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This intense feeling of fascination and love for nature,
for life,

let us share it now that we are part of it,
and pass it on to those who will be,

when we are long gone.

“What a wonderful and amazing Scheme have we here
of the magnificent Vastness of the Universe!

So many Suns, so many Earths, and every one of them stocked
with so many Herbs, Trees and Animals,

and adorned with so many Seas and Mountains!
And how must our wonder and admiration be encreased

when we consider the prodigious distance and multitude of the Stars?”

Christiaan Huygens, Cosmotheoros, 1695
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1
INTRODUCTION

Life has evolved on Earth for more than three billion years, and today we are here to ad-
mire its extreme variety and beautiful complexity. The question: how did life originate?
is a most captivating one for humanity as it leaves plenty of room for imagination and
speculation. It can be subdivided in two parts: one concerns the specific environment
and molecules involved, in other words, the transition from non-living to living mat-
ter, or so to say from chemistry to biology. What molecules form the building blocks of
life, and what are the environmental conditions to sustain chemical reactions that can
create more complex macromolecules and interactions? This is the realm of prebiotic
chemistry, whereby an important concept is the notion of self-assembly. The second
part relates closely to the question what is life? Many different answers can be found in
literature and definitions can differ from person to person. A slightly different question
has emerged from the origins of life field: how would a cell that contains the minimal
and sufficient number of components to perform the basic functions of cellular life look
like? In this question, cellular life is defined as the capability to display the properties
of self-maintenance, reproduction and evolution [1]. The search will gradually reveal
an answer to the reduction of complexity of modern cells and will thus lead to the con-
struction of a minimal cell. However, the construction of such an elementary cell will
not necessarily teach us more about the origins of life, but it will provide fundamental
insights into the basic principles of life and their concerted functioning in a cell.

1.1. MINIMAL CELL
A minimal cell should display the same essential functions of a living cell, that are men-
tioned below [2]:
1. maintenance, replication and processing of information (evolution)
2. metabolism
3. energy production
4. maintenance of cell structure and growth
5. cell division

1
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How can we find such a minimal cell today? This question prompts us to investigate
our contemporary organisms that have very small genomes, as the concept of a min-
imal cell is closely related to the minimal-gene-set concept. The latter aims to derive
’the minimal set of genes that are necessary and sufficient to sustain a functioning cell
under ideal conditions, that is, in the presence of unlimited amounts of all essential nu-
trients and in the absence of any adverse factors, including competition’ [3]. Whereas
the smallest free-living bacteria is the Pelagibacter ubique bacteria (genome size 1.31 M
base pairs (bp)), parasitic bacteria are known to have even smaller genomes, as they lack
enzymes for the synthesis of some nutrients that they uptake from their environment.
Accepting that a minimal cell thrives in an environment where all essential nutrients are
available, the amount of functions that a cell has to perform is reduced with respect to
an organism that needs to metabolize basic resources into useful building blocks. For
example, amino acids and nucleotide triphosphates (NTPs) are considered nutrients, so
the corresponding synthesis pathways are not required. The smallest known free-living
parasite is the extracellular Mycoplasma bacteria, that lacks enzymes for the synthesis
of amino acids, purine and pyrimidine bases and for fatty acids. The genome size of My-
coplasma genitalium is 0.58 Mbp, roughly twice smaller than the Pelagibacter ubique and
six times smaller than Escherichia coli genome. Besides parasites, symbionts that form a
mutual beneficial relation with their host likewise possess reduced genomes. The small-
est archeabacterium is the Nanoarchaeum equitans, an obligate symbiont of the sulfur
reducing species Ignicoccus, with genome size of 0.49 Mbp and a diameter of only 400
nm [4]. Another example of a reduced symbiont genome is the Carsonella ruddii bac-
teria living in plant-louse that lost genes for cell envelope biogenesis and metabolism
of nucleotides and lipids. It has a circular genome of 0.16 Mbp encoding for 182 genes
of which 90% of open reading frames (ORF) overlap with at least one adjacent ORF [5].
These small organisms form the starting point for studies that aim to find a minimal
genome by the so called top-down approach inspired by comparative genomics as dis-
cussed in the next section.

1.1.1. COMPARATIVE GENOMICS
The idea of comparative genomics is to compare the protein sequences of, for example,
(two) different bacteria belonging to different ancient lineages, to find a conserved set
of genes that is thus essential for cellular function. The comparison of the 468 protein
genes from M. genitalium with the 1703 genes of the Haemophilus influenzae bacteria1

resulted in the finding of 240 genes that are orthogolous, leading finally to a theoreti-
cal set of 256 genes for a minimal genome [6] (Figure 1.1A). Importantly, a large fraction
of these genes is involved in ribosomal protein synthesis. The ribosome itself consists
already of around 50 proteins that stabilize the structure of the (3) RNA molecules that
perform the catalytic peptidyltransferase activity. One can also question how much a
minimal cell would resemble the hypothetical last common universal ancestor (LUCA),
where the three domains, bacteria, archea and eukarya all descend from. An attempt
to find the functional content of LUCA is to compare the complete set of proteins from
archea, bacteria and eukarya and find the protein families that occur in all of them [7].
The resulting full list of universal functions contained 246 unique biochemical functions

1These bacteria were the first ones to have their genome completely sequenced.
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Figure 1.1: Different approaches to create a minimal cell are discussed in literature. A) The outcome of the
comparative genomics analysis of M. genitalium and H. influenzae bacteria, adapted from [6]. B) Whole-
genome design and synthesis led to viable cells with a reduced genome (1079-kbp to 531-kbp) of the M. my-
coides, adapted from [9]. The genomes are displayed on the same scale, together with the gene functions of the
reduced genome. C) The biochemical approach identifies gene products necessary for the reconstitution of
reactions in a living cell. The processes derived from E. coli and its phages (transcription and DNA replication
processes) are visually displayed, inside a compartment.

(from 301 proteins) and is mostly composed of metabolic enzymes, transporters and
information processing elements. Later Gil et al. reduced the minimal set of protein-
coding genes necessary to maintain a functional bacterial cell to 206 genes [2]. This size
can hypothetically be further reduced to around 150 genes provided that nucleotides,
amino acids and other low molecular weight compounds are abundant in the surround-
ing medium and able to permeate into the cell, as suggested by Luisi [8]. As proposed
therein, one could try to further reduce the list of genes for a ’simple-ribosome2’ cell or
an extremely reduced cell of only 50 genes. The results of comparative genomics studies
remain hypothetical, but are helpful towards identifying essential or non-essential genes
in the process of reducing genomes of living organisms in the lab.

1.1.2. TOP-DOWN APPROACH TO A MINIMAL CELL
The top-down approach for the realization of a minimal cell aims at reducing the genome
of extant ’simple’ organisms by identifying and removing non-essential genes. Researchers
at the J. Craig Venter Institute applied this strategy successfully using global transposon
mutagenesis and identified 100 non-essential coding protein genes in the M. genital-
ium, resulting in a hypothetical viable organism with a genome of only 382 genes [10].
Interestingly, 28% of the proteins had an unknown function. Recently, the design and
synthesis of a minimal bacterial genome was taken to the next level by researchers from
the same institute. The 1079-kbp genome of Mycoplasma mycoides was reduced to 531
kbp (473 genes), a genome smaller than the natural M. genitalium [9] (Figure 1.1B). This
genome was built synthetically, starting with the chemical synthesis of oligonucleotides
followed by PCR-based assembly, error correction, PCR amplification, cloning and yeast
assembly. The whole genome was then successfully transplanted into cells of M. capri-

2The simple ribosome only consists of the RNA molecules that perform the catalytic function
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colum, a related Mycoplasma, by a method that for the first time allowed to change one
species of bacteria into another [11]. The expression and preservation of genome in-
formation alone required already 229 genes. Their main criticism of the comparative
genomic analysis performed in literature is that redundant genes for essential functions
are often scored as nonessential in these studies. It would be interesting to find out if
the proposed reduced genome of the smaller M. genitialium will also lead to a viable or-
ganism, now that the necessary techniques have been developed robustly. The acquired
knowledge of this research also paves the way to further engineer bacteria to perform
specific reactions such as producing medicines or fuels in the future.

1.1.3. BIOCHEMICAL, BOTTOM-UP, APPROACH
Besides the comparitive genomics and genome reduction approaches, there is a bio-
chemical approach to construct a minimal cell that has its root in biochemistry. This
approach aims to identify the gene products essential for the reconstitution of neces-
sary reactions in a living cell. The main advantage of this bottom-up synthetic biology
approach is that it enables the combination of genes from different organisms, prokary-
otes and eukaryotes, as well as viral genes. It is thus not restricted to the evolution of
one species, where redundant genes might still be essential because of interactions with
other proteins and the phenomenon of epistasis. This research can benefit from com-
parative genomics studies investigating the protein functions of LUCA [7]. The first pro-
posal for a minimal genome by the biochemical approach led to a genome consisting of
151 genes, of which 38 RNAs and 113 genes for proteins [12] (Figure 1.1C). In contrast
with earlier proposals based on reducing the genome of bacteria, they have chosen to
leave out membrane proteins and omitted enzymes for synthesizing lipids and glycol-
ysis substrates. The formation of membrane compartments is proposed to exist due to
the different nature of lipids alone and fission can be autocatalytic or triggered by exter-
nal mechanical forces.
One could also consider a truly bottom-up approach, starting off with only simple molecules
as in the origins of life scenario. In the realm of prebiotic chemistry, the chemical re-
actions that lead to the formation of the building blocks of life are investigated. This
all started with the famous 1953-Urey-Miller experiment, wherein by running electric
current through a gas (CH4, NH3, H2) and water (H2O), a mixture organic compounds,
including amino acids, were formed. The prebiotic reaction sequences that led to the
formation of ribonucleotides were only discovered less than a decade ago [13]. This was
an important milestone, as it is widely accepted that there was once an RNA world, a pe-
riod in the biosphere when both information storage and enzymatic activities were per-
formed by RNA molecules. The polymerization of ribonucleotides and the non-enzymatic
replication of RNA molecules [14–16], aided by peptides or inside fatty acid vesicles
[17, 18], describes the next step towards more complex systems. Koonin and colleagues
constructed a hypothesis that consists of plausible elementary steps towards the origin
of the translation system and the genetic code in the RNA world by means of natural se-
lection, exaptation3 and subfunctionalization [19]. The starting point for this scenario
is a replicating ensemble of selfish cooperators consisting of RNA molecules with var-
ious ribozyme activities. The holy grail in protocell and origins of life research is thus

3Exaptation means that a trait is evolved as by-product for some other function.
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to find a ribozyme polymerase that can copy other ribozymes and itself (a replicase),
as this provides a starting point for evolutionairy processes. Of great interest is the re-
cent work of Holliger’s group that describes the evolution and engineering of an RNA
polymerase ribozyme capable of transcribing another, hammerhead endonuclease, ri-
bozyme [20]. The further engineered ribozyme was capable of catalyzing synthesis of
an RNA sequence longer than itself [21], and could assemble from separate oligomers
(not longer than 30 nt) under iterative temperature cycling conditions [22]. The latter
finding is quite exciting as it bridges for the first time the conceptual gap from the pre-
biotic chemistry of short RNA oligomers to the enzymatic activity of complex replicating
ribozymes.
However, it is probably impossible to mimic the selective pressure that was present at
the early Earth giving rise to the first life. The bottom-up approach in the minimal cell
community is therefore based upon DNA, RNA and protein molecules, aided by the tools
of synthetic biology, rather than starting off with only simple building blocks.

1.2. LAB’S APPROACH TO CONSTRUCTING A MINIMAL CELL
The long-term goal of our lab is to construct a minimal cell using a bottom-up synthetic
biology approach. Our aim is to achieve the functions of self-maintenance, reproduc-
tion and evolution starting with an extant minimal gene expression system that is com-
partmentalized inside a container defined by a lipid boundary. The gene expression is
based upon the following core elements: DNA (heritable information), RNA (messenger)
and protein (enzyme function or structure). Gene expression is defined in this thesis as
the combination of the subsequent processes of transcription from DNA that generates
RNA molecules, and translation of the RNA molecules by the ribosome and co-factors
producing proteins. The flow of information from DNA to RNA to protein is generally
known as the central dogma of molecular biology. The machinery of these systems is
itself made of proteins and RNA, so if we want the cell to be an autonomous system, we
also need to incorporate all the information for the production of these constituents in
the cell. Our first -more ’modest’- goals are to expand the gene expression system with
the following modules: DNA replication, lipid biosynthesis and division (Figure 1.2A).
These processes must be coordinated in time inside cells, which is the motivation to also
design and implement genetic networks. To find suitable components and mechanisms
that can accomplish these tasks, we search for minimal systems of living cells such as
bacteria, but also viral strategies. Once these are defined, DNA templates are designed
for gene expression and we study the activity of the modules separately. Finally, all suc-
cessful models can be combined that will hopefully lead to a minimal cell.
We should never forget that constructing a minimal cell is an extremely daunting task,
and the realization should not be seen as the only successful achievement of this line
of research. An important result of the reduction of the Mycoplasma mycoides genome
was that 31% of the protein coding genes had an unknown function [9]. This provides
thus a great inspiration and starting point to unravel the functions of these proteins and
gain a better understanding of their necessity in living systems. Similarly, one can learn
from the bottom-up synthetic biology approach to the minimal cell can learn us for ex-
ample more about which proteins or conditions improve translation processes, consid-
ering we start out from a very minimal gene expression system. It provides a platform of
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Figure 1.2: Our approach towards constructing a minimal cell is based on expanding a gene expression system
with four modules: DNA replication, lipid biosynthesis, liposome division and genetic networks (A). The gene
expression system that we use as a platform is the PURE system (B) with its four main processes, adapted from
[23].

intermediate complexity in between single-molecule studies and in vivo studies, an en-
vironment in which protein functions can be studied alongside transcription-translation
reactions, or inside cell-sized compartments. Can the reactions that take place in living
cells be reproduced by enzymes expressed in the minimal gene expression environment?
If yes, we learn about the minimal requirements to achieve a particular function. If not,
this opens the door for new questions and their answers can provide insights for a better
fundamental understanding of the essential processes of life.

1.2.1. PURE SYSTEM PLATFORM
Our platform for gene expression is a cell-free system that is reconstituted from purified
components, termed ’protein synthesis using recombinant elements’ (PURE) system
[23, 24]. In general, a cell-free system consists of all cell components except the mem-
brane, other large macromolecules and genomic DNA. The problem with conventional
cell extracts is that only a fraction of all the components participates in the translation
reaction and that some constituents can even inhibit or degrade necessary molecules
for the desired processes. The PURE system consists only of these components that are
absolutely necessary for transcription and translation to occur. Each component in the
PURE system is purified separately from E. coli and reconstituted in a solution at known
concentrations. The exception is the RNA polymerase (RNAP), which is a single sub-
unit RNAP obtained from the T7 bacteriophage. The advantage of using this system
is the complete knowledge of all the components, which assures the controllability of
gene expression. Besides transcription and translation machinery, it contains enzymes
for energy regeneration and aminoacylation, as schematically depicted in Figure 1.2B .
There are two commercially available kits of the PURE system on the market: PUREfrex
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Figure 1.3: Liposomes are utilized as compartments for gene expression reactions. A) A liposome is a spher-
ical lipid bilayer vesicle, formed by amphiphilic lipid molecules consisting of a hydropilic, polar head-group
and a hydrophobic, nonpolar tail (image source: Avanti Lipids). B) Cross-sectional image of a vesicle contain-
ing a cell-free transcription-translation solution expressing a GFP variant (green color), obtained by confocal
laser scanning microscopy. A fluorescent lipophilic tracer was used to stain the membrane (red color). Figure
adapted from [25]. C) Cross-section of a single (left) and doublet (right) liposome expressing ® -hemolysin (a
membrane protein-pore) fused to GFP, adapted from [26].

(GeneFrontier) and PURExpress (New England Biolabs). Both systems originate from
the original PURE system developed by Prof. Ueda’s group from Japan [24], although the
full composition of the latter is not disclosed by the manufacturer. The PUREfrex system
comes in separate solutions for the feeding mix (containing the amino acids, nucleotides
and tRNAs), the enzyme mix and the ribosomes. None of these components have a His-
tag, thus it is possible to purify a product containing a His-tag after gene expression. Both
suppliers also provide modified PURE systems that for example lack initiation factors or
amino acids that can be added separately to the reaction solution.

The encapsulation of gene expression systems in a phospholipid vesicle to build
cell-like bioreactors (Figure 1.3) has been accomplished by several groups more than
a decade ago [25–27]. This has triggered research into gene expression inside lipid vesi-
cles that serves as a core architecture in constructing the minimal cell, which will be
discussed further throughout this thesis [28–30].

