 
DNA. These include chaperones (hsp70) [11,12], hy-
per-acetylated histones [13], transcription factors 
(Sp1 and AP-2) [14,15], polyomavirus VP2/3 [13,15], 
SV40 large T antigen [12,16,17], SV40 signal for encap-
sidation (ses) [14,15,18], and SV40 origin of replication 
(ori) [16,17]. According to our current hypothetical 
model, the SV40 large T antigen causes the amplifi-
cation of the expression plasmid carrying the SV40 
ori and SV40 ses, resulting in a high copy-number 
[16,17]. Directly after translation, VP1 binds hsp70 
[11], preventing the premature formation of VLPs 
[12]. The capsid proteins are then transported to the 
nucleus in the form of capsomers [19]. Hyper-acety-
lated histones compact the DNA, allowing the en-
tire plasmid to be encapsidated [13]. Transcription 
factors bind the SV40 ses [14] and form a complex 
that recruits the capsomers, conferring packaging 
specificity [15]. Next, the SV40 large T antigen in-
duces the assembly of the VLPs [12].
Such a system can be reconstituted effectively 
in 293TT cells. This mammalian cell line constitu-
tively produces the SV40 large T antigen [16]. Re-
porter VLPs derived from several polyomaviruses 
were produced in these cells by co-transfection 
with plasmids encoding the capsid genes and a 
reporter plasmid, carrying the SV40 elements and 
an EGFP gene [17,20]. This resulted in the assembly 
of VLPs with the reporter plasmid, which could sub-
sequently be used for diagnostic neutralization 
assays.

Proof of concept for directed evolution

In chapter 6 we employed the same system to 
provide a proof of concept for the functional selec-
tion of polyomavirus VLPs, using SV40 as model 

delivery system. For the expression of libraries, 
we developed an efficient expression vector with 
functional SV40 elements. To demonstrate geno-
type-phenotype linkage, we co-transfected 293TT 
cells with two of these expression vector con-
structs, one encoding wild-type VP1, the other one 
a non-functional mutant. After VLP purification, we 
analyzed the fractions for VP1 DNA. As the VLPs 
form, they package available genetic material com-
partmentalized within the same cell. We observed 
a 10-fold enrichment of wild-type VP1 DNA after a 
single round of selection. This data shows that the 
VLPs package their own coding DNA, making sure 
that the genetic origin of improved VLPs can be 
traced back after selection.
In chapter 6 we also showed that it is possible to 
recombine different polyomavirus VP1 genes us-
ing DNA shuffling. This way, beneficial properties 
of the different polyomaviruses can be combined, 
and large evolutionary gaps can be bridged. We 
showed that the binding domains are efficiently 
exchanged between the different viruses, allowing 
the creation of VLPs with novel tropism.
We are currently in the process of replicating these 
results. The next step would be to combine these 
two experiments, i.e. to perform selections with 
our library. The first selections might be based on 
VLP formation and DNA packaging. Once success-
ful, more advanced selections, such as retarget-
ing, could be performed. Ultimately, this technique 
could aid in the development of novel viral vectors 
suitable for personalized medicine.

Artificial viruses vs. recombinant viral 
vectors

It must be noted that the modifications described 
in chapter 6 have shifted the assembly from a 
synthetic in vitro reaction, to a system mimicking 
natural polyomavirus infection. In fact, one might 
argue whether these particles are VLPs at all. Not 
only do these particles contain DNA encoding VP1, 
they also contain the viral origin of replication and 
packaging signal. All things considered, these par-
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ticles are nearly identical to recombinant SV40 vec-
tors, a type of viral vector in which the early SV40 
genes (T antigens) are replaced by transgenes 
[21–24]. However, using such vectors does not pre-
clude the possibility of generating VLPs from the 
VP1 proteins of these viral vectors, and thereby 
benefitting from the enhanced safety features of 
VLPs. Therefore, I propose to use viral vectors dur-
ing directed evolution, to exploit their efficient as-
sembly and to stimulate and maintain genotype-
phenotype linkage. The selections can then be 
performed using these recombinant vectors, and 
once improved vectors are obtained, VLPs can be 
generated for production and development.
In theory, these viral vectors might inadvertently 
lose the ability to form VLPs (e.g. the assembly 
might become dependent on the viral SV40 se-
quences). However, given the diversity of poly-
omaviruses known to form VLPs (see chapter 2), 
and the fact that evolution also selects based on 
DNA packaging, we expect this chance to be neg-
ligible. Moreover, if the selections do lead to such 
unexpected results, this could provide insight into 
the mechanisms of selective DNA packaging.

Benefits of in vitro compartmentalization

No matter how efficient a eukaryotic cell-based 
expression system might be, it is still confined to 
the limits of cell culture and transfection. Conse-
quently, this puts a limit on the number of clones 
from a single library that can be screened [25]. Us-
ing different techniques, very large libraries of up 
to 1015 molecules can be created [25–28]. However, 
transformation of the library into bacteria for prop-
agation and amplification reduces the diversity of 
the library to around 106–108 clones [25,27]. Next, 
transfection further reduces this number, lead-
ing to a final amount of 105–107 clones screened 
in directed evolution experiments involving viral 
vectors [29–34]. If bacteria are used to express the 
library, this number can be somewhat higher, but 
even after lengthy optimization and by scaling up 
to several hundreds of transformations no more 