1.3. THESIS OUTLINE
This thesis contributes to the minimal cell project by first gaining a better quantitative
understanding of the transcription and translation processes in the minimal gene ex-
pression system and secondly by defining and investigating the DNA replication mod-
ule. Finally, we give here a brief outline of this thesis:
² Chapter 2 provides a quantitative understanding of the transcription and translation
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reactions in the PURE system, that is obtained by using two orthogonal fluorescence
labeling tools that report the amounts of mRNA and protein simultaneously and in real-
time. The Spinach RNA aptamer and its fluorogenic probe were used for mRNA detec-
tion, and a fluorescent protein was expressed that was detected as well. Applying this
dual-reporter assay to the analysis of transcript and protein production inside lipid vesi-
cles revealed that their levels are uncorrelated, most probably a consequence of the low-
copy number of some components in liposome-confined reactions.
² Chapter 3 reports on an improved Spinach reporter with enhanced fluorescence sig-
nal, which allows us to monitor transcription with unprecedented sensitivity over longer
time periods. We quantified gene expression kinetics in individual vesicles and found
that there are large differences between individual liposomes, corroborating our previ-
ous results. An interesting finding is that a subset of expressing liposomes produced
larger amounts of mRNA and/or proteins than measured in bulk experiments. This re-
search provides a valuable starting point to study factors that can enhance gene expres-
sion in bulk and in liposomes.
² Chapter 4 discusses several DNA replication candidates for the minimal cell. Bacterial
DNA replication as well as viral DNA replication systems and in vitro DNA amplification
systems are concisely reviewed. The aim of this chapter is to inform and provide ideas
for anyone interested in the topic of DNA replication in a minimal cell.
² Chapter 5 describes the investigation of the viral strategy to use RNA as an intermedi-
ate information carrier. Herein, we propose how a nucleic acid amplification cycle can
be coupled with transcription and translation processes. We report on the properties of
an intermediate species of this cycle, the DNA:RNA hybrid template, that can be tran-
scribed by the T7 RNAP, although with much lower efficiency than the double stranded
DNA.
² Chapter 6 presents the viral phi29 DNA replication system as a promising candidate
for the minimal cell. The replication activity of the four synthesized replication pro-
teins (DNA polymerase, terminal protein, single-stranded binding protein and double-
stranded binding protein) in the PURE system is confirmed. We show that the DNA that
encodes for these proteins is replicated, completing one round of the central dogma in
biology in a minimal gene expression system.
² Chapter 7 discusses the future outlook; from gene expression regulation, improving
conditions for the DNA replication reactions and studying collisions of enzymes on DNA
templates, to amplifying DNA molecules inside liposomes.
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2
TRACKING OF THE PROGRESSION

OF MRNA AND PROTEIN

SYNTHESIS IN BULK AND INSIDE

LIPID VESICLES

Compartmentalization of a cell-free gene expression system inside a self-assembled lipid
vesicle is envisioned as the simplest chassis for the construction of a minimal cell. Al-
though crucial for its realization, quantitative understanding of the dynamics of gene ex-
pression in bulk and liposome-confined reactions is scarce. Here, we used two orthog-
onal fluorescence labeling tools capable of reporting the amounts of mRNA and protein
produced in a reconstituted biosynthesis system simultaneously and in real-time. The
Spinach RNA aptamer and its fluorogenic probe were used for mRNA detection. Apply-
ing this dual-reporter assay to the analysis of transcript and protein production inside
lipid vesicles revealed that their levels are uncorrelated, most probably a consequence of
the low-copy number of some components in liposome-confined reactions. We believe that
the unveiled stochastic nature of gene expression should be apprehended as a design prin-
ciple for the assembly of a minimal cell.

This chapter has been published as Unbiased Tracking of the Progression of mRNA and Protein Synthesis
in Bulk and inside Lipid Vesicles, Pauline van Nies, Zohreh Nourian, Maurits Kok, Roeland van Wijk, Jonne
Moeskops, Ilja Westerlaken, Jos M. Poolman, Rienk Eelkema, Jan H. van Esch, Yutetsu Kuruma, Takuya Ueda,
and Christophe Danelon, ChemBioChem 2013, 14, 1963-1966.
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INSIDE LIPID VESICLES

2.1. INTRODUCTION
The assembly of a genetically controlled artificial cell model is arguably one of the most
challenging goals within the synthetic biology field. In recent developments, a mini-
mal chassis based on cell-free protein biosynthesis compartmentalized inside a self-
assembled lipid vesicle could be built up[1–6]. Yet, the dynamics of DNA transcrip-
tion and mRNA translation in liposomes is not understood, which impedes the realiza-
tion of a programmable elementary cell operating the expression of multiple genes. For
instance, the relationship between the amounts of synthesized mRNA and protein in
vesicle-confined reactions is not established.

By eliminating cellular support for gene expression, in vitro transcription and trans-
lation systems enable higher levels of control and manipulation for tailored protein pro-
duction [7–10]. Of particular relevance for the assembly of an elementary cell is the
PURE system, a minimal gene expression system reconstituted solely from purified con-
stituents for transcription, translation, aminoacylation and energy regeneration [11, 12].
The PURE system is made of well-defined elements with known concentrations and in-
tended functions, which provides a unique cell-free platform for reliable modeling and
mathematical description of the reaction dynamics.

However, many quantitative aspects underlying the dynamics of protein synthesis
from a DNA template remain poorly understood in cell-free bulk reactions and to a larger
extent in liposome-confined reactions. More insights would be gained if the progression
of the synthesis of mRNA, the key intermediate reactional product, and the output pro-
tein kinetics could be monitored simultaneously. Indeed, only if both mRNA and protein
production is observed in real-time can the precise individual steps of gene expression
be revealed [13]. While the newly synthesized proteins can be readily visualized by using
autofluorescent proteins, time series measurements of mRNA copy numbers ask for in-
direct and orthogonal labelling tools.

A number of fluorescent probes have been developed to detect mRNA in live cells
and in in vitro systems: GFP (green fluorescent protein)-tagged proteins that recognize
specific sites on the target RNA [14], hybridization probes including molecular beacon
[15, 16], and side-by-side probes [17, 18], and fluorogenic dyes that bind to an artificial
RNA motif, so-called aptamer [19–25]. Of particular relevance is a recently described
RNA aptamer that can recognize and activate a derivative of the GFP chromophore 4-
hydroxybenzylidene imidazolinone, the 3,5-difluoro-4-hydroxybenzylidene (DFHBI) [25].
Thanks to remarkable brightness and photostability of the corresponding RNA-dye com-
plex, named Spinach, endogenous RNA that was genetically tagged with the Spinach ap-
tamer sequence could be visualized in live cells[25–27]. Molecular beacon and side-by-
side oligonucleotide probes have recently been employed to measure the kinetics of syn-
thesized transcripts and proteins in the commercially available PURE system (PUREx-
press) and some important parameters for transcription-only [18] and coupled transcription-
translation reactions were determined [16]. However, the delay time introduced by probe
hybridization was not quantified, which may lead to erroneous estimations of the effec-
tive transcription rate constant. In particular molecular beacons are recognized to have
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Figure 2.1: Spinach-based fluorescence detection of mRNA in a cell-free transcription-translation system. A)
Schematic of the YFP-Spinach construct and aptamer-dye binding. B) Excitation and emission spectra of
Spinach complex and YFP obtained 4 h post-expression in bulk at 37 °C. Spinach spectra were measured with-
out ribosome in the presence of 20 ¹ M DFHBI, while YFP signal was collected in the absence of DFHBI.

slow binding rates [28]. Besides, the absence of adverse effects on the efficiency of the
transcription and translation reactions has yet to be demonstrated. Lastly, these RNA
probes are not membrane permeable limiting their utilization as a visualization method
in lipid vesicle-based systems.

Herein, we report on the use of Spinach as a superior mRNA labeling tool to dynam-
ically monitor the transcription and translation processes in the PUREfrex (GeneFron-
tier) for bulk reactions and liposome-based artificial cell models. The DNA template is
under the control of a T7 promoter and encodes for the Spinach sequence fused to the
3’-untranslated region, downstream of the coding sequence of the yellow fluorescent
protein (YFP) (Figure 2.1A). Hence, the levels of transcripts and output proteins can be
monitored through the fluorescence intensity of Spinach and YFP, respectively (Figure
2.1B).
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Figure 2.2: Simultaneous detection of mRNA and protein synthesis kinetics in bulk reactions. A, B) Simultane-
ous recording of the apparent kinetics of mRNA and protein production using real-time Spinach-based fluo-
rescence with 0.7 nM (bottom blue and green traces) or 7 nM (top blue and green traces) of the YFP-Spinach
construct. A) Appended symbols correspond to mRNA concentrations measured at different time points by
RNA gel analysis as shown in C). Error bars indicate SEM, n=3. B) Expanded view of the early phase of the
kinetics shown in A), which were fitted to the reaction model described in Section 2.2.2 (red lines). C) The ac-
tual kinetics of synthesized mRNA was measured by collecting a small fraction of the gene expressing solution
at different time points. The RNA gel shows stable amounts of 1.5 and 2.9-kb ribosomal RNA (rRNA) and in-
creasing levels of mRNA produced in the transcription (TX)-translation (TL) system PUREfrex. The right-most
lane corresponds to purified mRNA synthesized in a TX-only system, which was then used for quantification
by absorbance measurement and served as a reference for calibrating the concentration of mRNA produced in
the PUREfrex.

2.2. RESULTS AND DISCUSSION

2.2.1. DETERMINISTIC GENE EXPRESSION IN BULK REACTIONS
The profiles of synthesized mRNA and protein were simultaneously detected in bulk re-
actions in the presence of DFHBI (Figure 2.2A,B) at 9 s time resolution. We evaluated
a number of criteria that the Spinach-based detection method should satisfy to reliably
report on the dynamics of synthesized mRNA molecules.

First, we verified that DFHBI does not interfere with the transcription and translation
processes (Figure 2.3A,B). The amount of mRNA produced after 100 min, the kinetics
and final concentration of synthesized YFP, are identical in the absence or presence of 20
¹ M DFHBI, demonstrating that DFHBI has no adverse effects on the transcription and
translation reactions. In contrast to the non-interfering DFHBI molecule, the side-by-
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Figure 2.3: DFHBI does not interfere with the gene expression reactions in contrast to side-by-side probes that
caused detrimental effects. a) Concentration of mRNA in the absence or presence of 20 ¹ M DFHBI. The mRNA
was produced in the PUREfrex for 100 min using 7.0 nM YFP-Spinach and its concentration was quantified as
described above. The bars represent the average values of two independent experiments (symbols). b) Kinetics
of YFP synthesis in the absence (black traces) or presence (red traces) of 20 ¹ M DFHBI. DNA template was
7.0 nM YFP-Spinach. Two independent experiments are displayed for each condition. c) Apparent kinetics
of deGFP produced in the PURExpress in the presence of different side-by-side probe concentrations. DNA
template was 9.0 nM deGFP.

side probes showed a detrimental effect on protein expression in the PURExpress (Fig-
ure 2.3C). As we believe that this deleterious effect on translation and/or transcription
is independent of the probe-sequence (as they bind in the untranslated region), we did
not further investigate the side-by-side probes and favored the Spinach method for real-
time detection of synthesized mRNAs.

Second, we quantified the time delay between mRNA synthesis and Spinach fluores-
cence detection (Figure 2.4A). During the course of gene expression, DNaseI was added
to degrade the DNA templates. The observed residual increase of Spinach fluorescence
is due to combined effects of Spinach RNA folding, DFHBI binding and activation (Fig-
ure 2.4b). The associated Spinach maturation rate constant is 0.38 min-1, corresponding
to a delay time of 2.6 min. The delay time in protein dynamics due to YFP maturation
was previously determined in the PURExpress and a maturation rate constant of 0.046
min-1 was found [29].

Next, we demonstrated that the apparent kinetics of mRNA production monitored by
fluorescence is similar to that of the actual time-dependent increase of transcripts (Fig-
ure 2.2A,C). Only after 90 min a deviation is observed with higher transcript amounts
produced in test-tube versus cuvette (see Supporting Information for a discussion). Be-
sides, we found that mRNA is not significantly degraded (Figure 2.14).

Fluorescence intensity values were converted into concentrations of mRNAs (Figures
2.12,2.13) and YFPs (Figures 2.10,2.11) as described in detail in the Supporting Informa-
tion. Starting with 7 nM DNA, the mRNA and YFP accumulated within 1 h to concen-
trations of 0.35 ¹ M and 0.55 ¹ M, respectively, which corresponds to a stoichiometry
DNA:mRNA:protein = 1:50:79 (Figure 2.4C, Figure 2.6). A quantitative model of gene
expression was developed and used to extract the relevant reaction parameters of the
kinetics of synthesized transcripts and proteins.
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Figure 2.4: A Coarse-grained kinetic model of the transcription and translation reactions in the PURE system
depends on several parameters. A) The delay time between mRNA production and its detection was quantified
by measuring the residual increase of Spinach fluorescence upon YFP-spinach DNA degradation in order to
ascertain a stable amount of mRNA. The red line is a monoexponential fit to the fluorescence signal shown in
the dashed box, which gives an apparent maturation rate constant of 0.38 min-1 § 0.15 min-1 (n=4). [DNA] =
14 nM, [DFHBI] = 20 ¹ M. B) The main steps introducing a delay time between product synthesis and detection
are indicated. The Spinach RNA aptamer is shown as a brown hairpin and the complexed DFHBI fluorophore
as a blue circle. C) Actual concentrations of YFP versus mRNA as calculated by fitting the first 60 min of the
traces in 2.2A) and B) to the reaction kinetics model presented.

2.2.2. MODELING GENE EXPRESSION
Our model relies on Michaelis-Menten dynamics of the transcription and translation
reactions. This formalism has recently been used in three studies to quantify the pro-
gression of mRNA or/and protein production with E. coli cell extracts [30] or with the
PURExpress[16, 18]. Thus, it provides a good analysis framework for the reaction ki-
netics measured in the PUREfrex using Spinach-based fluorescence detection of mRNA
(Figure 2.4). In spite of the recent development of a model that encompasses the late
phase of gene expression where synthesis expires [16], we only focused our quantitative
analysis to the early phase of the production since it suffices to extract the main reac-
tion constants with only four unknown parameters. This means that the cessation of
expression due to resource consumption or enzyme inactivation was not captured in
our model. Besides, Spinach-based labeling reliably reports on the dynamics of mRNA
synthesis during the first 90 min of production (Figure 2.2a). The delay times for mRNA
and protein maturation were implemented in the model for unbiased characterization
of the catalytic rate constants of the transcription and translation reactions. The follow-
ing set of differential equations was used:

d
dt

[mRNA] ÆkT X ¢
[RNAP] ¢[DNA]
KT X Å [DNA]

¡ kmRNA
mat ¢[mRNA] (2.1)

d
dt

£
mRNA¤¤

ÆkmRNA
mat ¢[mRNA] (2.2)

d
dt

[YFP] ÆkTL ¢
[ETL] ¢([mRNA] Å [mRNA¤ ])
KTL Å ([mRNA] Å [mRNA¤ ])

¡ kYFP
mat ¢[YFP] (2.3)

d
dt

£
YFP¤¤

ÆkYFP
mat ¢[YFP] (2.4)

where [RNAP] is the total concentration of the T7 RNA polymerase, [ETL] is the total con-
centration of the translation machinery, kTX (kTL) and K TX (K TL) are the catalytic rate
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and Michaelis constants for transcription (translation), kmRNA
mat and kYFP

mat are the matura-
tion rate constants for mRNA and YFP, respectively. The star superscript indicates the
detected mature products.

Our model is built upon the following considerations:
² Transcription and translation reactions are uncoupled.
² No co-transcriptional folding of Spinach as the aptamer sequence is located in the 3’-
UTR.
² Only the full-length transcript serves as a template for YFP translation.
² The full-length mRNA can be translated regardless of the Spinach folding and DFHBI
occupancy states.
² All synthesized proteins are active.
² mRNA (Figure 2.14) and proteins are not degraded.
² Decrease of transcription or translation activity through depletion of resources or in-
activation is negligible within the first hour.
² Note that in the classical reaction scheme, where the complex is formed with a 1:1
stoichiometry of enzyme and substrate, Eq. 2.1 is only valid if [RNAP] + KTX ÇÇ [DNA].
However, this approximation is erroneous when using the PUREfrex as [RNAP] = 30 nM
and the DNA concentrations range from subnanomolar to 10 nM. Nonetheless, Eq. 2.1 is
suitable if one considers that the T7 promoter is always accessible, i.e. the mean time be-
tween two consecutive binding events is higher than the mean residence time of the T7
RNA polymerase onto the promoter sequence. In other words, we assume that [DNA]total
= [DNA]free. This is supported by a recent fluorescence-based analysis of the binding
events and transcription elongation of single T7 RNA polymerases with DNA molecules
[31]. Note that this reaction scheme is compatible with the fact that multiple T7 RNA
polymerases can bind a single DNA molecule in a noncooperative manner.
² In analogy to the above assumption for transcription, we consider that a single mRNA
molecule can be simultaneously processed by multiple ribosomes and that [mRNA]total
= [mRNA]free at any time. Here, we used [ETL] = 0.1 ¹ M, which was motivated by the fact
that the amount of translation complex is presumably limited by the lowest concentra-
tion of one of the necessary proteins, which is the concentration of the initiation factor
IF-1 in the PUREfrex [11].
² Contrary to previous studies, we explicitly introduced the delay time for mRNA matu-
ration that results from Spinach folding and subsequent DFHBI binding (Eq. 2.2). This
time has been experimentally measured (Figure 2.4a, main text) and was used as a fixed
parameter in our model (Table 2.1).
² The delay time for the detection of YFP was also implemented (Eq. 2.4). We assumed
that chromophore maturation was the rate-limiting step for YFP detection and a value
of 0.046 min-1, previously measured in the PURExpress [29], was used (Table 2.1).

We monitored apparent mRNA and YFP synthesis kinetics at 0.7 nM and 7 nM DNA con-
centrations. For every experiment, i.e. every pair of mRNA and YFP curves, the mRNA
synthesis kinetics was first fitted separately using Eq. 2.1 and 2.2. The extracted values
of kTX and K TX were then used as fixed parameters to fit YFP synthesis kinetics using
Eq. 2.3 and 2.4, upon which values for kTL and KTL were determined. The results are
summarized in Table 2.1.
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Fixed Parameters Free parameters SD
DNA 0.7 or 7.0 nM kTX 0.29 § 0.01 min-1, 5.6 NTP s-1

RNAP 30 nM KTX 2.4 § 0.7 nM
ETL 100 nM kTL 0.086 § 0.026 min-2, 0.44 aa s-1

kmRNA
mat 0.38 min-1 KTL 46 § 33 nM

kYFP
mat 0.046 min-1

Table 2.1: Analysis of mRNA and protein synthesis dynamics by model fitting. The values of the free parameters
correspond to averaged values obtained with 0.7 and 7 nM DNA for a total of five independent experiments.
Abbreviations: NTP, nucleotide triphosphate; aa, amino acids; SD, standard deviation.

The transcription rate constant is 0.29 min-1, equivalent to 5.6 NTP s-1. The transla-
tion rate constant is 0.086 min-1, equivalent to 0.44 amino acid s-1. The Michaelis con-
stants for transcription and translation are 2.4 nM and 46 nM, respectively.

Note that the kTL value based on the YFP concentration obtained by FCS is 0.032 § 0.01
min-1, corresponding to 0.16 aa s-1, with all other reaction parameters remaining the
same. All values fall into a reasonable range upon comparison with those reported in the
PURExpress [16, 18]. For direct comparison transcription and translation rate constants
were converted into rates by multiplying by [RNAP] and [ETL], respectively, giving a max-
imal transcription rate of 8.7 § 0.3 nM/min and an estimated maximal translation rate
of 8.6 § 2.6 nM/min. We also verified using a broad range of DNA concentrations that,
in the linear regime of mRNA synthesis (i.e. subsequent to the few minutes of time lag),
the profile of measured transcription rates was consistent with the Michaelis-Menten
kinetics (Figure 2.5). The data were fitted to the first term in the right-hand side of Eq.
2.1, which is justified since the production rates of total and mature mRNAs are the same
once the time lag is over (Figure 2.6a, c). Values of K TX = 1.8 § 0.2 nM and kTX = 0.27 §
0.01 min-1 (corresponding to a maximal transcription rate of 8.0 § 0.3 nM/min) were ob-
tained. These values are in good agreement with those determined by fitting the entire
initial phase using Eq.2.1 and 2.2.

Although the amount of transcripts increases in the first 1.5 h (Figure 2.2a), the YFP pro-
duction rate does not increase but reaches a steady slope after a few minutes starting
with 7.0 nM DNA (Figure 2.6b) and after around 40 min starting with 0.7 nM DNA (Fig-
ure 2.6d). At these time points, the mRNA concentration reached may already saturate
the translation machinery. The new transcripts are not readily translated into proteins,
which explains the differences in the DNA:mRNA:protein stoichiometry between the two
DNA concentrations, 1:189:287 at 0.7 nM DNA and 1:50:79 at 7 nM DNA after 1 h synthe-
sis. In Figure 2.4 we note that the protein to mRNA ratio is higher for 0.7 nM DNA than for
7 nM DNA, which points towards a more efficient translation at low DNA concentrations.

2.2.3. STOCHASTIC GENE EXPRESSION IN LIPOSOME-CONFINED REACTIONS
Next we sought to exploit the Spinach technology to visualize mRNA in protein synthe-
sizing liposomes. The PURE system enzymes and cofactors along with the YFP-Spinach
DNA template were compartmentalized inside surface-tethered vesicles as previously
described [6]. Gene expression was triggered by external supply of the feeding solution,
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Figure 2.5: Michaelis-Menten kinetics of transcription. Transcription rates were calculated by linearly fitting
the 3-20 min period of the apparent mRNA synthesis kinetics. The red curve is a fit to Eq. 2.1, where the term
for mRNA maturation is omitted.

Figure 2.6: Simulated traces of the different mRNA and YFP species based on the reaction parameters shown
in Table 2.1 and using 7 nM a), b) or 0.7 nM c), d) of DNA
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Figure 2.7: Vesicle-confined gene expression. A) Protein biosynthesis is compartmentalized inside surface-
immobilized liposomes and internal reactions are fueled by inwards diffusion of the necessary nutrients.
The fluorophore DFHBI was supplemented to the outside solution and lights up mRNA upon binding to the
Spinach aptamer. B) Fluorescence confocal images of liposomes (membrane dye, red), synthesized YFP (green)
and mRNA (Spinach, cyan). The YFP construct missing the Spinach sequence was used as a control. Bulk DNA
concentration was 30 nM. Scale bars are 5 ¹ m. C) 2D-intensity plot of YFP and Spinach signals inside indi-
vidual vesicles measured using the YFP-Spinach gene (intensity was corrected using the YFP construct as a
control, Figure 2.15).
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which contained the amino acids, nucleotide triphosphates and transfer RNAs along
with DFHBI 20 ¹ M. We used fluorescence confocal microscopy to analyze the amounts
of transcripts and YFPs generated in individual liposomes (Figure 2.7). Contrary to the
relationship observed in bulk reactions (Figure 2.2E) stemming from the deterministic
nature of gene expression, the level of output proteins does not scale with the amount
of mRNA in vesicles (Figure 2.7C). In analogy to our recent finding that the number of
encapsulated genes does not correlate with the yield of synthesized proteins [32], we
hypothesize that the low-copy number of some components of the translation (or as-
sociated reactions) introduces nonlinearity and vesicle-to-vesicle variability. Another
possible source of variability is the solute exchange efficiency due to differences in li-
posome size and lamellarity. The stochastic nature of mRNA and protein synthesis in
micrometer-sized reaction vessels is a feature of our system that resembles that observed
in living cells [33]. We postulate that such a property has to be apprehended as a design
principle for the construction of a minimal cell.

2.3. CONCLUSION

In conclusion, we have fused the recently described Spinach aptamer to the DNA se-
quence of the YFP and demonstrated simultaneous tracking of mRNA and protein syn-
thesis dynamics in a minimal gene expression system. We obtained quantitative in-
sights into the production rates in bulk reactions and validated the method for imag-
ing the levels of synthesized mRNA and proteins in vesicle-based artificial cell models.
For the first time, we showed that compartmentalization of gene expression inside cell-
sized vesicles leads to loss of correlation between the levels of synthesized mRNAs and
proteins. This stochastic effect can be attributed to the low-copy number of some con-
stituents of the translation process and is of primary importance toward the assembly of
a gene-based synthetic cell. Ongoing work includes sequence optimization of the linkers
flanking the Spinach sequence, the development of a complete model for gene expres-
sion dynamics – i.e. comprising the whole synthesis kinetics – in bulk and liposome-
compartmentalized reactions, and mRNA multi-color imaging of reconstituted gene reg-
ulatory networks [34–36]. We believe that implementing Spinach-based mRNA readout
can provide an additional level of control to tailor the rate and yield of protein produc-
tion in cell-free expression systems[37].

2.4. MATERIALS AND METHODS

DFHBI SYNTHESIS

General procedure. All solvents and reagents were obtained commercially from Acros,
Alfa Aesar, Fluka and Fluorochem. 1H-NMR measurements were performed on a Bruker
Avance-400 spectrometer (400 MHz). Chemical shifts are given in ppm (±) relative to
residual solvent peaks (CD3OD, 1H ± = 3.31). Coupling constants (J) are given in Hz.

DFHBI was synthesized using a modified literature procedure.
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Figure 2.8: DFHBI synthesis.

(Z)-2,6-difluoro-((2-methyl-5-oxooxazol-4(5H)-ylidene)methyl)phenylacetate (1).
3,5-difluoro-4-hydroxybenzaldehyde (2.00 g, 12.65 mmol) was dissolved in acetic anhy-
dride (15 mL) and heated to 140°C. After 2 h, sodium acetate (1.04 g, 12.65 mmol) and
N-acetylglycine (1.48 g, 12.65 mmol) were added. 1H-NMR showed complete consump-
tion of the starting materials upon which the reaction mixture was poured out in cold
ethanol (30 mL) and was stirred overnight. The solution was partially concentrated un-
der vacuum (ca. 15 mL) leading to the formation of a yellow precipitate. The precipitate
was filtered off and washed with cold ethanol (10 mL), hot water (10 mL) and heptane
(10 mL), and subsequently dried under vacuum at 40°C yielding compound 1 as a yellow
solid (1.62 g, 5.75 mmol, 45%). Spectroscopic data are in accordance with reported val-
ues [25].
1H-NMR (400 MHz, CD3OD) ± 7.92 (d, J = 4.0, 2H), 7.07 (s, 1H), 2.42 (s, 3H), 2.37 (s, 3H)

(Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-5(4H)-one
(DFHBI). Compound 1 (800 mg, 2.84 mmol) was dissolved in ethanol (16 mL). Potas-
sium carbonate (57 mg, 0.41 mmol) and 4-dimethylaminopyridine (DMAP, 17 mg, 0.14
mmol) were added while stirring. Note: we found the use of DMAP catalyst essential for
achieving high yields and a selective conversion. Methylamine (33% in EtOH, 0.82 mL)
was added and the reaction was heated to 100°C in a closed reflux setup. After 4 h the
reaction mixture was allowed to cool down and was poured out in water (25 mL). The
pH was adjusted to 3 using conc. HCl (aq.). A yellow precipitate was formed and filtered
off. The solids were washed with cold ethanol and dried under vacuum at 50°C yielding
yellow DFHBI (463 mg, 1.84 mmol, 76%). Spectroscopic data are in accordance with re-
ported values [25].
1H-NMR (400 MHz, CD3OD) ± 7.77 (d, J = 4.0, 2H), 6.89 (s, 1H), 3.18 (s, 3H), 2.40 (s, 3H).

DNA CONSTRUCT PREPARATION

The YFP-Spinach sequence, including the T7 promoter, RBS and leader sequences de-
rived from the pRSET_B vector containing the EYFP gene (Invitrogen), was synthesized
and cloned into the pMK_RQ vector using SFiI sites by Life Technologies. The linear DNA
template was then prepared by polymerase chain reaction (PCR). The DNA template en-
coding for the EYFP protein only, i.e. devoid of the Spinach sequence, was prepared from
the pRSET_B vector. The following forward and reverse primers (Biolegio) were used:
Forward primer YFP-Spinach/YFP:
5’- GCGAAATTAATACGACTCACTATAGGGAGACC-3’
Reverse primer YFP-Spinach:
5’- AAAAAACCCCTCAAGACCCGTTTAGAGG-3’
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Figure 2.9: YFP-Spinach DNA template. The control gene devoid of the Spinach sequence corresponds to the
same construct, where the sequence element into the dashed box is omitted.

Reverse primer YFP:
5’- TTCGCTATTACGCCAGATCCGGATATAGTTCC-3’

The sequence of the spinach with its two flanking linkers (underlined) is:
5’-CTAGCAGACGCAACTGAATGAAATGGTGAAGGACGGGTCCAGGTGTGGCTGCTTCG
GCAGTGCAGCTTGTTGAGTAGAGTGTGAGCTCCGTAACTAGTCGCGTCCTAGCA-3’

PCR reactions were performed with 10 ng of plasmid DNA as template, 1 Unit of Phusion
polymerase (Finnzymes) in HF buffer containing 0.2 mM dNTPs, 0.2 ¹ M forward and 0.2
¹ M reverse primers in a final volume of 50 ¹ L. The generated linear DNA fragment was
purified with the PCR Clean-up kit from Promega according to the manufacturer’s pro-
tocol. The purity of the DNA product was checked on a 0.9% agarose gel using 50 ng of
DNA and ethidium bromide staining. The 1-Kb Plus ladder from Invitrogen was used.

PURE SYSTEMS USED

The cell-free reaction solutions of PUREfrex were kindly provided by GeneFrontier Cor-
poration (Japan). The reaction solutions were initially separated into PUREfrex enzyme
mixture (T7 RNA polymerase, translation factors, energy recycling system, etc.), buffer
(feeding) mixture (amino acids, NTPs, tRNAs, etc.), and ribosome. In addition to PUREfrex,
the commercially available PURExpress (New England Biolabs) was also used. The con-
stituting enzymes are similar in both the PUREfrex and PURExpress, with the exception
that the enzymes in PUREfrex are devoid of the histidine tag that was utilized for purifi-
cation. Also note that the native composition of the PURE system has been modified by
the supplier, such that the concentrations of the constituents of the PURExpress are not
exactly known.

BULK REACTIONS AND KINETICS MEASUREMENTS

The following solution was prepared on ice and transferred in a 15-¹ L cuvette (Hellma): 1
¹ L of PUREfrex enzyme mix, 1 ¹ L of PUREfrex ribosome, 10 ¹ L of PUREfrex feeding mix,
10 or 100 ng of DNA template (unless otherwise indicated), 0.5 ¹ L of Superase inhibitor
(10 units final; SUPERase.In, Ambion), 1 ¹ L of DFHBI (20 ¹ M final concentration) and
the volume was adjusted to 20 ¹ L with nuclease-free water. The cuvette was mounted
in the temperature-controlled holder of a fluorescence spectrophotometer (Cary Eclipse
from Varian) held at 37°C and the fluorescence was recorded every 9 s using the following
excitation/emission wavelengths: Spinach, 460/502 nm; YFP, 515/528 nm. The cuvettes
need to be thoroughly cleaned immediately after each experiment to maximize data re-
producibility. Washing was done by successively filling the cuvette with Hellmanex 0.2%,
KOH 1 M, nuclease-free water, EtOH 100% for 1 min in a bath sonicator, applying three
washes with nuclease-free water in between the different reagent treatments.
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MRNA PURIFICATION AND GEL ANALYSIS

Conversion of the measured fluorescence intensity of the Spinach signal into a mRNA
concentration was done by calibrating the intensity of gel bands of mRNA produced
in the PUREfrex with reference mRNA of known concentration. The reference mRNA
was produced from the YFP-Spinach DNA (14 nM) in the RiboMAXTM Large Scale RNA
production kit (Promega) congruous with the recommended protocol. All RNA purifica-
tion was done with RNeasy MinElute Cleanup kit (Qiagen) following the manufacturer’s
protocol. RNA concentrations were determined using a Nanodrop (Thermo Scientific)
with absorbance measurements performed at 280 nm. After 1-h expression of the YFP-
Spinach template at 37 °C in the PUREfrex, DNaseI (0.5 ¹ L, 0.5 unit final; Promega) was
added, while monitoring the fluorescence intensity of Spinach in the spectrofluorome-
ter. After reaching a stable fluorescence signal the solution was collected for RNA purifi-
cation. RNA was imaged on a 1.2% agarose gel containing EtBr and the band intensities
were analyzed with ImageLab. mRNA production was alternatively studied by collecting
2-¹ L samples at 30 min intervals from a tube containing the PUREfrex reaction mixture
and 7.0 nM DNA of the YFP-Spinach construct (initial volume 50 ¹ L) at 37 °C. The sam-
ples were diluted 50-fold in RNase-free water and stored at -20 °C until further use. Fol-
lowing RNA purification, 6 ¹ L of the samples were imaged on a 1.2% agarose gel contain-
ing EtBr and the band intensities were subsequently analyzed with ImageLab. To correct
for variability between different samples stemming from the RNA purification procedure
and gel loading, the mRNA band intensities were normalized to the rRNA bands (1.5- or
2.9-kb bands).