than about 1010 clones can be screened [35,36].
IVC, on the other hand, is not bound to such limi-
tations. Libraries can be emulsified directly after 
preparation, obviating the need to propagate and 
amplify the libraries in bacteria. This allows for a 
much higher number of clones to be screened, up 
to 1015 [27]. Such a high diversity is necessary for 
the advanced selections that are required for the 
directed evolution of gene therapy vectors, where 
a much larger evolutionary distance needs to be 
crossed [27,28]. Therefore, it might, on the long run, 
be better to continue the development of an IVC-
based method. A good place to start would be to 
test different eukaryotic extracts for the produc-
tion of polyomavirus VLPs. These extracts more 
closely mimic the natural assembly conditions. 
One of these extracts, based on rabbit reticulocyte 
lysate, was successfully used for the expression 
of VLPs derived from the closely-related human 
papillomavirus [37], although at a low yield. No men-
tion was made of DNA packaging. Another system, 
based on HeLa cell extract, was used to synthesize 
infective poliovirus [38]. If the expression is too low 
for IVC, one might try a mammalian extract with a 
sufficiently high expression yield, such as the re-
cently described CHO extract [39]. It might, however, 
also be possible to adhere to prokaryotic cell-free 
expression systems. Using a large, diverse library 
of high quality, it might be possible to screen for 
VP1 proteins that do associate with their coding 
DNA after prokaryotic cell-free expression. These 
clones could then be used as the starting point for 
further rounds of directed evolution. A nuclease 
treatment could be included to favor those clones 
that truly encapsidate their genomes. Alternative-
ly, one could choose another virus as the start-
ing point for directed evolution. VLPs are known 
to form after the cell-free expression of viral pro-
teins, such as bacteriophage Qβ coat protein (CP) 
[40], human papillomavirus (HPV) type 16 capsid 
protein L1 [37], bacteriophage MS2 coat protein 
[9,40], and hepatitis B virus (HBV) core antigen [9,40]. 
Unfortunately, none of these reports mention any-
thing regarding nucleic acid uptake.
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Taken together, the following conditions should be 
satisfied before IVC can be used for the directed 
evolution of VLPs. First, enough capsid protein 
should be expressed within a single droplet to form 
a VLP. Second, VLPs should be able to form within 
these droplets after expression. And third, these 
VLPs should encapsidate their own synthetic ge-
nome.
Depending on the intended goal or application, dif-
ferent strategies would be advisable. If one wants 
to play safe, it might be prudent to cling to the 
proven strategy involving 293TT cells. Although 
this puts a significant constraint on the library 
size, it is likely to provide reasonable results in 
simple selection experiments such as those in-
volving transfection efficiency or retargeting. If, on 
the other hand, a more long-term goal, such as the 
development of viral vectors, is pursued, IVC would 
be the choice. In this case, it would be wise to first 
achieve DNA packaging before performing selec-
tions based on gene delivery, as a general lack of 
genotype-phenotype linkage would significantly 
reduce the quality of the library for these selec-
tions. Proving this linkage might be a tough chal-
lenge, given the results presented in this thesis. 
Then again, IVC might be the only realistic option 
for advanced selections.

Standardization of cell-free expression

The most important component of any cell-free 
expression system is the cellular extract, which 
provides the machineries for the translation of 
proteins. During this project, we prepared numer-
ous batches of E. coli S30 extract, the cellular ex-
tract used in our cell-free expression system. We 
noticed that, despite using the same production 
protocol, cell-free expression suffered from a high 
batch-to-batch variability of the S30 extracts, with 
some extracts providing very high activity, while 
other extracts were almost completely inactive. 
In chapter 3 we investigated this variability with 
the goal of reducing it. We found that the different 
batches of the S30 extracts differed significantly in 

their total protein concentration. Moreover, by nor-
malizing this protein concentration after S30 ex-
tract production, we could reduce the variability in 
the activity of the S30 extracts. Importantly, by di-
luting some of the more concentrated extracts, we 
could significantly enhance the yield after cell-free 
expression of our model protein, β-galactosidase.
Although it might seem logical to normalize ex-
tracts after their production, to our surprise this is 
not standard practice. By digging deeper into the 
literature, we found that very early protocols for 
cell-free expression do use a standardized amount 
of extract protein in each reaction [41–46]. However, 
this changed in 1979, when a protocol was pub-
lished in which a fixed volume of non-normalized 
S30 extract, rather than a given amount of S30 
extract protein, was used for cell-free expression 
[47]. We believe this publication to be the source of 
this change; future protocols copied this publica-
tion, and since then S30 standardization based on 
protein content has died a slow death.
In chapter 4, we further investigated the relation-
ship between extract protein concentration and 
yield of expression. We showed that the relation-
ship is more complex than previously assumed. We 
expressed several different proteins in our cell-free 
expression system, and found that the expression 
of each protein is optimal at a different extract pro-
tein concentration. Moreover, this optimal extract 
protein concentration was shown to change with 
different reaction conditions such as incubation 
temperature. We believe that, by optimizing the 
extract protein concentration for each new protein 
to be expressed, a lot could be gained in terms of 
productivity. We extended our results to commer-
cially available systems, showing a similar benefit 
of optimizing the extract protein concentration.
Standardization of S30 extracts is particularly im-
portant for studies in which conclusions are drawn 
based on expression yields. A lack of standardiza-
tion can result in false conclusions being drawn. 
For example, one study, aimed at identifying the 
limiting components of S30 extract, found none 
of the components to be limiting [48]. However, 
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the study was performed by adding the individual 
components to an extract that already by far ex-
ceeded the optimal concentration for expression; 
at such a concentration none of the extract compo-
nents were limiting.
Standardization itself is not a requirement per se. 
If the yield of expression is not an issue, as is the 
case in most studies using cell-free expression as 
a tool rather than a goal by itself, it is not neces-
sary to optimize the expression unless problems 
are encountered. Moreover, such optimization is 
not possible when the cellular extracts are used 
for high-throughput techniques such as in vitro 
compartmentalization, as each protein would 
require its own unique extract protein concentra-
tion. It does show that the expression with such 
techniques might be biased based on the extract 
concentration used. For commercial suppliers of 
cell-free extracts it would be interesting to normal-
ize their products, although it is likely that this is 
already standard practice.
The optimal concentration of S30 extract protein in 
cell-free expression reactions is much lower than 
the protein concentration inside bacteria, and con-
sequently the synthesis rates and yields of cell-
free expression are much lower than those in vivo 
[49]. At this moment it is not known why cell-free 
expression cannot be achieved at cellular levels. 
Possible reasons include the degradation of key 
compounds, such as amino acids, energy sources 
and mRNA by enzymes not responsible for protein 
synthesis [50–52], the limited solubility of the pro-
duced protein [53], or the denaturation or degrada-
tion of the protein synthesis machinery. However, 
we found no indication that any of these factors 
are responsible for this discrepancy. It would be 
very interesting to discover the reasons behind 
this. Not only might this result in a significantly 
enhanced expression yield, it would also help us to 
understand the fundamental differences between 
biochemical processes in vitro and in vivo [54,55] 
and the effects macromolecular crowding has in-
side cells [56–58], and aid us in the creation of arti-
ficial cells [59,60].

In the past, cell-free expression has been used to 
make many important discoveries, such as the 
elucidation of the genetic code [61]. Over the years, 
cell-free expression has undergone a true revolu-
tion, giving rise to quite spectacular increases in 
production yields [62,63]. The technique is indispen-
sable for many high-throughput expression tech-
niques such as IVC. Cell-free expression will likely 
continue to play an important role in the future. 
Certainly the purified systems [64], which contain 
only those components necessary for transcrip-
tion and translation of genes, are exciting.

Part II: Applications

Analysis of VLPs in serum

In chapter 7, we investigated two approaches to 
study HaPyV VLPs in biological environments. In 
the first part, we tested a clonable tag based on 
murine metallothionein, which is capable of bind-
ing heavy metal ions and providing additional con-
trast for transmission electron microscopy. We in-
serted this tag into surface-exposed loops of VP1. 
Although full-length VP1 proteins were expressed, 
we were unable to generate VLPs. In retrospect, it 
has become clear that, given the bulky dimensions 
of the tag and the lack of a proper flexible peptide 
linker, it is questionable whether these constructs 
will ever be adaptable to forming VLPs. Moreover, 
the abundance of disulfide bonds in the tag will 
most likely interfere with the correct folding of VP1. 
Though unlikely, it might be possible to stimulate 
assembly by adding heavy metals to the medium 
to promote the correct folding of the tag [65], and 
by co-expressing the tagged VP1s with wild-type 
VP1 to relieve some of the steric hindrance [66]. 
Yet, even if VLPs would form, it is doubtful whether 
these particles would provide valuable physiologi-
cal information, as the tags will probably interfere 
with properties such as receptor binding and inter-
nalization [67,68].
In the second part of chapter 7 we explored nano-
particle tracking analysis (NTA) for the detection 
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of VLPs. Using a NanoSight instrument, we were 
able to measure the particle size distribution of 
VLPs, and by fluorescently labeling these VLPs, 
we could detect them in a background of serum, 
which, under normal conditions, completely ob-
scured detection. However, it is unlikely that 
nano particle tracking analysis with the NanoSight 
LM10, in its current format, can provide reliable 
quantitative data on VLPs; it is simply not repro-
ducible enough. Variability originates both at the 
level of measurement (by choosing the location 
for the measurement by focusing the microscope 
on the laser beam) and that of the analysis (by 
changing the parameters). For future applications, 
this system would benefit greatly from a reduction 
in this variability.

VLPs as vaccines

Because of their repetitive structure, VLPs can 
bind to pattern-recognition receptors on immune 
cells and cross-link B-cell receptors [69], inducing 
potent immune responses against the virus they 
are derived from. The lack of viral genetic material 
makes them safer as a vaccine than attenuated 
and inactivated viruses. These benefits have led to 
the clinical investigation of several VLP-based vac-
cines [70,71], some of which are already available on 
the market, such as the prophylactic HPV vaccines 
Gardasil® [72] and Cervarix® [73].
Although human polyomaviruses can cause se-
vere disease in immunocompromised individu-
als, it is unlikely that prophylactic vaccination will 
become cost-effective in the near future, given 
that the majority of the population is already sero-
positive for these viruses, and infection is mostly 
asymptomatic. Prophylactic vaccination against 
avian polyomaviruses, which cause a much more 
acute disease [74], is more interesting from an eco-
nomic perspective, and an inactivated virus vac-
cine is already available in veterinary medicine for 
psittacines [75,76].
Besides vaccination against the wild-type virus 
itself, it is also possible to induce both humoral 

and cellular immune responses against foreign 
epitopes inserted into variable loops on the sur-
face of VLPs [77] or fused to VP1 [78] or (truncated) 
VP2/3 [79]. Furthermore, VLPs can be loaded with 
plasmids encoding antigens [80,81] and activators of 
innate immunity, such as CpG [82], further enhanc-
ing their immunogenicity. In chapter 8 we explored 
the possibility of combining DNA and epitope vac-
cination, based on the hypothesis that such co-
delivery will lead to a synergistic effect [83,84]. We 
inserted different model epitopes from ovalbumin 
into surface-exposed loops of VP1. In contrast to 
the results obtained with the metallothionein tag, 
expression of these VP1 proteins resulted in VLP 
formation, although the particles were smaller 
than wild-type VLPs. Several of the constructs 
were able to induce potent immune responses in 
vitro, although their smaller size probably limits 
their DNA uptake capacity. Due to time constraints, 
we were not able to test these particles in associa-
tion with DNA. Such a strategy might make it pos-
sible to break immune tolerance, a crucial step in 
the vaccination against autoimmune diseases and 
cancer, and a step towards the development of 
therapeutic vaccines. However, we are still very far 
away from a final product, with several challenges 
remaining to be solved.
One of the major issues associated with such VLP-
based vaccines is pre-existing immunity against 
the wild-type virus. Although it was recently shown 
that even after prior immunization with wild-type 
VLPs, which resulted in high levels of anti-VP1 an-
tibodies, the immune response against displayed 
epitopes is not completely abolished [85], it is ques-
tionable whether this is a general finding, and will 
not lead to either loss of efficacy or even adverse 
clinical reactions.
Furthermore, the insertion of epitopes into the 
surface-exposed loops of VLPs takes a lot of time 
and effort. Other strategies have been developed 
to couple foreign antigens to VLPs using univer-
sal linkers, thereby speeding up the development 
process. In the light of rapidly mutating infectious 
agents and the threat of a pandemic caused by 
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pathogens such as influenza, rapid vaccine devel-
opment is required. With these new techniques, 
polyomavirus VLPs could fulfill the requirements, 
although the use of such a linker only further in-
creases the complexity of an already complex sys-
tem. Whole antigens can also be loaded into VLPs 
to induce strong antigen-specific cytotoxic T cell 
responses. It remains to be seen which strategy 
– loading with nucleic acids or loading with whole 
antigens – results in a better immune response, 
capable of breaking tolerance.