LIPOSOME FORMATION, IMMOBILIZATION AND NUTRIENT SUPPLY

Surface-tethered lipid vesicles were prepared as previously described [6]. Briefly,
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Avanti Polar Lipids),
1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG, Avanti Polar
Lipids), N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-
3-phosphoethanolamine (TRITC-DHPE, Invitrogen), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG-biotin, Avanti
Polar Lipids), all dissolved in chloroform, were mixed at a molar ratio DOPC:DOPG:TRITC-
DHPE:DSPE-PEG-biotin = 80:20:0.5:0.1 and added to 212-300-¹ m glass beads (Sigma-
Aldrich) in a round-bottom glass flask at a mass ratio lipids:beads of 0.002:1. The sol-
vent was rotary-evaporated at about 400 mbar overnight. Approximately 10 ¹ L of newly
prepared lipid-coated beads were poured in a reaction tube and immersed in 11.5 ¹ L
swelling solution consisting of 11.5 ¹ L PUREfrex enzyme mix, 1 ¹ L PUREfrex ribosome,
8.5 ¹ L nuclease-free water, 0.5 ¹ L Superase inhibitor (10 units final) and 0.5 ¹ L linear
DNA template to reach a final bulk DNA concentration of 30 nM. Note that in our previ-
ous study the PURExpress system (New England Biolabs) was used [6]. Liposomes were
formed by swelling at 30°C for 2 h and were then subjected to four freeze-thaw cycles.
Next, 1 ¹ L of the liposome-containing solution was carefully harvested and immobilized
at the bottom of a poly(dimethylsiloxane) chamber bound onto a microscope coverslip
functionalized with BSA-biotin and neutravidin. Lastly, the surface-immobilized vesi-
cles were diluted with 5 ¹ L of the PUREfrex feeding mix and DFHBI (20 ¹ M final concen-
tration) and incubated at 37°C for about 3 h.
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FLUORESCENCE MICROSCOPY AND IMAGE ANALYSIS

A laser scanning confocal microscope (LSM710, Zeiss) equipped with a x40 oil immer-
sion objective was used with the following fluorescence excitation/emission wavelengths:
TRITC 543/557-797 nm, YFP 514/520-531 nm, and Spinach 458/461-520 nm. All mea-
surements were performed at room temperature (20 °C). Fluorescence images were an-
alyzed with the software ImageJ [38]. Single liposomes were localized and the Spinach
and YFP fluorescence intensities inside the lumen were measured. The contribution of
the YFP signal in the Spinach channel was determined with a control experiment using a
DNA construct coding for the YFP but lacking the Spinach sequence and intensity values
were corrected accordingly (Figure 2.15).

FLUORESCENCE CORRELATION SPECTROSCOPY

Calibration. Fluorescence correlation spectroscopy (FCS) measurements were performed
using the MicroTime200 laser scanning confocal microscope from PicoQuant equipped
with a x60 water-immersion objective (numerical aperture 1.2, Olympus UPlanSAPO).
The 485-nm laser line (beam width 4.2 mm), a 50 ¹ m pinhole and a band-pass emission
filter 542 § 25 nm (Semrock) were used. The laser was focused 20 ¹ m into the solution.
Calibration of the detection volume was performed with a solution of Alexa-488 (Invit-
rogen) of known concentration. Typically, a volume of 0.95 fL with waist wx y = 270 nm
and structure parameter k = 8.7 is obtained when fitting the measured autocorrelation
function with the following equation for free 3-D diffusion of Alexa-488:
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where N is the average number of fluorescent molecules in the detection volume, D is
the fluorophore diffusion coefficient, p is the fraction of molecules that occupy the triplet
state and ¿t is the triplet lifetime. Actually, the effective volume, Veff, was determined
without prior knowledge of its shape at G(¿=0) as Ve f f ÆN (NAC Alexa488), with NA the
Avogadro’s number and C Alexa488 a known concentration of Alexa-488 ranging from 0.5
to 10 nM. Note that afterpulsing effects were filtered out prior to calculating G(0) through
fluorescence lifetime correlation spectroscopy (FLCS) analysis. The FLCS algorithm was
systematically applied on all collected FCS data. The autocorrelation curve of Alexa-488
was fitted to Eq. 2.5 using ¿t = 3 ¹ s and D = 415 ¹ m2s-1 as fixed parameters [39] and
values for wxy and k were obtained.

YFP measurements. The YFP protein was produced from the YFP-Spinach DNA con-
struct with the PUREfrex or the PURExpress in bulk reactions for 4 h as described in
the bulk reactions section. The solution was diluted in the PURE buffer (50 mM HEPES,
100 mM potassium glutamate, 13 mM magnesium acetate, pH 7.6), supplemented with
0.05% Tween-20 to minimize depletion effects due to adsorption of YFP at the air-aqueous
solution interface. A 50¹ L droplet was deposited onto a clean glass coverslip. The auto-
correlation curves were fitted to Eq. 2.5 with the parameters w ¡ x y and k fixed to their
values obtained by calibration. The concentration of YFP was determined as:
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Figure 2.10: Fluorescence autocorrelation curves of a 300- or 1,800-fold diluted solution of YFP synthesized
in the PUREfrex a) or PURExpress b), respectively. The fits to Eq. 2.5 (red lines) and the fit residuals (bottom
graphs) are also shown.
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The actual concentration of synthesized YFP was then obtained after correcting for the
dilution factor. All measurements were performed at room temperature (20°C).

ABSORBANCE MEASUREMENTS

Absorbance of PURE samples was measured at an excitation wavelength of 515 nm using
a molar extinction coefficient of 83,400 M-1cm-1 for YFP [40] (NanoDrop 2000, Thermo
Scientific). The PURE system devoid of DNA (background) was used as the blank.

SIDE-BY-SIDE PROBES

We also investigated the side-by-side probes RNA labeling method to monitor mRNA
production in the PURE system. Adjacent hybridization sites for short 14-nt oligoprobes
with either a donor dye (Cy3) or an acceptor dye (Cy5) were designed in the 3’-UTR of a
deGFP construct (plasmid from V. Noireaux[41]), 25 nt after the stop codon and 27 nt be-
fore the T7-terminator. The donor probe, 5’-CAGCCAACUCAGCU-Cy3, and the acceptor
probe, Cy5-UCGGGCUUGUUAG-3’ (both 2’-O-methylated, Biolego) bind with a spacing
of 5 nt on the target sequence of the newly synthesized mRNA, bringing the fluorescence
pair in close proximity, which leads to a specific fluorescence resonance energy transfer
(FRET) signal.

2.4.1. SUPPLEMENTARY INFORMATION
DETERMINING THE CONCENTRATION OF SYNTHESIZED YFP
We first sought to measure the concentration of YFP produced with the PUREfrex us-
ing absorbance measurements. However, the amount of synthesized YFP was not high
enough to obtain reliable values. Therefore, we performed FCS measurements as sub-
nanomolar concentrations of fluorescent dyes can be detected. The autocorrelation
curve was fitted to Eq. 2.5 (Figure 2.10a). A YFP concentration of 0.41 ¹ M was found
(Table 2.2). Diffusion coefficient values are similar to that previously reported for the
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Figure 2.11: Calibration of YFP concentration generated with the PURExpress. Data from three independent
experiments are reported.

PURExpress PUREfrex
CYFP, diluted 0.79 § 0.05 nM 1.38 § 0.12 nM
CYFP, dilution-corrected 1.42 ¹ M 0.41 ¹ M
Diffusion coefficient 96 § 16 ¹ m2/s 93 § 20 ¹ m2/s
CYFP Absorbance 6.8 ¹ M N.D.
Triplet fraction 0.22 § 0.06 0.33 § 0.06

Table 2.2: The diffusion coefficients and triplet fraction parameters of YFP extracted from the FCS measure-
ments are also indicated. Triplet time was fixed to 25 ¹ s.

eGFP [39]. Because YFP is produced at larger amounts using the PURExpress, its con-
centration could also be measured by absorbance. The results of FCS and absorbance
measurements are summarized in Table 2.2. The YFP concentration value measured by
absorbance is 4.7-fold higher than the one determined by FCS (Table2.2). Although FCS
is a highly sensitive method, the possibility that YFPs are partly depleted to the water-air
interface cannot be excluded, which would lead to an underestimation of the concentra-
tion. Therefore, we opted for the absorbance measurements as a more reliable method
to perform the calibration curve for YFP concentrations.

Converting YFP fluorescence intensities into concentrations was realized by a linear
fit of the calibration curve shown in Figure 2.11. We found that 1 A.U. (fluorescence) cor-
responds to 8.5 nM and 0.64 nM YFP in the medium and high voltage settings, respec-
tively. As we want to determine the concentration of YFP synthesized in the PUREfrex
using the conversion coefficient obtained in the PURExpress, we had to verify that the
fluorescence properties of the YFP produced in either expression system are similar. To
this aim we ensured that the excitation and emission spectra are identical and remain
unchanged upon dilution (data not shown).

QUANTIFYING THE YIELD OF SYNTHESIZED MRNA
The fluorescence intensity of the Spinach signal was first corrected for non-specific sig-
nal arising from two contributions: the initial background from the free DFHBI molecules
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Figure 2.12: Time course of the YFP fluorescence (red trace) and corresponding cross-talk in the Spinach chan-
nel (gray trace). A concentration of 0.7 nM of the control YFP construct was used along with 20 ¹ M DFHBI.

and from the PURE system, and secondly the cross-talk of the produced YFP into the
Spinach channel. The first correction is done by subtracting the initial value of the
Spinach signal from the total signal. The leakage of the YFP signal in the Spinach channel
was determined by a control experiment, where the YFP construct lacking the Spinach
sequence was expressed in the presence of 20 ¹ M DFHBI as shown in Figure 2.12. We
find that 0.33% of the YFP signal contributes to the Spinach channel and therefore apply
this subtraction at each individual time point as a second correction.

The corrected fluorescence intensity units were converted into mRNA concentra-
tions by using a calibration curve with mRNA of known concentrations produced in an
in vitro transcription kit (Figure 2.13). The kinetics of mRNA synthesis in the PUREfrex
was monitored by spectrofluorometry. Transcription was stopped with the addition of
DNaseI and the stable fluorescence intensity was measured. The solution was harvested
and RNA was then purified and analyzed on gel (Figure 2.13a). The band intensity was
appended on the calibration curve and the mRNA concentration in the initial PUREfrex
solution was calculated Figure 2.13b). We found that 1 A.U. (fluorescence) corresponds
to 0.33 ¹ M and 0.025 ¹ M mRNA in the medium and high voltage settings, respectively
(averaged values over three independent experiments, standard deviation is 20% of the
mean).

A representative time series of mRNA amounts synthesized in the PUREfrex is shown
in Figure 2.2c in the main text and the corresponding mRNA concentrations were re-
ported in Figure 2.2a. The discrepancy between fluorescence-based and gel-based con-
centrations observed after 90 min makes it impossible to reliably assess the dynamics
of mRNA synthesis on longer time scales. We could exclude photobleaching of spinach
as the source of the kinetics flattening by measuring constant fluorescence signal over
several hours at fixed mRNA concentration (data not shown). One can invoke different
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Figure 2.13: Calibration of mRNA concentration. a) Reference mRNA was produced in a transcription (TX)-
only reaction, purified and gel analyzed as described in Section 1.5 (first four lanes). The last two lanes cor-
respond to the mRNA produced in the PUREfrex from the same DNA template (14 nM) and diluted at two
different dilution factors. The corresponding ribosomal RNA (rRNA) bands are also indicated. b) Calibration
curve plotted using reference mRNAs of known concentrations. The amount of mRNA synthesized in theP-
UREfrex was determined by reporting its gel band intensity onto the calibration curve.

reaction environments in cuvette versus test tube experiments as a plausible explana-
tion. Another is the instability of the Spinach conformation in the PURE system. Greater
stability may be obtained by optimizing the sequence of the Spinach-flanking regions to
avoid the possible formation of interfering secondary structures.

MRNA IS NOT SIGNIFICANTLY DEGRADED

Two studies reported contradicting results regarding mRNA degradation in the com-
mercial PURExpress system. In the first one, a negligible degradation rate was indi-
rectly obtained by model fitting the dynamics of transcript and protein synthesis [16].
In the second, qRT-PCR and FRET signal derived from the hybridization of side-by-side
oligonucleotide probes onto target mRNA were jointly employed to show that mRNA
degradation occurred at a rate 10-fold higher than was found in the previous study [18].
We examined mRNA stability in the PUREfrex reaction mixture by using pre-synthesized
mRNA of known concentration. The solution was incubated at 37°C and 2-¹ L samples
were harvested every 30 min for RNA purification and gel analysis. The mRNA band in-
tensities, normalized at every time point to that of the corresponding 1.5-kb rRNA for
correcting differences in gel loading, demonstrate that the transcript is not significantly
degraded within the first 3 h of expression (Figure 2.14). This result is in agreement with
the study of Stögbauer et al. [16] where a degradation rate constant of 7.8 x 10-4 min-1

was determined by model fitting. However, this contrasts with the work of Niederholt-
meyer et al.[18], in which a value of 8.5 x 10-3 min-1 was measured. The profiles of mRNA
levels expected from these two studies are reported in Figure 2.14b for comparison.

LIPOSOME-CONFINED REACTIONS

Molecular diffusion across the lipid bilayer. The possible mechanisms for membrane
permeability, including nutrient uptake and leakage of entrapped components, have
been experimentally addressed and extensively discussed in our previous studies.
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INSIDE LIPID VESICLES

Figure 2.14: a) RNA gel showing presynthesized mRNA (from the YFP-Spinach DNA) used as a template in a
translation (TL) reaction performed with the PUREfrex for different time periods. The ribosomal RNA (rRNA)
bands were used for normalization. The right-most lane shows the purified mRNA presynthesized in a tran-
scription (TX)-only reaction. b) Quantification of the amount of presynthesized mRNA normalized to that of
time zero and to the band intensity of the 1.5-kb rRNA at the corresponding time point. The purple and red
traces correspond to the profiles of mRNA levels as found by Stögbauer et al.[16] and Niederholtmeyer et al.
[18], respectively.

Figure 2.15: Uncorrected two-dimensional intensity plot of YFP and Spinach fluorescence inside individual
liposomes. Each point represents the mean fluorescence intensities from a single vesicle. The YFP-Spinach
(black circles) or the YFP (red circles) construct was used at a concentration of 30 nM. The dashed line is a
linear fit to the data obtained with the YFP gene.
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Cross-talk correction. The percentage of YFP signal leaking to the Spinach channel was
quantified using the YFP gene by linearly fitting the data (dashed line, Figure 2.15) and
a value of 8.7% was obtained. The Spinach signal measured in each liposome using the
YFP-Spinach construct was then corrected for cross-talk of the YFP fluorescence (Figure
2.7c, main text) as follows:

I Spinach
corrected ÆI Spinach

measured ¡ I YFP
measured £ 0.087 (2.7)
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3
IMPROVED SPINACH-BASED

TRANSCRIPTION-TRANSLATION

DUAL REPORTER

With rising interest in utilizing cell-free gene expression systems in bottom-up synthetic bi-
ology projects, novel labeling tools need to be developed to accurately report the dynamics
and performance of the biosynthesis machinery operating in various reaction conditions.
Monitoring the transcription activity has been simplified by the Spinach technology, an
RNA aptamer that emits fluorescence upon binding to a small organic dye. Recently, we
tracked the fluorescence of Spinach-tagged messenger RNA (mRNA) and its translation
product the yellow fluorescent protein (YFP), both synthesized in the PURE (Protein syn-
thesis Using Recombinant Elements) system from a DNA template. Building on our previ-
ous study, we describe in the first part of this chapter an improved Spinach reporter with
modified flanking sequences that confer higher propensity for aptamer folding and thus
enhanced fluorescence brightness. Hence, the kinetics of mRNA and YFP production could
be simultaneously monitored with unprecedented sensitivity. In the second part of this
chapter, we demonstrate that the new Spinach construct greatly enhances mRNA detec-
tion when gene expression is confined inside self-assembled lipid vesicles. This allowed us
to quantify gene expression in individual liposomes for the first five hours from time lapse
images obtained with confocal microscopy. We find that there are large differences in gene
expression kinetics between individual liposomes, corroborating the conclusion from our
previous study. Additionally, we find that a subset of expressing liposomes produces more
mRNA and/or YFP than measured in bulk experiments. Further improvements to enhance
gene expression in liposomes are discussed.