VLPs for gene therapy

It is becoming increasingly clear that the field of 
gene therapy follows the general shape of the 
Gartner hype cycle [86]. First, the expectations are 
inflated out of proportion based on the theoretical 
potential, followed by an inevitable collapse as the 
field fails to deliver. Then, after some time, it will 
slowly start to rise again and produce the first 
positive, but realistic results. We have just recently 
entered this phase [87], and it will be many years 
before we will witness the full potential of gene 
therapy.
There are many challenges to be overcome to 
achieve successful gene delivery [88]. Being of viral 
origin, transfection itself is not the biggest problem 
for VLPs. Efficient encapsidation protocols have 
been developed to load VLPs with nucleic acids. 
Although, as described in chapter 8, we found 
that the two strategies we tested – reassembly of 
VLPs from capsomers in the presence of plasmid 
DNA and mixing of preformed VLPs with plasmid 
DNA – do not provide significant protection against 
nucleases, and do not result in transfection, more 
advanced encapsidation protocols, resulting in 
more efficient loading, have been developed, such 
as those based on 293TT cells [17,20]. Furthermore, 
such packaging protocols, incorporating VP2/3, 
allow the VLPs to reach transfection efficiencies 
similar to those of wild-type virions. It must be not-
ed that, also here, recent advances have shifted 
the assembly and transfection from a synthetic 

in vitro reaction, to a system resembling natural 
polyomavirus assembly and uptake.
Most of the published data on the use of polyoma-
virus VLPs for gene delivery concerns simple and 
artificial transfection studies. We reviewed these 
studies in chapter 2. Although good results have 
been obtained in such studies, they are hardly rep-
resentative of the real situation. That is, the biggest 
challenge gene delivery with VLPs faces is target-
ing; reaching the target cells. This is evident from 
the fact that, while polyomavirus VLPs have shown 
good results in vitro using single cell lines, up to 
now, in vivo results are still lacking. An efficient 
anti-tumor response was observed in several stud-
ies [3,89]. Yet, these studies were performed using 
human cancer cells in immunocompromised mice, 
starting the treatment before the tumor could be 
detected; a situation which does not mimic reality. 
After injection, the VLPs have to evade the immune 
system, extravasate, penetrate through tissue, 
and bind to the correct cells. Only then are the par-
ticles allowed to start their transduction.
Cancer gene therapy has its own unique set of 
challenges [90]. First of all, cancer is not a single 
disease, but a collective name of many different, 
heterogeneous diseases [91]. Moreover, there is a 
huge variability between patients with the same 
type of cancer, or even within the same patient, 
depending on the progression of the disease [91,92], 
making it impossible for a single vector to spe-
cifically reach all cancer cells. Unlike the popular 
representation of active targeting, this is still a 
random process based on distribution and bind-
ing [93,94]. During this distribution phase, the VLPs 
again have to avoid the immune system, extrava-
sate, and penetrate through tissue to reach the 
cancer cells. These challenges are exacerbated 
by elevated interstitial fluid pressure in the tumor 
and an abnormal extracellular matrix structure [90]. 
Then, once the VLPs reach the tumor, they have to 
bind to the cancer cells and transduce them. This 
is further frustrated by the high mutation rate of 
these cells, allowing cells to escape transduction 
by changing their receptor profile [95,96].
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In conclusion, reality is far more complex than usu-
ally portrayed. Part of the problem is caused by 
the human desire to express concepts in anthro-
pomorphic terms such as “active targeting” or “re-
cruitment”, which present a false picture of reality. 
Up to now most studies have incorrectly focused 
on transfection efficiency, while ignoring the most 
important challenge – getting there.

Large-scale production of VLPs

Recent advances have enabled the large-scale pro-
duction and purification of polyomavirus VLPs [97–

101]. The mere fact that these VLPs can be produced 
in prokaryotic hosts at high yields already signifi-
cantly reduces the production costs. Moreover, the 
availability of two VLP-based vaccines demon-
strates that this can be done in a cost-effective 
way.
However, production will remain an important is-
sue, certainly with the advent of personalized 
medicine. The rapid creation of personalized VLPs 
based on the modification of the surface will be 
very expensive and unreliable, and will, at least 
for the near future, remain out of reach. The same 
holds true for the products of directed evolution. 
Moreover, next to the many experimental obsta-
cles that still have to be overcome, regulatory is-
sues also prevent the commercial availability of 
such personalized VLPs, similar to the problems 
faced by phage therapy [102,103]. These regulatory 
and patent issues have to be overcome to prevent 
these particles from becoming merely a curiosity.

Part III: Future

Artificial life

The recent years have seen a blurring of the line 
between lifeless and living, incited by the con-
struction of synthetic organisms. In 2002, for 
the first time, a replicating virus (poliovirus) was 
synthesized without the intervention of living cells 
[104]. This was done by assembling the complete 

genome from oligonucleotides, followed by its 
expression in a HeLa-based cell-free expression 
system. Similarly, synthetic genomes were also 
prepared from bacteriophage Phi-X174 [105] and 
Spanish Flu from 1918 [106], and in 2008 the first 
complete bacterial genome, from Mycoplasma 
genitalium, was synthesized [107]. The year 2010 
saw the birth of the first cell with a synthetic ge-
nome [108]. The complete genome of the bacterium 
Mycoplasma mycoides was chemically synthe-
sized, and upon its transplantation into a recipient 
cell from a different strain, the synthetic DNA took 
over and formed a new, semi-synthetic organism. 
This organism was not completely artificial yet, as 
the genome was transplanted into another, living 
bacterium. It will probably not be long until the first 
truly synthetic cell is created. Cell-free expression 
will continue to play a major role in the progress of 
this field [109–111], helping us to understand the fun-
damental basics of life. Such technologies will not 
only revolutionize the creation of novel microbes 
for biotechnology; they might, in the distant future, 
very well be used to bring extinct species back to 
life. Given the half-life of DNA [112], it will most likely 
be impossible to do so for dinosaurs, though a 
mammoth might very well be plausible in the fu-
ture [113], once and if eukaryotic genomes can be 
synthesized.

Synthetic perfection

The recent decade has also seen considerable pro-
gress in the field of rational protein design. While 
15 years ago, the design of functional proteins was 
still impossible [114–116], now several enzymes have 
been designed completely de novo that catalyze 
reactions that no known naturally occurring en-
zymes can catalyze [117–119]. The design of a gene 
delivery vector, on the other hand, is of a differ-
ent order of magnitude. For such a vector, there is 
no transition state that can be stabilized to solve 
the entire puzzle. While rational design might, for 
example, suggest adding a different targeting li-
gand to the particles, this targeting ligand might, 
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inadvertently, increase the immunogenicity of the 
particles, thus leading to faster clearance, and, in 
effect, less binding. As of now, such effects cannot 
be predicted.
Directed evolution has the potential to solve this 
problem, as long as the VLPs are selected based 
on the final goal, and not an intermediate end-
point. However, most selection experiments for 
the directed evolution of viral vectors are based on 
in vitro transfection efficiency, usually to demon-
strate novel tropism [33,120]. These vectors are un-
likely to demonstrate the same specificity in vivo. 
Bluntly speaking, one gets what one selects for.
In most of the cases, the first step in directed evo-
lution remains the rational selection of a starting 
point. This is not strictly necessary, but it facili-
tates the initial bridging of a large evolutionary gap. 
However, multiple building blocks may also be cho-
sen, instead of full-length proteins [121]. The com-
plete de novo evolution of a gene delivery vehicle 
is seemingly impossible, as only a miniscule frac-
tion of the total sequence space can be covered by 
any library [27]. However, the same holds true for 
any protein in nature, and yet they do exist. This 
indicates that the total sequence space must con-
tain multiple proteins with similar functionalities, 
and that libraries of a certain size are expected to 
contain such a protein. Because natural diversity 
also originated from only a fraction of the total se-
quence space, screening such a library is likely to 
lead to proteins that are completely different from 
naturally occurring ones, yet have similar proper-
ties [28]. This way, novel vectors could be created 
that are totally different from what currently exists 
in nature; a feat that could not be accomplished us-