Parts of this chapter have been published as Monitoring mRNA and Protein Levels in Bulk and in Model Vesicle-
Based Artificial Cells, Pauline van Nies, Alicia Soler Canton, Zohreh Nourian, Christophe Danelon, Methods in
Enzymology, Volume 550:187-214, 2015
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Figure 3.1: Schematic overview of our two-reporter assay for mRNA and protein levels in bulk (microtubes or
cuvettes) and in liposome-confined gene expression reactions. The Spinach technology consisting of an RNA
aptamer sequence that binds and turn the chromophore DFHBI into a fluorescent state was used to monitor
transcription activity.

3.1. INTRODUCTION
In our previous study, we expressed Spinach [1], an RNA aptamer that forms a fluores-
cent complex upon binding with DFHBI, to monitor transcription activity in a cell-free
expression system [2]. We noticed that the Spinach fluorescence signal consistently re-
ports the kinetics of RNA production only during the first 90 min and then it deviates to
give underestimated intensity values, a result we attributed to suboptimal folding sta-
bility of the aptamer at 37 °C. Here, we sought to design a new Spinach reporter with
improved folding in cell-free gene expression systems in order to reliably monitor the
complete transcription dynamics in real-time.

Recently, a second generation of Spinach with improved brightness [3] and of GFP-
like fluorophores with tailored spectral properties [4] have been developed, further ex-
panding the toolbox of the Spinach technology. Additionally, Spinach can be fused to
aptamers that bind to specific metabolites, which in turn modulates the Spinach fluo-
rescence [5, 6].

Herein, we report on a variant of Spinach with modified flanking sequences that con-
fer improved stability resulting in enhanced brightness in bulk and liposome-confined
reactions. We characterize the Spinach fluorescence and validate its use in combina-
tion with a fluorescent protein reporter for quantitative monitoring of transcription and
translation activities.

3.2. CONSTRUCT DESIGN AND CHARACTERIZATION OF IMPROVED

SPINACH FLUORESCENCE IN THE PURE SYSTEM
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Figure 3.2: Schematic representation of the two DNA constructs primarily used in this study. Their main fea-
tures and regulatory elements are depicted. The new construct mYFP-LL-Spinach has been designed based on
our previously described YFP-Spinach gene [2]. The abbreviation RBS stands for ribosome binding site.

DESIGN OF NEW SPINACH CONSTRUCT

In our previous construct, denoted YFP-Spinach, the Spinach was flanked with 6-nucleotide
sequences, i.e. six nucleotides after the translation stop codon and six nucleotides be-
fore the transcription termination sequence (Figure 3.2). In the new construct, named
mYFP-LL-Spinach, the 6-nucleotide linker upstream of Spinach was extended to 36 nu-
cleotides with the intention to minimize possible interference between aptamer folding
and ribosome activity. Three cloning sites were introduced into this linker, of which the
EcoRV and the SmaXI are also present in the 18-nucleotide linker downstream of Spinach
(Figure 3.2). The palindromic nature of the EcoRV restriction site enables a partial hy-
bridization of the new flanking regions as shown using the Mfold Web Server [7], thus
extending and stabilizing the stem-I structure of the Spinach aptamer. The mYFP se-
quence was derived from the pRSETB-YFP plasmid with two modifications: the A206K
mutation was introduced to generate a monomeric variant of YFP and the fusion linker
was deleted (Figure 3.2). Both YFP-Spinach and mYFP-LL-Spinach genes were cloned
into the pmK_RQ vector using SfiI sites by Life Technologies. The linear DNA templates
used for gene expression were prepared by polymerase chain reaction (PCR) (Phusion
polymerase, Finnzymes) with primers 5’-GCGAAATTAATACGACTCACTATAGGGAGACC-
3’ (forward primer YFP-Spinach) or 5’-GAATTGAAGGAAGGCCGTCAAG-3’ (forward primer
mYFP-LL-Spinach), and 5’-AAAAAACCCCTCAAGACCCGTTTAGAGG-3’ (reverse primer
for both constructs). The construct mYFP lacking the LL-Spinach domain was produced
by removing the Spinach sequence with SmaI. The corresponding linear DNA template
was generated by PCR using the same forward and reverse primers used for the mYFP-
LL-Spinach.

CHARACTERIZATION OF NEW SPINACH FLUORESCENCE

The characterization of the mYFP-LL-Spinach was carried out by the same methods as
described in the previous chapter. Before performing kinetics measurements, we con-
firmed that fluorescence excitation and emission spectra of Spinach were similar for the
YFP-Spinach and mYFP-LL-Spinach transcripts (Figure 3.3A and [2]). Next, we examined
the time courses of Spinach fluorescence arising from transcription of the YFP-Spinach
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Figure 3.3: (A) Fluorescence excitation (dashed lines) and emission (solid lines) spectra of LL-Spinach (blue)
and mYFP (green) measured in the PUREfrex expressing the mYFP-LL-Spinach gene. The LL-Spinach spectra
were measured in the PUREfrex ¢ R, that is devoid of ribosome, in the presence of 20 ¹ M DFHBI. The mYFP
spectra were collected in the PUREfrex without DFHBI. The arrowheads depict the excitation and emission
wavelengths used for kinetics measurements. (B) Fluorescence intensity profiles of Spinach produced from
the mYFP-LL-Spinach (dark blue) or YFP-Spinach (light blue) construct. (C) Apparent kinetics of mYFP (dark
green) and YFP (light green) synthesis monitored simultaneously as in (B). (B, C) DNA concentration for both
genes was 7.4 nM. (D) Plots of LL-Spinach fluorescence versus time using the mYFP-LL-Spinach (dark blue)
or mYFP (light blue) construct. (E) Apparent kinetics of mYFP produced from the mYFP-LL-Spinach (dark
green) or mYFP (light green) construct and monitored simultaneously as in (D). (D, E) DNA concentration for
both genes was 0.74 nM. (F) Progression of Spinach fluorescence versus time in a PUREfrex ¢ R (dark blue)
or PUREfrex (light blue) reaction starting from 11.7 nM of the mYFP-LL-Spinach DNA. The arrowheads on the
right axis point to the final intensity values used for calculating the conversion factor between fluorescence a.u.
and mRNA concentration. (G) Apparent kinetics of mYFP synthesis in a PUREfrex ¢ R (dark green) or PUREfrex
(light green) reaction monitored simultaneously as in (F). (F, G) The arrow at around 100 min indicates the
addition of DNaseI to stop transcription. (D, F) Concentrations of mRNA were calculated using a conversion
factor of 10 nM / a.u. (E, G) Concentrations of mYFP were calculated using a conversion factor of 0.33 nM /
a.u.
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and mYFP-LL-Spinach constructs (Figure 3.3B). Strikingly, transcription of the mYFP-
LL-Spinach DNA leads to 8-fold higher Spinach fluorescence intensity (at 7.4 nM DNA
after 3 h) compared to that with the YFP-Spinach construct. Moreover, the signal from
the mYFP-LL-Spinach template increases for 7 h (not shown). In contrast, the fluores-
cence arising from transcription of the YFP-Spinach gene levels off after about 90 min
Figure 3.3B), which is premature given the linear increase of mRNA amount observed on
gel (Figure 2.2 [2]). Compared to tRNA scaffold-stabilized Spinach [8], our LL-Spinach is
shorter, reducing consumption of NTPs.

Factors that could affect the Spinach fluorescence intensity and dynamics in transcription-
translation reactions include aptamer misfolding due to thermal instability at 37°C in
the PURE system and interference of the translation process with folding. We consider
unlikely a change in the photochemical properties of Spinach (molar extinction coeffi-
cient or quantum yield) [3]. Note that the excitation and emission spectra of Spinach
and LL-Spinach coincide (Figure 3.3A). The possible influence of translating ribosomes
on Spinach fluorescence can be examined by monitoring transcription activity in the
presence (+R) or in the absence (¢ R) of ribosomes. The apparent kinetics of mRNA syn-
thesis is the same whether the transcript is translated or not (Figure 3.3F), indicating that
translation does not affect the folding propensity of LL-Spinach. Furthermore, a change
of DNA concentration from 0.74 nM to 7.4 nM was accompanied by a 2.5-fold increase
of the transcription rate (compare Figure 3.3B withFigure 3.3D).

We also investigated the influence of the insertion of the Spinach tag dowsntream
the YFP coding sequence of the mRNA on the translation activity. Two interfering mech-
anisms could be envisaged: First, the larger depletion of ATP and GTP upon transcription
of the longer mYFP-LL-Spinach gene compared to that with the mYFP template may lead
to a shortening of the protein synthesis duration since ATP and GTP are also consumed
during tRNA aminoacylation and translation, respectively. Second, the global folding
of mRNA can differ in the presence of LL-Spinach, which may alter the rate of transla-
tion despite the helicase activity of the ribosome. The results indicate that the appar-
ent kinetics of protein synthesis and the final concentrations are nearly identical for the
mYFP-LL-Spinach and mYFP genes (Figure 3.3E), consistent with a neutral effect of the
Spinach reporter on the yield and cessation time of protein production. We had already
verified in the previous study that the DFHBI chromophore does not interfere with tran-
scription and translation reactions, and that the crosstalk of the mYFP fluorescence in
the Spinach channel is negligible (0.3%) compared the improved Spinach fluorescence
signal (Figure 2.12 [2]). Thus, Spinach labeling of mRNA is orthogonal to the essential
reactions occurring in the PURE system and can be used in conjunction to fluorescent
protein reporters for unbiased detection of the gene expression dynamics.

IMPROVED FOLDING TIME OF SPINACH APTAMER

We suspected that changing the nucleotide sequences upstream and downstream the
Spinach could influence the folding time and thus the time delay between messenger
production and Spinach fluorescence detection. This time delay can be decomposed
into three consecutive events: the aptamer folding, the binding of DFHBI and the flu-
orescence emission, the latter occurring at a shorter time scale than the earlier two. To
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investigate the lag time, DNase can be added to a running PUREfrex reaction to imme-
diately stop further mRNA production and the residual increase of the LL-Spinach fluo-
rescence is monitored, similar to the experiment in Figure 2.4. It is important to inject
the DNase while the Spinach intensity is linearly increasing and has reached sufficiently
high signal-to-noise ratio for accurate measurement. The characteristic time of the in-
crease in the remaining signal corresponds to the time delay defined above. We found
that upon DNase injection the signal levels off instantaneously given our 30-s temporal
resolution, resulting to a time delay estimate Ç 1 min. This value is significantly lower
than the 2.6 min delay found using the YFP-Spinach construct [2]. This result suggests
that Spinach folding is the rate-limiting step for fluorescence detection, not the aptamer-
DFHBI binding, which was anticipated since DFHBI is present in large excess.

QUANTIFYING THE LEVELS OF MRNA
The quantitation of gene expression requires to convert arbitrary fluorescence intensity
values into absolute mRNA and protein concentrations. In our previous study, we had
quantified the mRNA concentration by gel analysis, which is complemented in this study
by real-time quantitative PCR (RT-qPCR). The work-flow starts with a transcription only
or coupled transcription-translation experiments conducted in the absence (¢ R) or in
the presence (+R) of ribosomes, respectively (Figure 3.3F). After about 100 min mRNA
production is stopped by adding DNase while the fluorescence signal is continuously
monitored. The end-point fluorescence intensity is determined as the mean value of the
Spinach signal during the last 10 min. Then, the reaction solution is harvested for further
quantification using RNA gel and real-time quantitative PCR (RT-qPCR) analysis.

GEL ANALYSIS OF MRNA CONCENTRATION

Two to six microliters of purified RNA samples were loaded on a 1.2% agarose gel con-
taining EtBr and a voltage of 90 V was applied for 1.5 h. The gel was then imaged and the
band intensities were analyzed using the ImageLab software (Figure 3.4A). A calibration
curve was generated by plotting the measured band intensity values of purified RNA (ref-
erence RNA) against their predetermined amounts. The standard curve is then used to
calculate the concentration of mRNA produced in the PURE system (Figure 3.4B). Com-
paring the mRNA band intensity in +R and ¢ R expression conditions, we noticed that
a lower amount is detected in the presence of ribosomal RNA (rRNA) (Figure 3.4A, B),
suggesting an rRNA-dependent loss of messenger during purification (though we paid
attention that the purification column was not overloaded with total RNA) or less effi-
cient migration through the gel. Therefore, PUREfrex ¢ R produced mRNA samples only
were used for quantification. A conversion factor corresponding to 10.0 § 2.1 nM mRNA
per fluorescence a.u. was obtained by plotting the mRNA band intensity onto the cali-
bration curve and normalizing the end-point fluorescence intensity measured with the
spectrofluorometer.

REAL-TIME QUANTITATIVE PCR ANALYSIS

Absolute quantification of RNA samples can also be performed by RT-qPCR. We used the
Eco Real-Time PCR System from Illumina. Three microliters of PUREfrex ¢ R produced
mRNA were harvested from a PURE system reaction treated with DNaseI, diluted 100-
fold in RNase-free water and stored at -80°C until used. No purification is needed. The
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Figure 3.4: Quantification of mRNA synthesis in PURE system reactions starting from 7.4 nM of the mYFP-LL-
Spinach DNA template. (A) RNA samples loaded on an agarose gel. The band intensities of mRNA produced
in a PUREfrex reaction (Fig. 4F) with (+R) or without ribosome (¢ R) were compared to reference RNA samples
of known concentrations. The 1.5- and 2.9-kb ribosomal RNA bands are visible in the +R reaction condition.
(B) Calibration curve plotted as the measured band intensities of reference RNA samples versus their prede-
termined concentrations (circles). The mRNA band intensities of the PUREfrex samples shown in (A) were
appended on the calibration curve (diamonds), after which the amount of synthesized transcript can be de-
termined. (C) Reference RNA samples were analyzed by RT-qPCR and their Cq values plotted as a function of
concentration. The obtained standard curve has a typical equation of y = -1.479ln(x) + 16.723; R2 = 0.998. The
measured Cq values of diluted samples from PUREfrex ¢ R reactions were appended on the calibration curve
and their concentrations were determined. Two samples of 10-fold different dilution factors are displayed.
(D) Calibration curve consisting of Spinach fluorescence intensities measured for different concentrations of
reference RNA solutions. The slope gives a conversion factor of 4.1 nM / a.u. (E) Time series gel analysis of
mRNA produced in a PUREfrex ¢ R reaction. The band intensities were compared with that of a reference RNA
(right-most lane). (F) The dynamics of transcription was reconstructed by plotted the concentrations of mRNA
as determined in (E) at different time points. Error bars indicate SEM, n = 3. For comparison the apparent ki-
netics obtained by monitoring the Spinach fluorescence in real-time is overlaid. The blue curve is the mean of
three independent measurements and the gray shaded area denotes the min and max deviation.
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samples were further diluted and 1 ¹ L was added in 10 ¹ L of RT-qPCR reactions cor-
responding to a final dilution factor of 105 or 106. The Power SYBR Green RNA-to-CT
1-Step kit (Applied Biosystems) was used according to the supplier’s recommended pro-
tocol. Primers were designed to amplify a 267-bp long region of the mYFP gene. The
forward (5’-CACCTACGGCAAGCTGACC-3’) and reverse (5’-TTCAGCTCGATGCGGTTC-
3’) primers (Biolego) were used at 100 nM each. Prior mixing with the Power SYBR Green
RNA-to-CT 1-Step kit, the reverse primer was incubated with the target RNA for 5 min at
65 °C and left for 10 min at room temperature. Reaction samples of 10 ¹ L were loaded on
a microplate (Eco Sample Dock, Illumina) and spun down for about 10 sec at 3,000-4,000
rpm (Eppendorf 5810R centrifuge). Each sample was analyzed in triplicate. Concentra-
tions of mRNA were determined using a standard curve generated by serial dilution in
autoclaved milliQ water of reference RNA at final concentrations ranging from 0.33 pM
to 27.5 pM (five points, each in triplicate) (Figure 3.4C). A total number of seven indepen-
dent samples (gene expression reactions performed separately) were analyzed leading to
a conversion factor of 9.0 § 5.2 nM (mean § standard deviation) of mRNA per fluores-
cence a.u., in close agreement with the value extracted from gel analysis.

MRNA QUANTIFICATION FROM SPINACH FLUORESCENCE OF REFERENCE RNA
Reference RNA samples were diluted at different factors in the PURE system buffer (50
mM HEPES, 100 mM potassium glutamate, 13 mM magnesium acetate, pH 7.6), heated
for 5 min at 65 °C and the solutions were allowed to cool down to room temperature
in the presence of DFHBI. The Spinach fluorescence intensity of each sample was mea-
sured at 37°C with the spectrofluorometer and its value plotted as a function of the cor-
responding RNA concentration (Figure 3.4D). The obtained calibration curve served to
determine the concentration of mRNA synthesized in the PUREfrex, for which the end-
point Spinach fluorescence signal was measured (Figure 3.3F). A value of 4.1 nM mRNA
per fluorescence a.u. was found, which is markedly lower than the conversion coefficient
obtained with the gel and RT-qPCR methods. Though the exact reason of this discrep-
ancy remains to be clarified, it is likely that the folding propensity of Spinach, and thus
the fluorescence intensity, differs whether the mRNA is gradually produced in situ, i.e. in
the PUREfrex reaction, or is presynthesized and subsequently exposed to DFHBI. There-
fore, we recommend to opt for the RNA gel and RT-qPCR as more reliable methods since
the Spinach signal is also measured in the PUREfrex.