ing error-prone PCR or DNA shuffling [122].
Library size and quality will be an important de-
terminant for the success of such an experiment. 
When using such a library, it might be beneficial to 
first screen for simple things, such as DNA binding 
and later transfection efficiency, to increase the 
likelihood of finding suitable proteins. One must 
always be aware of genetic drift during these se-
lections, and design the selection experiments 
accordingly. Once suitable starting points have 
been found, techniques, similar to DNA shuffling, 
might be used to combine these novel vectors to 
create further diversity. For example, the homolo-
gy-independent recombination technique called 
incremental truncation for the creation of hybrid 
enzymes (ITCHY) [123] could then be used to mix 
different novel genes to form even better vectors.
The future is likely to see a combination of the 
above-mentioned strategies. Rational design could 
first be used to create rough estimates of target 
proteins, which are subsequently refined by di-
rected evolution. Directed evolution could also be 
incorporated into an iterative process of rational 
design, leading to an enhanced understanding of 
the underlying principles [124]. Such semi-rational 
approaches are likely to give better results than ra-
tional design or directed evolution alone [125]. Final-
ly, the recent dramatic decrease in cost of whole 
genome sequencing will revolutionize health care, 
allowing patients to have their genomes or malig-
nancies sequenced before treatment, opening op-
portunities for personalized treatment. We are at 
the dawn of a new era of personalized, predictive 
and preventive medicine.
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Inleiding

Gentherapie

Kanker, genetische aandoeningen, hart- en vaat-
ziekten, infectieziekten, neurologische aandoe-
ningen… Dit zijn slechts voorbeelden van ziekten 
die, in principe, behandeld of zelfs genezen zouden 
kunnen worden door middel van gentherapie [1]. 
Defecte genen zouden kunnen worden gecorri-
geerd, missende genen toegevoegd, en ongewilde 
genen stilgelegd [2]. Door hun enorme grootte, hy-
drofobe karakter, negatieve lading en vatbaarheid 
voor nucleasen staan nucleïnezuren echter voor 
ondoordringbare barrières en worden ze snel afge-
broken en geklaard na injectie [3]. Dit gebeurt lang 
voordat ze hun doel, het binnenste – meestal de 
kern – van zieke cellen, bereiken. Om deze reden 
is er veel onderzoek gedaan naar de ontwikkeling 
van afgiftesystemen voor nucleïnezuren. Deze 
afgiftesystemen zouden in staat moeten zijn om 
hun lading, de nucleïnezuren, tegen afbraak te 
beschermen en af te leveren aan hun doelcellen 
in het lichaam. Dergelijke dragers worden over het 
algemeen onderverdeeld in virale of niet-virale vec-
toren.

Virale vectoren

Virale vectoren zijn van virussen afgeleide dra-
gers voor genetisch materiaal, waarbij het virale 
genoom is vervangen door de nucleïnezuurlading 
[4]. Virussen zijn door de natuur geëvolueerd om de 
perfecte afgiftesystemen voor genetisch materiaal 
te zijn [5]. Dit stelt de virussen in staat om te repro-
duceren en ziekte te veroorzaken in geïnfecteerde 
cellen. Virale vectoren gebruiken deze intrinsieke 
afgiftekarakteristieken voor de afgifte van thera-
peutische nucleïnezuren [6]. Deze vectoren kunnen 
of replicatie-competent [7] of replicatie-deficiënt 

zijn [8]. Over het algemeen zijn virale vectoren erg 
efficiënt in het afleveren van hun lading aan cellen, 
maar deze vectoren zijn wel duur en lastig om te 
produceren [9], hebben een zeer nauw gedefinieerd 
tropisme [10], hebben slechts een beperkt laadver-
mogen [11], en dragen het risico van serieuze bij-
werkingen veroorzaakt door hun immunogeniciteit 
[12] en door insertiemutagenese [13].

Niet-virale vectoren

Niet-virale vectoren omvatten diverse syntheti-
sche afgiftesystemen. Ze zijn meestal gebaseerd 
op complexen met kationische polymeren of lipi-
den [14], maar kunnen ook bereid worden met ande-
re materialen, zoals peptiden [3], anorganische na-
nodeeltjes [15] en dendrimeren [16]. Deze vectoren 
genieten een relatief goedkope en gemakkelijke 
productie, zijn over het algemeen niet gelimiteerd 
in hun afgiftecapaciteit, en zijn relatief veilig ver-
geleken met virale vectoren. Het nadeel is echter 
dat deze vectoren over het algemeen een zeer lage 
afgifte-efficiëntie hebben [17,18].

Virusachtige partikels

Een ideaal afgiftesysteem combineert de voorde-
len van beide systemen, zonder de daarbij beho-
rende nadelen [19]. Door hun positie als tussenvorm 
van virale en niet-virale vectoren zouden virusach-
tige partikels (VLPs) deze belofte kunnen vervul-
len. VLPs zijn supramoleculaire assemblages van 
virale structuureiwitten. Deze deeltjes vormen 
spontaan na de recombinante expressie van virale 
structuureiwitten en bevatten geen virale nucle-
inezuren. Voor sommige virussen vormen derge-
lijke lege eiwitmantels zelfs per ongeluk als bijpro-
ducten van infectie [20,21]. Deze deeltjes gelijken de 
natieve virale eiwitmantel in structuur, stabiliteit, 
tropisme, en transductie efficiëntie, maar bevat-
ten geen viraal genetisch materiaal [22]. Hierdoor 
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behouden VLPs de efficiënte afgiftekarakteristie-
ken van virale vectoren, terwijl het ontbreken van 
viraal genetisch materiaal ervoor zorgt dat ze niet 
langer de gevaren met zich meedragen die kleven 
aan insertie en reversie.
VLPs zijn reeds gegenereerd van verschillende vi-
russen van vele uiteenlopende virusfamilies [23]. 
Commercieel worden deze deeltjes vooral gebruikt 
voor vaccinatie. Verschillende op VLP gebaseerde 
vaccins worden momenteel klinisch onderzocht 
[24,25], en sommige zijn reeds op de markt verkrijg-
baar, zoals de profylactische humaan papillomavi-
rus (HPV) vaccins Gardasil® [26] en Cervarix® [27]. 
Deze deeltjes hebben echter ook potentie voor 
gentherapie.

VLPs afgeleid van polyomavirussen

Met name interessant zijn de VLPs afgeleid van po-
lyomavirussen. Deze VLPs zijn in staat om dubbel-
strengs DNA op een sequentie-onafhankelijke ma-
nier te encapsideren [28,29], wat het mogelijk maakt 
om ze te gebruiken voor genafgifte. Deze VLPs zijn 
relatief gemakkelijk te produceren; ze vereisen 
geen posttranslationele modificaties en kunnen 
vormen in prokaryotische expressiesystemen na 
de expressie van slechts één viraal eiwit, namelijk 
het voornaamste manteleiwit VP1 [30]. In hoofd-
stuk 2 van dit proefschrift worden de productie 
en biomedische applicaties van deze virusachtige 
partikels uiteengezet.
Echter, in hun huidige staat zijn deze VLPs niet di-
rect bruikbaar voor gentherapie. Bijvoorbeeld hun 
gelimiteerde natuurlijke tropisme beperkt de varië-
teit aan cellen die getransduceerd kunnen worden, 
en reeds aanwezige immuniteit zal waarschijnlijk 
de doeltreffendheid verminderen. Daarom zijn wij 
begonnen met de modificatie van deze VLPs met 
als doel het verbeteren van hun karakteristieken 
voor gentherapie.

Gerichte evolutie van virusachtige 
partikels afgeleid van polyomavirussen

Ondanks de aanzienlijke vooruitgang in het veld 

van rationeel eiwitontwerp, welke het complete de 
novo ontwerp van enzymen met nieuwe katalyti-
sche activiteit mogelijk heeft gemaakt [31–33], is het 
nog steeds ogenschijnlijk onmogelijk om de ge-
volgen van mutaties voor gentherapievectoren te 
voorspellen. Gerichte evolutie, aan de andere kant, 
stelt ons in staat om eiwitten aan te passen zonder 
vooraf aanwezige kennis van structuur-functie re-
laties. Alhoewel deze techniek in het verleden voor-
al gebruikt is om enzymen aan te passen (voor 
recente uiteenzettingen zie referenties [34] en [35]), 
is deze techniek ook geschikt voor de creatie van 
nieuwe virale vectoren voor gentherapie.
De meeste van dergelijke studies zijn uitgevoerd 
met adeno-geassocieerd virus (AAV) [36–43], maar 
ook andere virussen, zoals adenovirussen [44,45] en 
retrovirussen [46–49], zijn onderhevig geweest aan 
gerichte evolutie. Verschillende eigenschappen, 
zoals tropisme [40–42], stabiliteit [47] en immunoge-
niciteit [36,50], zijn aangepast, waarmee het vermo-
gen van gerichte evolutie is gedemonstreerd.

Het principe van gerichte evolutie

Gerichte evolutie steunt op iteratieve rondes van 
diversificatie en selectie om eiwitten te verbete-
ren in een op natuurlijke selectie gelijkend proces. 
Grote bibliotheken van willekeurige mutanten wor-
den gecreëerd door middel van high-throughput 
combinatorische technieken. Uit deze bibliotheken 
worden mutanten die gewenste eigenschappen 
bezitten geselecteerd. Het principe van deze tech-
niek is weergegeven in figuur 1.
Gerichte evolutie begint met de selectie van een 
startpunt. Dit is normaal gesproken een gen uit de 
natuur met eigenschappen die dicht bij de gewens-
te eigenschappen liggen, om te voorkomen dat de 
evolutionaire kloof te groot is om te overbruggen. 
Wanneer er meerdere homologen beschikbaar zijn, 
zoals het geval is voor polyomavirus VP1, kunnen 
deze genen gerecombineerd worden door middel 
van een techniek genaamd DNA shuffling om 
een bibliotheek the maken van hybride VP1 genen 
[51,52]. Diversificatie kan ook bewerkstelligd worden 
met behulp van andere technieken, zoals error-
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Figuur 1. Principe van gerichte evolutie van virusachtige partikels. Eerst worden de VP1 genen van enkele wild-type polyomavirus-
sen verkozen als startpunt voor gerichte evolutie. Vervolgens worden deze genen gerecombineerd door middel van de techniek 
DNA shuffling om een diverse bibliotheek van hybride VP1 genen te maken. Deze hybride genen worden dan gecompartimenteerd 
in een eiwitexpressiesysteem, waarna de genen tot expressie gebracht worden. Op deze manier blijven de geproduceerde eiwitten 
in dezelfde ruimte als de coderende genen, en daarmee wordt het genotype aan het fenotype gelinkt. Na expressie vormen de VP1 
eiwitten binnen ieder compartiment VLPs, maar daarbij kunnen ze alleen hun eigen coderende DNA omsluiten, aangezien ze de 
compartimenten niet kunnen verlaten. Zodra de vorming voltooid is, kunnen de VLPs gezuiverd worden en onderworpen worden aan 
selectiedruk. VLPs met gewenste eigenschappen worden dan geïsoleerd en hun DNA wordt geëxtraheerd. Dit DNA kan gebruikt wor-
den voor additionele rondes van diversificatie en selectie, waarmee de eigenschappen van de VLPs verder verfijnd kunnen worden. 
Dit proces kan dan herhaald worden totdat de VLPs voldoende verbeterde zijn.