QUANTIFYING THE LEVELS OF PROTEIN

We have quantified the mYFP concentration by fluorescence correlation spectroscopy
and absorbance measurements (Figure 3.5A and B), essentially following the procedures
as described in Chapter 2 [2]. In this study, we decided to use the conversion factor calcu-
lated from FCS measurements, 0.33 nM / a.u., for further quantitative analysis of mYFP
kinetics. This choice is motivated by two facts: First, in contrast to our previous work
[2], the mYFP contains the mutation that makes the protein stable in the monomeric
form, which is more suitable for FCS quantification. Second, FCS measurements can
directly be performed in diluted PUREfrex, whereas absorbance measurements require
the substitution of the expression system for the PURExpress. The higher FCS conver-
sion factor means that we actually detect three times more fluorescent YFP molecules
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Figure 3.5: Quantification of YFP concentration and maturation time. (A) Fluorescence autocorrelation curve
of a 50-fold diluted solution of mYFP synthesized in the PUREfrex and analyzed by FCS. The fit to Eq. 1 (red line)
and the fit residual (bottom graph) are shown. (B) Quantification of PURExpress-synthesized mYFP concen-
tration by absorbance measurements. The mYFP fluorescence intensity measured on the spectrofluorometer
was plotted against the concentration determined by absorbance. The slope gives a conversion factor of 1.01
nM / a.u. (C) The maturation time of mYFP was experimentally measured by adding 3 ¹ L of the translation
inhibitor chloramphenicol (arrow). The residual increase in fluorescence was fitted with a monoexponential
function (black curve), giving a maturation time of 20 min.

with this method compared to the absorbance measurements, suggesting that the lat-
ter method is less sensitive. Though we have not tried to apply FCS to quantify Spinach
concentration, the technique is potentially of interest. However, the additional binding
dynamics of DFHBI within the detection volume and the yet unknown triplet lifetime of
spinach will complicate the interpretation of the autocorrelation curve.

3.2.1. QUANTITATIVE ANALYSIS OF MRNA AND PROTEIN CONCENTRATION
VERSUS TIME

Having determined the conversion factors between fluorescence intensity values and
absolute concentrations of synthesized mRNA and YFP, one can quantitatively analyze
the transcription and translation reactions. A complete quantitative understanding of
the gene expression dynamics would require further mathematical modeling and com-
puter simulations, but these studies are not within the scope of the work presented here.
The sensitivity of the two-reporter system can be assessed by calculating the lowest con-
centration of LL-Spinach and mYFP measured by spectrofluorometry. The lowest de-
tected concentration of mRNA was calculated as two times the standard deviation of
the LL-Spinach fluorescence signal collected within the first 20 min of expression after
applying a baseline correction to eliminate the contribution of the rising average com-
ponent of the signal. A value of 10 nM mRNA was obtained. The lowest detected concen-
tration of mYFP was estimated as 2.3 nM using the same approach, except that a 20-min
window taken in the linearly rising phase of the kinetics was used to compute the stan-
dard deviation. To verify that the apparent kinetics reported by Spinach fluorescence
reflects the actual profile of mRNA synthesis, it is essential to quantify on RNA gel the
amount of transcript produced at different time points in PUREfrex ¢ R reactions. The
mYFP-LL-Spinach DNA template was used. Two microliter samples were collected at
30-min intervals, diluted 50-fold in RNase-free water, purified and gel analyzed accord-
ing to the protocol described in sections 3.2 and 3.3. The fluorescence and gel-based
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kinetics are nearly identical over the full time window covered (Figure 3.4F), thus vali-
dating the use of the LL-Spinach tag as a reliable reporter for mRNA synthesis dynamics.
Given that the fluorescence emission signal of mYFP is not instantaneous upon synthe-
sis owing to folding and chromophore maturation, experiments to determine the time
delay between mYFP production and its fluorescence detection were performed. We
supplemented the PUREfrex reaction operating in the linear protein production regime
with chloramphenicol (260 ¹ g / ml final concentration), a translation inhibitor, and mea-
sured the residual increase of mYFP fluorescence (Figure 3.5C). Fitting the fluorescence
signal to a first-order (mono-exponential) kinetic equation led to a time delay of 20 min,
corresponding to a maturation time of the mYFP chromophore of 0.05 min-1 (Figure
3.5C). This value is similar to that previously determined in the PURExpress with a dif-
ferent method [9]. Importantly, the actual kinetics of protein synthesis can now be re-
constructed from the measured apparent kinetics accounting for 20 min time delay [2].
The final amount of produced YFP and mYFP is between 0.4 and 0.5 ¹ M (Figure 3.3C and
E), assuming all the synthesized proteins emit fluorescence. This concentration is about
20-fold lower than the theoretically achievable production of 10.7 ¹ M calculated using
an initial concentration of 0.3 mM for each amino acid [10]. The low yield of protein syn-
thesis contrasts with the more efficient production of mRNA that reaches the maximum
theoretical concentration of 3.3 ¹ M after approximately 7 h reaction when starting with
7.4 nM of DNA template. In this calculation, the initial concentration of CTP and UTP
(1 mM) was used, since they are not involved in translation-associated processes. This
good agreement indicates that CTP and UTP depletion by reacting with the nucleoside
diphosphate kinase for regenerating ATP and GTP is negligible. Together these results
indicate that only a small fraction of transcript is translated, which should definitely be
taken into account for further improvement of the PURE system efficiency.

3.2.2. DFHBI-1T INCREASES SPINACH FLUORESCENCE IN THE PURE SYS-
TEM

We have tested the utilization of the DFHBI-1T (DFHBI with a 1,1,1-trifluoroethyl sub-
stituent) molecule, by comparing the fluorescence of Spinach complexed with DFHBI, or
DFHBI-1T when mYFP-LL-Spinach is expressed from a pooled PUREfrex ¢ R system. We
find that the Spinach complex with the DFHBI-1T molecule is indeed more fluorescent
than with the DFHBI molecule, by a factor 1.5 (data not shown). The optimal excitation
and emission wavelengths measured in the PURE system for the DFHBI-1T are 470 nm
and 505 nm, respectively (Figure 3.6). Even at the optimal wavelengths of the DFHBI
molecule, 460 nm for the excitation and 502 nm for the emission, the DFHBI-1T fluo-
rescence is measured to be 1.37 times higher. We note that the optimal excitation wave-
length in the PURE system buffer differs slightly from the reported maximal excitation
wavelength, 482 nm, of the DFHBI-1T [4]. However, when using the optimal excitation
and emission wavelengths for the DFHBI-1T, the possible crosstalk with the YFP protein
increases, which will give a contribution of 1.6% of the maximum fluorescence signal
of the YFP measured at its optimal wavelengths (¸ exc =514 nm and ¸ em=528 nm). One
should take this cross-talk into account when quantifying RNA levels using DFHBI-1T in
fluorescence kinetics measurements.
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Figure 3.6: Excitation (dashed) and emission (solid) spectra of the Spinach in complex with DFHBI (light blue)
or DFHBI-1T (black), the latter being slight red-shifted. The spectra of YFP (green) and Texas Red (red), the dye
that colors the liposome membranes, are also displayed.

3.2.3. IMPROVING GENE EXPRESSION BY GENE-OPTIMIZING MYFP-LL-SPINACH
DNA

The degeneracy in the genetic code, where one amino acids can be coded by different
triplet sequences, varies from organism to organism. The origin of the green fluorescent
protein, and its many engineered variants, is the jellyfish Aequoria Victoria [11]. The
PURE system contains a tRNA mix from the E.coli organism1 and its tRNA abundance
and condon usage is thus not optimized for the expression of jellyfish genes. Nowa-
days, the construction of nucleic acid sequences is customized which allows a great
flexibility in gene design for optimal protein expression [12]. We have therefore cho-
sen to investigate if a gene-optimized version of the mYFP-LL-Spinach could improve
gene expression in the PURE system. We have opted for the gene-optimization proce-
dure and construction by the company Eurogentec. The sequence optimization is per-
formed from the START till the STOP codon and involves improving the codon usage to
the host expression system and avoiding secondary structures in the RNA, among others
(not all processes are disclosed by the company). We term this gene the mYFPgo-LL-
Spinach. Expression in the PURE system results in a final yield of YFP synthesis that
is 1.5 times higher for the gene optimized mYFPgo-LL-Spinach compared to mYFP-LL-
Spinach, and the Spinach fluorescence is increased around 2.5-fold (Figure 3.7). Inter-
estingly, although the Spinach sequence did not change, the fluorescence of the Spinach
complex improves when optimizing the sequence of only the YFP gene. This suggests
that intramolecular RNA interactions affect the folding or stability of the Spinach ap-
tamer.

1E. coli strain MRE 600
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Figure 3.7: The gene optimized mYFPgo-LL-Spinach produces higher Spinach and YFP fluorescence when
expressed in the PURE system compared to that with the mYFP-LL-Spinach construct (expressed at 37 °C).

3.3. QUANTIFYING GENE EXPRESSION INSIDE SEMIPERMEABLE

LIPOSOMES
In this research, we report on gene expression kinetics of the optimized construct in-
side liposomes. We perform a quantitative analysis that allows us to monitor actual
concentrations of produced RNA and proteins inside liposomes and compare these val-
ues with bulk measurements. New insights of these results will be discussed. The re-
cently established protocol to trigger biosynthesis of proteins inside surface-tethered
lipid vesicles as described in [2, 13, 14] was used to detect gene expression of the mYFP-
LL-Spinach and its variants. In short, the protocol is based on gentle re-hydration of a
lipid film (Figure 3.8). This method is compatible with a diversity of natural and syn-
thetic lipids, and it is oil-free. The vesicle membrane can be equipped with a number
of functionalities, such as biotin-PEG lipids (PEG Æpoly(ethylene glycol)) for liposome
immobilization on neutravidin-coated surfaces and TRITC-conjugated lipids (TRITC =
N-(6-tetramethylrhodaminethiocarbamoyl)) for membrane localization using fluores-
cence imaging. Moreover, the lipid composition can be tailored to tune the bilayer phase
transition temperature or to regulate membrane permeability as a response to osmotic
stress. The preparation of lipid-film coated beads, liposome formation and encapsula-
tion of the PURE system, surface functionalization, liposome immobilization and trig-
gering of gene expression we refer to the protocol in Chapter 2 and in [15]. The follow-
ing lipid compositions (approximate mole %) are used for DMPC/DMPG vesicles: 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 80%), 1,2-dimyristoyl-sn-glycero-3-
phospho-(1’-rac-glycerol) (DMPG, 20%), N-(6-tetramethylrhodaminethiocarbamoyl)-1,2-
dihexadecanoyl-sn-glycero-3-phospho-ethanolamine (TRITC-DHPE, 0.5%) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] (DSPE-PEG-
biotin, 0.5%). Alternatively, a different lipid mixture was used for DOPC/DOPG vesi-
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Figure 3.8: Fluorescence imaging of liposomes. (A) Phase contrast micrographs of lipid film swelling from
glass bead surfaces (top). The tethered tubular liposomes eventually detach from the glass surface and remain
trapped within the bead cavities (bottom) until the bead stack is gently disassembled for liposome harvesting.
Adapted from [13]. (B) Fluorescence confocal images of surface-tethered liposomes (dioleoyl phospholipids,
composition 2) post expression of the mYFP-LL-Spinach gene. The vesicle membrane (red) is localized using
TRITC-labeled phospholipids. Scale bar is 5 ¹ m. (C) Fluorescence intensity profiles of the TRITC, Spinach and
mYFP signals measured along the line defined between the two arrows on (B). Color coding is the same as in
(B).
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cles containing 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 80%), 1,2-dioleoyl-
sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (DOPG, 20%), TRITC-DHPE (0.5%)
and DSPE-PEG-biotin (0.5%). All lipids were purchased from Avanti Polar Lipids except
for TRITC-DHPE, which was from Invitrogen.

Compared with the YFP-Spinach construct, imaging of synthesized mRNA inside
liposomes was greatly enhanced using the LL-Spinach as shown by the high fluores-
cence intensity measured in transcriptionally active vesicles (Figure 3.8B, C). Similar im-
provement was observed with both dimyristoyl- or dioleoyl-containing lipid composi-
tions. For the remaining liposome experiments described in this chapter, we have uti-
lized an YFPgo-LL-Spinach template to investigate gene expression kinetics in a quan-
titative manner. This construct has the same sequence as the described mYFPgo-LL-
Spinach, but it lacks the A206K mutation. Without this mutation the YFP has the ten-
dency to form dimers instead of monomers, which we suspect will be beneficial to retain
the synthesized protein inside the vesicles. The mutation does not change the spectral
properties of the YFP.

3.3.1. GENE EXPRESSION KINETICS
Kinetics of gene expression of the YFPgo-LL-Spinach in the PUREfrex system encapsu-
lated inside liposomes were measured with time-lapse fluorescence confocal microscopy,
as displayed in Figure 3.9. We are interested in the question: How does gene expression
in liposomes differ from gene expression in bulk? The fundamental dissimilarities be-
tween the batch-mode and vesicle-confined reaction include:
1) the lipid vesicle is a semi-open system. Indeed, small molecules are expected to
diffuse through the semi-permeable membrane. This includes uptake of feeding com-
pounds and removal of waste products.
2) The encapsulation of components and the formation of liposomes are stochastic pro-
cesses and therefore the initial conditions in each liposome are different.
3) Reaction components are exposed to surface to surface effects.
4) Confinement effects play a role in femtoliter reaction volumes.

CALIBRATION OF YFP AND SPINACH SIGNAL IN CONFOCAL MICROSCOPY MEASUREMENTS

To investigate this question quantitatively, we converted the arbitrary intensity values of
the YFP and Spinach channels in the confocal microscopy experiments into concentra-
tions. The fluorescence intensity of PURE system samples containing either Spinach or
YFP fluorescence at different levels were first measured in the spectrofluorometer and
subsequently with the fixed excitation and emission settings of the confocal microscopy
set-up. The resulting calibration curve is displayed in Figure 3.10. Assuming the fluores-
cence intensity increases linearly with concentration over the whole range of the micro-
scope (with exception of threshold and saturated values of intensity), the linear fit of the
points in Figure 3.10 is used as an intermediate conversion. This results for the Spinach
fluorescence in a first conversion formula:

Ispectr ometer Æ4.9(§ 0.3) ¢Imi cr oscope ¡ 1.6 ¢102 ¡
§ 0.4 ¢102¢

(3.1)
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Figure 3.9: Liposomes containing PUREfrex expressing Spinach and YFP, imaged at six different time points.
t = 0 is defined at the start of the image acquisition, 12 min after triggering gene expression. The liposome
membrane is visible in red, the lumen shows the expression of Spinach (dark blue) and YFP (green). Raw data
has been adjusted with ImageJ to enhance visibility. The image shown is only a small part of the total imaged
field of view. The number of liposomes increases over time due to the fact that liposome immobilization is not
perfect but gradual and vesicles still reach the glass surface during the measurement time.

and for the YFP we found:

Ispectr ometer Æ17.2(§ 0.2) ¢Imi cr oscope ¡ 3.3 ¢102 ¡
§ 0.8 ¢102¢

(3.2)

The spectrofluorometer units are converted to concentrations as described in the sec-
tions 3.2 and 3.2. The arbitrary Spinach fluorescence units are converted into concen-
trations by the same method as described in section 3.2. A conversion factor of 3.9 § 0.9
nM mRNA per fluorescence a.u. was found for the (m)YFPgo-LL-Spinach construct. Al-
though the maximum fluorescent signal of the Spinach complex is higher here than for
the mYFP-LL-Spinach (see also Figure 3.7), the conversion factor is decreased and the
theoretical maximum concentration of 3.3 ¹ M RNA is indeed not exceeded in Figure 3.7.
Since the spectral properties of YFP and mYFP are identical, the 0.33 nM / a.u. is appli-
cable (as found in section 3.2). Combining these conversion factors with Equation 3.1
and Equation 3.2 results in the conversion formulas from arbitrary fluorescence units on
the microscope to mRNA and YFP concentrations:

[mRN A] Æ19.1(§ 5) ¢Imi cr oscope ¡ 6.2 ¢102 ¡
§ 2 ¢102¢

(3.3)
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Figure 3.10: Calibration curves of the Spinach (A) and YFP (B) signals of the microscope versus the spectrofluo-
rometer. The linear fits are shown by Equation 3.1 and Equation 3.2 respectively . This calibration is performed
at the lower intensity ends of the range of the microscopy, and we have used this to cover the whole range.