Bibliotheek creatie

Expressie en
DNA omsluiting

Selectie

Wild-type virussen Verbeterde VLP

Compartimentering
DNA terugwinning

VLP zuivering

Geselecteerde VP1 homologen

Bibliotheek
creatie
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prone PCR [53] of random oligonucleotide inser-
tion [54] (voor een overzicht, zie referentie [55]).
Voordat de bibliotheken tot expressie gebracht 
kunnen worden, dienen de genen te worden ge-
compartimenteerd. Net zoals bij de cellulaire 
compartimentering als essentieel onderdeel van 
het leven op aarde moeten de eiwitten opgesloten 
blijven binnen dezelfde ruimte als hun coderende 
genen, om op deze manier een link te vormen tus-
sen het genotype en het fenotype. Deze link waar-
borgt dat de genetische oorsprong van de gese-
lecteerde eiwitten later ontdekt kan worden, zodat 
deze genen gebruikt kunnen worden voor verdere 
rondes van gerichte evolutie of, op het einde, voor 
de productie. Deze compartimentering kan zowel 
in vivo, door de bibliotheek in prokaryotische of 
eukaryotische cellen te transfecteren, of compleet 
in vitro, door middel van een techniek genaamd in 
vitro compartmentalization [56,57], bewerkstelligd 
worden. Vervolgens worden de eiwitten tot expres-
sie gebracht. In het geval van virale structuureiwit-
ten assembleren deze eiwitten tot VLPs, waarbij ze 
hun eigen coderende DNA omsluiten. Deze deeltjes 
noemen wij artificiële virussen – VLPs die hun ei-
gen synthetische genoom omsluiten. Deze VLPs 
kunnen dan worden gezuiverd, waarna mutanten 
met gewenste eigenschappen kunnen worden ge-
selecteerd onder invloed van selectiedruk. Meer-
dere iteratieve rondes van diversificatie en selectie 
worden uitgevoerd om effectieve vectoren voor 
genafgifte te bemachtigen. Door slimme selectie-
experimenten uit te voeren kunnen deze vectoren 
niet alleen gescreend worden op transfectie-effi-
ciëntie, maar ook op andere eigenschappen, zoals 
het ontwijken van het immuunsysteem, of weef-
sel- of orgaanspecificiteit.

Doel van het proefschrift

Dit project was gericht op de ontwikkeling van een 
op evolutie gebaseerde methode voor de verbete-
ring van VLPs afgeleid van polyomavirussen voor 
genafgifte. Het originele plan was om daarvoor de 

techniek in vitro compartmentalization (IVC) te 
gebruiken [56,57]. Deze techniek gebruikt druppel-
tjes van micrometergrootte van een water-in-olie 
emulsie als compartimenten voor gerichte evo-
lutie. De druppels bevatten ieder gemiddeld één 
gen van de bibliotheek, en worden gevormd door 
de emulsificatie van een celvrij expressiesysteem 
(CFE systeem), welke alle componenten bevat 
voor de transcriptie en translatie van genen. Een 
veelgebruikt CFE systeem is het S30 extract, geba-
seerd op het oplosbare deel van het lysaat van de 
bacterie Escherichia coli (E. coli) na centrifugatie 
bij 30,000 g [58–61]. Dit systeem wordt aangevuld 
met de T7 RNA-polymerase [62]. Op deze manier 
vormen de druppeltjes artificiële cellen die in staat 
zijn om eiwitten tot expressie te brengen vanaf ge-
nen onder de controle van de T7 promotor. Iedere 
milliliter aan emulsie bevat ongeveer 1010 van deze 
artificiële cellen, wat ons in staat stelt om zeer gro-
te bibliotheken te gebruiken [63]. Hierdoor kan een 
zeer groot deel van het evolutionaire landschap 
gescreend worden. Het merendeel van de gepubli-
ceerde experimenten aangaande de gerichte evo-
lutie van virale vectoren is uitgevoerd met kleinere 
bibliotheken (tot 107 genen) [36,41,46,64]. Derhalve 
werden slechts individuele stappen van het gen-
afgifteproces veranderd, zonder de consequenties 
die deze veranderingen zouden kunnen hebben op 
andere stappen in acht te nemen. Het gebruiken 
van een grotere bibliotheek zou het mogelijk kun-
nen maken om meerdere stappen tegelijk te opti-
maliseren.
Wij kozen voor het gebruik van VLPs afgeleid van 
het hamsterpolyomavirus (HaPyV) als model 
vectoren voor het grootste deel van onze studies, 
omdat voorafgaande studies hebben laten zien 
dat deze deeltjes gemodificeerd kunnen worden 
zonder de vorming van VLPs te beïnvloeden [65–68]. 
Bovendien zijn deze deeltjes niet alleen geschikt 
als vectoren voor gentherapie, maar ook voor vac-
cinontwikkeling. HaPyV VLPs zijn goed in staat om 
vreemde epitopen op hun mantel te tonen om op 
deze manier sterke immuunreacties te induceren 
[67,69,70].
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Resultaten uit dit 
proefschrift
In de meeste protocollen voor de bereiding van 
E. coli S30 extract wordt de concentratie van het 
extract gebaseerd op het natte gewicht van de 
celpellet. Echter, latere stappen in het productie-
protocol introduceren variabiliteit, welke zorgt voor 
grote verschillen tussen partijen S30 extract. In 
hoofdstuk 3 laten we zien dat normalisatie van de 
totale eiwitconcentratie van het S30 extract na de 
productie en voor de celvrije expressie de variabi-
liteit tussen verschillende partijen S30 extracten 
sterk doet dalen. Dit zorgt er niet alleen maar voor 
dat verschillende studies, uitgevoerd met verschil-
lende partijen S30 extract, met elkaar vergeleken 
kunnen worden; ook stelt het ons in staat om ver-
schillende productieprotocollen van S30 extract 
met elkaar te vergelijken. Ten slotte vonden wij dat 
het eiwit β-galactosidase het beste tot expressie 
komt bij een S30 eiwitconcentratie van 3,4–4,8 
mg⁄ml in de celvrije expressiereactie.
In de in hoofdstuk 4 beschreven experimenten 
zoomden we in op de relatie tussen de opbrengst 
van prokaryotische celvrije expressie en de S30 ei-
witconcentratie in de reactie. We testten deze rela-
tie voor de expressie van verschillende eiwitten, en 
vonden dat ieder eiwit zijn eigen unieke S30 eiwit-
concentratie heeft waarbij de expressie optimaal 
is. Bovendien veranderde deze correlatie onder 
verschillende incubatietemperaturen, terwijl de in-
cubatietijd geen invloed had op deze correlatie. We 
observeerden een vergelijkbare afhankelijkheid 
met een commercieel verkrijgbaar prokaryotisch 
CFE systeem. We hebben ook geprobeerd om stabi-
liserende hulpstoffen aan de reactie toe te voegen 
met als doel hogere S30 eiwitconcentraties te kun-
nen gebruiken in de reactie, maar dit resulteerde 
niet in betere productie. Wel zagen we voordelige 
effecten na de toevoeging van DMSO bij subopti-
male S30 eiwitconcentraties. Ondanks dat er geen 
S30 eiwitconcentratie gevonden werd waarbij alle 
eiwitten optimaal tot expressie kwamen, gaf een 
concentratie van 5–6 mg⁄ml voor de meeste eiwit-

ten een redelijke productie. Uit deze studie blijkt 
dat de S30 eiwitconcentratie een belangrijke varia-
bele is die geoptimaliseerd moet worden voor ieder 
nieuw tot expressie te brengen eiwit.
Celvrije expressie is een goed alternatief voor de 
conventionele in vivo productie van eiwitten. In 
hoofdstuk 5 werd de celvrije expressie en vorming 
van HaPyV VLPs onderzocht onder verschillende 
omstandigheden. Bij deze omstandigheden zaten 
ook condities die in het verleden zijn gebruikt voor 
de in vitro vorming van polyomavirus VP1 VLPs na 
zuivering van VP1 uit bacteriën, en condities voor 
de celvrije expressie van andere VLPs die ook af-
hankelijk zijn van disulfide bruggen. Ondanks dat 
het manteleiwit VP1 werd geproduceerd met een 
opbrengst van 100 µg⁄ml of meer, zorgen geen 
van de geteste condities voor significante VLP 
vorming. Dit is een opvallend resultaat, aangezien 
we vonden dat VP1 wel gemakkelijk VLPs vormt 
binnen in bacteriën. Zelfs na zuivering waren de 
manteleiwitten niet in staat om VLPs te vormen on-
der normaal gesproken gunstige condities. Dit sug-
gereert dat de VP1 eiwitten irreversibel veranderd 
of verkeerd gesynthetiseerd zijn onder de in vitro 
condities. De verdere toevoeging van chaperonne-
eiwitten leidde niet tot een verhoogde assemblage-
efficiëntie. Deze resultaten suggereren dat celvrije 
expressie, naar de huidige inzichten, niet geschikt 
is voor de productie van polyomavirus VLPs. Bo-
vendien laten deze resultaten duidelijk zien dat er 
kritieke verschillen zijn tussen bacteriële en cel-
vrije expressie.
Zoals eerder omschreven is gerichte evolutie een 
goed alternatief voor het rationeel ontwerpen van 
nieuwe virale vectoren voor gentherapie. In hoofd-
stuk 6 leveren we het bewijs dat deze methode ge-
bruikt kan worden voor functionele selecties van 
polyomavirus VLPs als model genafgiftesysteem. 
Om de voordelen van verschillende polyomavirus-
soorten te combineren werden grote bibliotheken 
van hybride VP1 genen gemaakt door middel van 
DNA shuffling. Met behulp van deze techniek wa-
ren wij in staat om tot 6 verschillende polyomavirus 
VP1 genen te recombineren. Om de link tussen het 
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genotype en fenotype aan te tonen transfecteer-
den we 293TT cellen met twee typen plasmiden; de 
één coderend voor het wild-type VP1, en de andere 
voor een mutant. Na VLP zuivering analyseerden 
we het VP1 DNA in de fracties. Tijdens hun vorming 
omsloten de VLPs het beschikbare genetische ma-
teriaal binnen hetzelfde compartiment. We vonden 
een 10-voudige verrijking van het wild-type DNA na 
één enkele selectiestap. Deze data laten zien dat 
VLPs afgeleid van polyomavirussen in staat zijn 
om hun eigen coderend genetisch materiaal op te 
nemen na expressie in 293TT cellen, en dus ge-
bruikt kunnen worden voor gerichte evolutie.
Het kleine formaat en het lage intrinsieke contrast 
van VLPs maakt het moeilijk om hun gedrag in 
cellen en hun stabiliteit in biologische vloeistof-
fen te bestuderen met behulp van conventionele 
methoden. In hoofdstuk 7 werden twee alterna-
tieve methoden voor het bestuderen van VLPs 
onderzocht. Allereerst werd een kloneerbare tag 
van muis metallothioneine gebruikt, welke in staat 
is om ionen van zware metalen te binden wat het 
contrast voor transmissie-elektronenmicroscopie 
(TEM) verhoogt. Deze tag werd in lussen van VP1 
aan de buitenkant van de VLP gezet. Ondanks dat 
de tag de VP1 opbrengst na prokaryotische expres-
sie niet verlaagde, voorkwam deze tag de vorming 
van VLPs. Ten tweede werd een techniek genaamd 
nanoparticle tracking analysis (NTA) gebruikt 
voor de detectie van VLPs. Met behulp van een 
NanoSight instrument waren we in staat om de 
deeltjesgroottedistributie van VLPs te meten. 
Gebruikmakend van fluorescent-gelabelde VLPs 
konden we deze deeltjes in de aanwezigheid van 

bloedserum meten, wat onder normale omstandig-
heden de meting compleet overschaduwt.
Naast het gebruik voor gentherapie kunnen VLPs 
ook gebruikt worden voor vaccinatie. VLPs afge-
leid van polyomavirussen kunnen niet alleen als 
epitoop vaccin, maar ook als genetisch vaccin 
dienen. Beide strategieën zijn individueel in staat 
om een redelijke immuunrespons op te wekken, 
maar deze immuunresponsen zijn over het alge-
meen niet sterk genoeg om immuuntolerantie te 
doorbreken, wat vaak nodig is voor effectieve kan-
kerimmunotherapie. In hoofdstuk 8 worden de mo-
gelijkheden onderzocht om deze twee strategieën 
te combineren in één enkel deeltje, uitgaande van 
de hypothese dat gezamenlijke afgifte leidt tot een 
synergetisch effect. Zes verschillende epitopen 
gebaseerd op CD8+ en CD4+ epitopen van ovalbu-
mine werden ontworpen en in twee lussen van VP1 
aan de buitenkant van de VLPs gezet. De insertie 
in beide lussen voorkwam niet dat de VLPs vorm-
den. Ondanks dat de gevormde VLPs kleiner (20 
nm in diameter) waren dan wild-type VLPs, waren 
deze deeltjes in staat om een krachtige immuun-
respons op te wekken in een in vitro antigenpre-
sentatie assay. Ten slotte hebben we verschillende 
strategieën getest voor het laden van VLPs met 
plasmide DNA. We vonden dat de re-assemblage 
van de VLPs in de aanwezigheid van plasmide DNA 
geen significant betere bescherming biedt tegen 
nucleasen dan het samenvoegen van DNA met 
vooraf gevormde VLPs. Geen van beide strategieën 
resulteerde in een hogere transfectie-efficiëntie 
dan naakt plasmide DNA.
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