Figure 3.11: Apparent kinetics of gene expression of the YFPgo-LL-Spinach template in the PURE system en-
capsulated in liposomes (N=50). Each line corresponds to one liposome. The superimposed black lines resp-
resent the mean of the curves, and is typical to bulk concentrations.

[Y F P ] Æ5.7(§ 0.7) ¢Imi cr oscope ¡ 1.1 ¢102 ¡
§ 0.3 ¢102¢

(3.4)

Applying these conversion formulas to the gene expression kinetics of 50 individual
liposomes of Figure 3.9, results in Figure 3.11.The production of mRNA slows down af-
ter approximately four hours, while the YFP concentration reaches a plateau after 2.5 h.
Important to note is that the start of mRNA and protein production is synchronous for
all liposomes, an indication that gene expression is triggered at the same moment by
this experimental approach. Both mRNA and protein expression kinetics have a broad
spread in the concentration curves, indicating a high vesicle-to-vesicle variability. In
Figure 3.12A the amount of protein produced per mRNA (the ratio of apparent YFP con-
centration and Spinach concentration) is plotted for the analyzed vesicles. An upper
bound of approximately two proteins per mRNA is found. The broad distribution of this
ratio indicates the existence of vesicles with low mRNA and high protein concentrations,
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Figure 3.12: The graphical representation of the relation between mRNA and YFP concentration in individual
liposomes shows a high liposome-to-liposome variability. A) YFP concentration divided by the mRNA concen-
tration from the liposomes analyzed in Figure 3.11. B) scatter plot of YFP versus mRNA concentration, where
each point corresponds to a specific time-point in an individual liposome. Color changes from blue to yellow
with increasing time.

and vice versa. When plotting the mRNA concentration against the protein concentra-
tion for each time point (Figure 3.12B), these two categories of expressing vesicles are
clearly visible.

A characteristic feature of protein expression is the time window in which expression
takes place before it ceases and reaches a plateau. Among the different definitions one
can use for determining and comparing this characteristic time, we chose to fit the data
with a sigmoidal fit of the response curve typically used in synthetic biology [16]:

C (t ) Æk0Å k
t n

t n Å K n (3.5)

where n is a measurement of the steepness, k0 a measurement of the start height, k the
predicted final protein yield and K a measurement of delay for the tipping point in the
curve. Given that the time lag for YFP signal due to chromophore maturation is fixed
(ca. 20 min), an indication for the translation lifespan (duration of gene expression) is a
relation of the delay time K and the steepness of the curve (determined by n). We defined
this duration as the time up to the moment the tangent of the curve in point K crosses
the value of the plateau yield, leading to Tpl ateau Æ2 ¢K

n Å K (see Section 3.5 for detailed
explanation). In Figure 3.13A, a histogram of the plateau times Tpl ateau for the kinetic
YFP curves from Figure3.11 was plotted. As a comparison, the Tpl ateau delay time of the
bulk kinetic curves in Figure 3.7 is 130§ 28 min. Remarkable is the broad spread in delay
times, indicating that individual vesicles have different expression behaviours. The most
extreme case are five vesicles that do not reach a plateau during the 5-h measurement;
their kinetic curves are highlighted in Figure 3.13B. Close-ups of these vesicles are shown
in Figure 3.14. Visual inspection of these vesciles do not reveal any particular feature that
could explain long-term expression; most vesicles in Figure 3.9 are also fused to other
membranes.
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Figure 3.13: Expression time of the YFP varies between liposomes. A) Histogram (counts) of the plateau times
Tpl ateau of the YFP kinetic curves shown in Figure 3.11. Plateau times are determined as in Section 3.5. Plateau
times higher than 300 min are left out of this histogram (see Figure 3.16 as they do not represent an actual
experimentally measured plateau time. B) Some of the kinetic curves that do not reach a plateau during the
time of measurement are highlighted in black.

Figure 3.14: Close-ups of five liposomes that did not reach a plateau of YFP expression after five hours. The
corresponding kinetics were highlighted in Figure 3.13B. The liposomes of interest are in the center of the
images showing YFP expression (green). The scale bar equals 5 ¹ m.
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3.4. DISCUSSION
We reported in this chapter on the enhanced Spinach fluorescence owing to improved
folding of the LL-Spinach sequence. The LL-Spinach fluorescence signal enables reliable
and real-time monitoring of mRNA production in gene expression reactions. Our studies
on gene expression kinetics of the YFPgo-LL-Spinach in the PURE system encapsulated
inside lipid vesicles led to the following interesting observations:
² There is a significant vesicle-to-vesicle variability in gene expression.
² Average kinetic curves are similar to bulk expression.
² Some vesicles produce significantly higher amounts of protein compared to bulk reac-
tions.

3.4.1. POSSIBLE ORIGINS OF VESICLE-TO-VESICLE VARIABILITY IN GENE EX-
PRESSION

Gene expressing liposomes exhibit large signal disparities for both LL-Spinach and YFP
reporters, reflecting intrinsic heterogeneity in the levels of synthesized mRNA and pro-
tein. We showed previously that the vesicle-to-vesicle variability in YFP fluorescence
intensity is correlated neither with the amount of encapsulated DNA templates [14] nor
with the mRNA level [2]. This feature is not specific to the natural-swelling method of
forming liposomes, as significant variability in protein expression between individual
liposomes formed by a water-in-oil emulsion method is likewise reported in literature
[17]. In this research, giant liposomes containing the PURE system were formed by a
spontaneous transfer of water-in-oil microdroplets through an oil/water interface and
fluorescent protein kinetics were monitored. The results showed that variability emerges
at both transcription and translation steps. Investigation of gene expression noise of two
proteins expressed by the PURE system in liposomes formed by the water-in-oil emul-
sion transfer method, led to the conclusion that these artificial microreactors contain
less correlated noise but similar levels of uncorrelated noise as bacterial cells [18]. The
authors found that the in the range of 1-50 fl the mean concentrations of produced pro-
teins were similar and the main source for correlated noise came from the fluctuation of
encapsulated DNA molecules as every other component of the PURE system is present
at more than 100 copy numbers in a 10-fl vesicle (assuming that encapsulation is a Pois-
son process). Interestingly, based on their results they proposed that only part of the
mRNA was active.
The main difference between the two methods to form liposomes is that the water-in-oil
emulsion transfer method allows direct encapsulation of the reaction solution, whereas
the protocol described here relies on spontaneous formation of vesicles. The encapsu-
lation of components and the forces driving the vesicle formation might therefore differ.
Spontaneous crowding of ribosomes and proteins inside vesicles prepared by the film
hydration method was observed in literature [19]. When a ribosome solution was en-
capsulated inside vesicles with an average size of 100 nm, the ribosome occupancy dis-
tribution did not follow a Poisson statistics but suggested a power law partitioning. No
strong interaction between the lipid membrane and the ribosomes was reported. How-
ever, the authors hypothesized that such a macromolecular crowding is a result of the
interplay between the vesicle formation mechanism and weak solute-solute and solute-
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membrane interactions. A possible excluded volume effect was also invoked as entropic
driving force. However, these entrapment events might occur differently with our ap-
proach to form liposomes. Here, the enzymes and DNA are encapsulated during the
natural swelling process, whereas the nutrients, buffer components, and tRNAs are sup-
plied from the outside solution. Although the precise mechanism of molecular diffu-
sion across the lipid bilayer remains to be explored, it is very likely that the osmolarity
mismatch between the inside and outside liposome solutions generated when supple-
menting the feeding mixture leads to transient defects in the liposome membrane. Re-
markably, these defects enable the uptake of tRNAs and nutrients, whereas the different
PURE system constituents, engaged into functional macromolecular complexes, remain
trapped inside the vesicles. We attribute this heterogeneity (or stochasticity) primarily
to the low-copy number of some constituents of the biosynthesis machinery confined
within (sub-)micrometer sized liposomes, which leads to a large compositional diver-
sity of vesicles and, thus, to a great disparity in the transcription and translation rates
between liposomes. As the resources have to translocate from the environment, an-
other factor influencing the yield of internal production is the lamellarity of the liposome
membrane, with lower exchange efficiency for vesicles with more bilayers.

When the 16 carbon-acyl chain saturated phospholipid DPPC (bilayer in the liquid-
ordered phase at 37 °C) are used, liposomes fail to express fluorescent proteins [13] indi-
cating that the physico-chemical properties of the lipid bilayer, in particular its mechan-
ical response to osmotic pressure, govern the molecular exchange with the environment
and thus the allocation of resources. Importantly, the efflux of toxic reactional products,
such as pyrophosphate, across the vesicle membrane could contribute to the prolonged
expression duration observed in some vesicles compared to batch mode reactions.

3.4.2. SUGGESTIONS FOR IMPROVEMENTS

We foresee two research directions to achieve long-lived expressing vesicles:
1. Enhance the molecular exchange between the liposome reactor and the feeding envi-
ronment. This could be accomplished by incorporating pore-forming peptides or pro-
teins in the vesicle membrane [20].
2. Improving performance of the PURE system by restoring transcription-translation
coupling [21], or by increasing the amount of transcriptionally active mRNA, e.g. by
enhancing translation initiation. Another improvement could come from limiting ac-
cumulation of inhibiting reaction products, by adding peroxidases or e.g. by preventing
the stalling of ribosomes with addition of EF-P [22], or by retrieving tRNA by peptidyl
hydrolase when stalling of the ribosome results in a tRNA-peptidyl chain [23]).

3.5. MATERIALS AND METHODS
For the experiments described in the Figures up to Figure 3.8 the materials and methods
are the same as described in Chapter 2 and [2, 15], unless indicated otherwise. New
image acquisition and analysis were performed for the liposome experiments presented
in Figure 3.9 ans later, which will be described here.
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Figure 3.15: Schematic representation of the determination of the plateau time. The green curves shows an
arbitrary data set. The black curve is the fit according to Equation 3.5. The x-coordinate of the intersection of
the two red lines (tangent and plateau yield) is the plateau time.

IMAGE ACQUISITION AND ANALYSIS

For the fluorescence confocal microscopy experiments, an A1R Nikon Confocal Micro-
scope equipped with an SR Apo TIRF 100x oil immersion objective is utilized. To image
Texas Red, Spinach and YFP fluorescence, lasers with wavelengths of respectively 561
nm, 457 nm, and 514 nm are used. Since no dichroic mirror compatible with these three
wavelengths was available, the Texas Red is first measured individually, after which the
YFP and Spinach signal are measured. Texas Red is detected with a 595/50 band-pass
emission, Spinach is detected with a 482/35 band-pass emission and YFP is detected
with a 540/30 band-pass emission. Fixed laser settings have been used for each exper-
iment, as reported in [24]. The temperature of the sample is regulated by a controller
and is set to 37 °C. Images have been acquired every ten minutes for five hours. Manual
image analysis using NIS Elements software is performed [25]. Liposomes containing a
lumen surrounded by a border membrane that shows expression at the last time frame
in at least one of the channels were selected for analysis. A region of interest (ROI) was
defined, and its fluorescence signal was tracked backwards in time to confirm its pres-
ence in all the frames. The ROI, if necessary, was redefined when shape or location were
slightly changed in between the time frames. The data obtained in this way by applying
the Edit ROIs in Time and the Measure function were further processed in MATLAB.

DETERMINING PLATEAU TIME

The plateau time is calculated from the fit parameters of Equation 3.5. First, the deriva-
tive at the tipping point t ÆK and its corresponding tangent are determined. The point
where the tangent is equal to the plateau yield of the fit, k0Å k, is the plateau time. This
is visualized in Figure 3.15, and step by step calculations are given below. The derivative
of Equation 3.5 is:

dC (t )
d t

Æ0 Å k
d t n

d t
¢

1
t n Å K n Å k ¢t n ¢

d
d t

(t n Å K n)¡ 1 Æ
knt n¡ 1 ¢K n

(t n Å K n)2 (3.6)
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Figure 3.16: Histogram (counts) of the plateau times Tpl ateau of all the YFP kinetic curves shown in Figure
3.11. Plateau times are determined as in Section 3.5.

The value at the tipping point t ÆK is:

C (K ) Æk0Å k
K n

K n Å K n Æk0Å
k
2

(3.7)

and the slope in the tipping point is given by:

dC (t ÆK )
d t

Æ
knK n¡ 1 ¢K n

(K n Å K n)2 Ækn ¢
K 2n¡ 1

(2K n)2 Æ
kn
4K

(3.8)

The tangent has the general formula of y Æax Å b, where in our case x ÆK , a is the
slope in K found in Equation 3.8 and y is the value C (k) found in 3.7. The value for b is
determined to find the tangent:

y Æk0Å
k
2

Æax Å b Æ
kn
4K

¢K Å b Æ
kn
4

Å b ! b Æk0Å
k
2

¡
kn
4

(3.9)

The formula for the tangent in point K is thus:

y Æ
kn
4K

x Å k0Å
k
2

¡
kn
4

(3.10)

To find the plateau time x ÆTpl ateau , the tangent is set equal to the maximal yield y Æ
k0Å k in Equation 3.10:

y Æ
kn
4K

x Å k0Å
k
2

¡
kn
4

Æk0Å k ! x Æ2 ¢
K
n

Å K ÆTpl ateau (3.11)

Plateau times of YFP expression in liposomes are calculated for all YFP curves in Figure
3.16.
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4
DNA REPLICATION CANDIDATES

FOR THE MINIMAL CELL

In this chapter an overview of several in vivo and in vitro developed DNA replication sys-
tems is given, that may serve as inspiration for a DNA replication system for the minimal
cell and as introduction for the remaining chapters of this thesis.
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The minimal cell displays the essential functions of a living cell (see Section 1.1) and
has the minimal set of genes that are necessary and sufficient to sustain a functioning
cell under ideal conditions, in the presence of unlimited amounts of all essential nutri-
ents and in the absence of any adverse factors [1]. Several approaches to construct a
minimal cell were discussed in Chapter 1, including the top-down and synthetic biology
bottom-up approach that both are inspired by comparative genomic studies. The main
message is that a minimal cell based on our knowledge of modern biology will com-
prise around 150-250 genes encoded in its DNA 1. In this chapter, we give an overview of
several DNA replication systems that could be potential candidates for the minimal cell
framework.

4.1. DNA REPLICATION
DNA replication is at the core of information transfer, vital to the propagation of life.
In this section, the properties of the DNA polymerase, the key enzyme involved in DNA
replication, as well as a typical prokaryotic DNA replication machinery, are introduced.
After obtaining an understanding of the general mechanism of DNA replication, we ar-
gue where to look for DNA replication candidates for the minimal cell.

4.1.1. DNA POLYMERASE
The DNA polymerase (DNAP) is the enzyme that synthesizes new DNA, by polymerizing
incoming deoxynucleotides (dNTPs, consisting of a triphosphate linked to a 5-carbon
sugar molecule and a purine or pyrimidine base) complementary to the template strand
according to Watson-Crick base pairing (adenine bonds with thymine :A–T and guanine
with cytosine: G–C). For a detailed description of how DNA polymerases work we refer
to the excellent books of DNA replication [3], DNA polymerases [4] and Genome Du-
plication [5]. In this section, some of the main similarities and differences between
various DNA polymerases are described. First of all, DNAPs need a DNA template, a
primer:template junction (PTJ) and dNTPs to perform the polymerization reaction. In
the polymerization reaction, a phosphodiester bond is formed when the 3’-OH group
of one nucleotide reacts with the phosphoric acid of the incoming nucleotide, linking
the 5’ carbohydrate to the 3’-carbon of the previous nucleotide (Figure 4.1A). No DNAP
can initiate DNA synthesis de novo, in which they differ from RNAPs. The dNTPs are
incorporated as monophosphates to the 3’-OH group at the growing end of the primer
(Figure 4.1B). Polymerization is unidirectional and chain growth is exclusively in the 5’
to 3’ direction, which is anti-parallel to the template strand. DNAPs can make mistakes
in the basepairing when incorporating a new nucleotide and have so-called different fi-
delities2. Spontaneous correct basepairing occurs with a ratio of 10 to 1 corrects versus
incorrect [4], whereas the positioning of incoming nucleotides on the template inside
the enzyme can increase this fidelity already to only 1 mistake in 1000 000 nucleotides.
Many DNAPs contain a 3’-5’ exonuclease domain that performs a proofreading activity
by removing a mismatched incorporated nucleotide, increasing the fidelity further by

1This estimate would imply a minimal genome size of around 100 kb, assuming a simpler cell would have gene
sizes on average half the size in modern bacteria [2]

2The degree of exactness with which DNA is copied or reproduced [5]
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Figure 4.1: Schematic representations of the DNA polymerization process. A) The chemistry of the polymer-
ization of two nucleotides is displayed, linking the 3’-carbon of one nucleotide with a phosphodiester bond to
the 5’-carbon molecule of the incoming nucleotide. Pyrophosphate is released in this reaction. B) DNAPs need
a primer:template junction (PTJ) to initiate the polymerization process. Chain growth is exclusively in the 5’ to
3’-direction. C) Schematic surface representation of phi29 DNA polymerase with DNA substrate, adapted from
[6]. In here, a narrow tunnel allows the uncopied downstream template into the active site while a large pore
provides a path for incoming dNTP. Upstream product duplex exits from the polymerase active site through a
tunnel of intermediate dimensions.

.
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an order of magnitude. Different DNAPs vary in their synthesis rate from 1-1000 nt/s
and are often accompanied by an accessory protein that increases the polymerization
rate and the binding to the DNA. The processivity of a DNAP is defined as the number
of dNTPs added for a primer template junction binding event before it falls off. Acces-
sory proteins that increase the rate and processivity of a DNAP are therefore often called
processivity factors. Apart from the 3’-5’ exonuclease proofreading activity, some poly-
merases also contain a domain with a 5’-3’ exonuclease activity. These polymerases can
continue synthesis when they encounter a duplex DNA ahead of them, by cleaving off
the nucleotides from the incoming strand. An example is the DNA Pol I in E. coli, that
has the role to excise RNA primers with its 5’-3’ exonuclease activity in DNA replica-
tion. Other polymerases are able to produce strand displacement, where duplex DNA
is separated during the polymerization process. A good example is the viral phi29 DNA
polymerase, of which a cross-section of the structure of the DNAP with the upstream and
downstream template channels and NTP channel is shown in Figure 4.1C [6].

4.1.2. COMPARATIVE GENOMICS: DNA REPLICATION MECHANISMS IN PROKARYA
In order to replicate DNA, many accessory proteins are necessary besides the DNA poly-
merase. In this section, an overview is given of the main enzymes involved in DNA repli-
cation in E. coli, a relevant organism in synthetic biology and the basis for the PURE
system [7]. The E. coli genome is a circular plasmid and has an asymmetric mode of
replication performing leading and lagging strand synthesis at the replication fork3. The
term leading strand means that the direction of the replication fork moves in the same
direction, and continuous polymerization from 5’-3’ by the DNAP takes place. The lag-
ging strand has the opposite orientation and therefore can only be made in a discontin-
uous manner and covalently joined later. In total 228 proteins are involved in the faithful
replication process and we will here discuss the most important processes. A minimal
DNA auto-replicative system4 has been proposed in literature that found the necessary
genes by comparison of the genome of E. coli with those of 25 extremely reduced en-
dosymbiotic bacteria [9]. A set of 17 genes is proposed, comparable to the number of
proteins mentioned in the minimal gene set5[10].

DNA replication starts in two directions at a sequence that is recognized as an ori-
gin, oriC, enabling an initiatior protein, dnaA, to bind and unfold the initation site. A
DNA helicase, dnaB unwinds the DNA strands during the elongation process. A DNA
primase, dnaG, synthesizes the RNA primers that serve as an initiation site for the elon-
gation by the DNA polymerase, once for the leading strand and multiple times on the
lagging strand. In E. coli, the DNA polymerase is the Pol-III, with its main subunits alpha
(dnaE), catalyzing DNA synthesis, and epsilon (dnaQ) that carries out proofreading. In
the Pol-III holoenzyme two clamps assist the elongation process, the sliding clamp and
the clamp loader. The sliding clamp is a DNA processivity factor6 and consists of two
3for an elaborate overview of the processes at the replication fork, read Genome Duplication chapter 3[8]
4Defined by the authors as: a genetic system comprising the minimum number of DNA components, including

regulatory elements and gene products necessary for the auto-replication of the DNA molecule on which they
are encoded, functioning in an in vitro condition.

5Based on comparative genomics of just two bacteria: the parasite M. genitalium and the H. Influenza.
6The processivity of DNA Pol III alone is around 100 bp, whereas the processivity of the holoenzyme complex
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Figure 4.2: Schematic representation adapted from [11] to show the proteins necessary for the replication
fork in a minimal DNA auto-replicative system as proposed in [9]. The oriC, DnaA, gyrase, ligase, and Tus-ter
system, not depicted here, complete the minimal DNA auto-replicative system.

beta units (dnaN), forming a closed ring around the dsDNA and tightly binds the DNA
polymerase to prevent it from falling off its template. The clamp loader assists in loading
the sliding clamp onto the DNA at the primer:template junction of the DNA-RNA hybrid.
It is composed of the subunits tau (dnaX), gamma (dnaX), delta (holA) and delta’ holB).
The other role is to bind the DNA polymerases7 and to anchor the DNA helicase. DNA
synthesis on the leading strand is continuous, and on the lagging strand Okazaki frag-
ments are synthesized. The single strand stabilization protein (ssb) prevents the folding
on itself or other interactions of the ssDNA in the lagging strand. A DNA ligase (ligA)
covalently links the different Okazaki fragments after RNA primer excision by DNA pol
I (polA). A type II topoisomerase, a DNA gyrase complex (gyrA and gyrB) is necessary
to relax the DNA from the superhelical turns that are introduced during replication as
a response to the change in topology. Finally, termination of replication is enabled by a
termination utilization substance protein tus that binds with an extremely strong affinity
to the terB and terC sites, blocking the helicase. This proposal of a minimal DNA auro-
replicative system leads to a mini-chromosome of ca. 25 kb [9] and the components of
the replication fork are schematically depicted in Figure 4.2 [11].

This minimal DNA replication system is based on the existing system in E. coli, and
one could question what other minimal DNA replication systems can be found when
starting from different organisms. In the emerging field of the minimal cell, E. coli is
almost always taken as a starting point for bottom-up mimicry. This is logical because it
is the most well-studied bacteria with proven potential in biotechnology and synthetic
biology. On the other hand, the great thing of the bottom-up approach of constructing a
minimal cell is that it does not constrain us to combine modules from only one organism
like E. coli, so I am of the opinion we can be more open exploring other systems. Unless
we aim to build a minimal bacteria like E. coli, in which case we should spend more

is greater than 50 kb.
7Three of them, one on the leading strand and two for the lagging strand synthesis.



4

70 4. DNA REPLICATION CANDIDATES FOR THE MINIMAL CELL

attention to the insights gained from the top-down approach. In the next sections, we
will not follow the implicit bias ’What is true for E. coli is true for a minimal cell’8, and
will explore other DNA replication systems.

4.1.3. DIVERSITY OF DNA REPLICATION MACHINERIES: ORIGIN IN VIRUSES?
Tracing evolution back in time will undoubtedly lead to simpler, less complex forms of
cellular life than we observe today. We cannot trace evolution further back than LUCA,
though if we could, we would at one point find the first universal common ancestor,
which would be a great example of a minimal cell. In this light, one also assumes that
we will find a minimal DNA replication system if we trace back evolution in time. Unfor-
tunately, although some parts of the replicative DNA apparatus appear universal in all
three domains (clamp, clamp loader), there are large differences between Bacteria and
Archea/Eukaryotes. This makes it hard to reconstruct the replicative machinery at the
early stage of LUCA. The question ’How did different DNA replication proteins evolve?’
is preceded by the fundamental question: ’When did DNA originate?’ Hypothesis to ad-
dress these vital questions are elaborately discussed in literature, and the main ideas
introduced by Forterre and other critical thinkers and creative scientists will be summa-
rized here [13–17].

DNA could only have originated after the invention of modern complex proteins,
in an already elaborated protein/RNA world. DNA cannot have originated in an RNA
world9 because the reduction of ribose requires the formation of stable radicals and this
complex chemistry can degrade the ribozyme itself 10. A major advantage of DNA versus
RNA as the genetic material is its higher stability, by preventing the 2’-oxygen attack on
the phosphodiester bond that can occur in RNA, and this paved the way to the forma-
tion of larger genomes. But in what scenario was DNA selected to replace RNA? This is
were viruses comes into play. That viruses were already widely spread during the time
of LUCA is corroborated by multiple observations, e.g that there are common features
between viruses that infect members of different domains such as homologous capsid
proteins and ATPases for protein packaging, and that some structural features of viral
proteins, like the typical double-jelly-toll fold, is absent in cellular proteins, confirm-
ing that these structures originated from a common ancestral protein. The idea is that
selection pressure would have favoured the stepwise RNA to DNA transition in viral lin-
eages, as a strategy to resist cellular attack against viral genomes by RNases. In steps,
viruses could first have evolved U-DNA and later T-DNA. This hypothesis is supported
by the observation that many viruses encode proteins that are critical for the first steps
of RNA-to-DNA transition, such as ribonucleotide reductase, reverse transcriptase and
thymidylate synthase. The production of new genes in viruses could occur when their
genomes replicate and/or recombine during the intracellular phase of the life-cycle.

8An adaption of the original quote from the Delft microbiologist Kluyver ’From elephant to butyric acid bac-
terium–it is all the same’ that has later been paraphrased by another famous microbiologist, Monod, to what
is true for the Gram-negative bacterium E. coli is also true for ”E. lephant”[12].

9RNA world: a period in the biosphere when both information and enzymatic activities were contained in RNA
molecules.

10another recent hypothesis is that DNA could have originated in the RNA world by the reversal of deoxyri-
boaldolase step in deoxyribonucleotide salvage (DERA) pathway that does not include chemistry with free
radicals. [15]
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Figure 4.3: Five different DNA replication mechanisms found in nature [18].

The relevance of the scenario relying on a viral origin of DNA is that it would ex-
plain why genomes and associated replication mechanisms are more diverse in viruses
than in cells. According to this ‘out-of-virus’ scenario, many different DNA replication
machineries first originated in the viral world before transferring to the cellular world.
The two types found in modern cells represent a subset that originally appeared in early
RNA-based cells and their viruses.

This should then stimulate us, in our quest to find a minimal DNA replication system,
to be inspired and learn from viral DNA replication strategies.

To give the reader an idea of the different DNA replication mechanisms nature has
invented, it is highly recommended to browse the book of Genome Duplication by De-
Pamphilis and Bell, where they have summarized them in the following table (Figure 4.3)
[18].

4.2. CANDIDATES FOR A MINIMAL DNA REPLICATION SYSTEM
Now that we are aware of the different DNA replication types existing in nature, we will
focus in this section on a few relevant mechanisms before we argue at the end of this
chapter which minimal DNA replication systems we chose to study in this thesis.

4.2.1. VIRAL DNA REPLICATION
More than 100 years have past since the first discovery of bacterial viruses and we know
now that they are very abundant [19]. For example, in oceans the number of free viri-
ons out compete any form of marine life by an order of magnitude [20]. This means that
there are a lot of unknown viruses out there, and thus new viruses, viral proteins and
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even DNA replication mechanisms are discovered regularly [21] In the following para-
graphs we will focus on bacterial viruses of which the DNA replication mechanism is
well understood. we focus on bacterial viruses rather than archeal or eukaryotic viruses
because our platform for the minimal cell, the reconstituted gene expression system, is
based on the E. coli bacteria. Of interest for our understanding is how the different DNA
replication systems initiate the reaction mechanism and how the so-called termination
paradox is solved in the case of linear DNA with internal origins.

LINEAR DNA REPLICATION IN T4 AND T7 VIRUSES

The T-phages are a collection of viruses, assembled in 1945, that infect E. coli [22]. They
are well known for their beautiful mind-blowing head-tail shapes as electron microscopy
images revealed to us, similar to the viral particle of the phi29 in Figure 6.1A. The T4
virus has a linear genome of 170 kb and around 300 genes. At least 20 proteins are in-
volved in DNA replication, plus another 25 proteins fulfilling tasks in the modification
of the DNA and digestion of the host DNA to provide nucleotides for the genome syn-
thesis [3]. The T4 replisome has less proteins than the E. coli replisome (8 vs. 13) but
overall resembles the architecture with its main components: the polymerase (gp43) in
conctact with the clamp (gp45) and clamp loader (gp44/62) forming the holoenzyme11,
a helicase-primase complex is formed by the proteins gp41 and gp61, the helicase load-
ing on the replication fork is aided by protein gp59 and the SSB (gp32) complements the
replisome, as depicted in Fig. Initiation of replication of the genome occurs by a variety
of mechanisms and does not have a single origin [24]. One mechanism for initiation is
the formation of R-loops12 RNA at a promoter site that is followed by an AT-rich down-
stream unwinding element, where the RNA after processing by RNase H can prime lead-
ing strand DNA synthesis. Another mode is the recombination-dependent replication,
where initiation happens on the invading 3’-end of recombination generated D-loops
structures13. Recombination plays an important role in the overall process of maturat-
ing DNA replication as well: the T4 genome contains terminal redundancy of ca. 2 kb
inverted repeats, that allow the formation of multiple-length linear DNA upon recombi-
nation for the packaging process [25].
Although the complete process of T4 genome duplication seems rather complex, the
in vitro reconstitution of the eight T4 replisome proteins provides a fast and processive
isothermal DNA amplification system [23]. Schaerli et. al demonstrated that a cova-
lently closed circular plasmid of 4.7 kb could be amplified 1100-fold in 1 h by a circular
nicking endonuclease dependent amplification. In this system, an endonuclease nicks
a covalently closed plasmid after which the T4 replisome initiates DNA polymerization
replacing the nicked strand. Since the endonuclease also nicks the newly synthesized
strand, a ssDNA copy of the strand that is released is then primed by a specific primer to
initiate second strand synthesis. The resulting DNA is thus a linear copy of the circular
plasmid. Interestingly, this study also showed that whereas a covalently closed plasmid
cannot be amplified, linear genomic DNA can be unwound and primed at its ends by

11Polymerization rate ca. 250 nt/s and processivity around 20 kb [23]
12An R-loop is formed when a complementary RNA-DNA hybrid is formed, displacing the other DNA strand

as a single stranded-loop.
13D-loops consist of three strands of DNA when duplex DNA takes up an additional strand.
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Figure 4.4: Schematic representation adapted from [26] to show the proteins and their interactions in the T7
replisome. Other proteins involved in full-length replication of the genome are the exonuclease (gp6), ligase
(gp1.3) and T7 RNAP (gp1).

the T4 replisome. This primase-based whole genome amplification led to 200-fold am-
plification in 2 h, yielding products of different lengths that were suitable for sequencing
applications.

Another well studied virus of the T-series is the simpler T7 phage that has a linear
genome of 40 kb and is special in the sense that it encodes its own RNAP and all, except
one, of the necessary proteins for DNA replication. The T7 replisome is constituted by
only four proteins: the DNAP (gp5) with its host processivity factor thioredoxin, a fused
helicase-primase (gp4), and an SSB (gp2.5). The thioredoxin substitutes the role of the
sliding clamp in the aforementioned replisomes by binding and reorganizing a flexible
domain of the DNAP to better grasp the DNA, increasing the processivity by two orders
of magnitude to around 800 nt [26]. The activity of the DNAP is furthermore enhanced by
the interaction with the helicase, which is a reciprocal stimulation. The gene 4 specifies
the two overlapping primase and helicase proteins, and they are expressed in a 1:1 ratio
by restarting translation in the same reading frame. The polypeptide of 63 kDa contains
both primase and helicase, the smaller 56 kDa peptide only the helicase protein [27].
The helicase protein moves uni-directionalyl in the 5’-3’ direction, hydrolyzing NTPs as
an energy source14 [28]. The primase activity is not dependent on a specific DNA se-
quence, though the gp4 protein binds preferably to 5’-(G/T)GGTC-3’ and (G/T)TGTC
that are found at the origins of replications in the T7 genome. The SSB protein, apart
from its main role of coating the unwound DNA of the lagging strand, also physically
interacts with the DNAP and gp4 to stimulate their activities. DNA replication initiates
bi-directionally at the primary origin of replication by a transcription mediated DNA
unwinding. The primary 200-bp origin contains two T7 promoters, followed by a 61-bp
AT-rich region that functions as a DNA unwinding element [29]. The T7 RNAP is rapidly

14The preferred in vitro substrate is dTTP, though the helicase hydrolizes all NTPs except the CTP. Sincein vivo
the ATP concentration is an order of magnitude higher than that of dTTP, ATP is probably the most utilized
substrate [28].
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Figure 4.5: Model of how the termination paradox can be solved by terminal redundancy and the forma-
tion of concatemers as intermediates in replication of a linear dsDNA genome, adapted from [3]. The letters
ABCDEXYZ represent sequences and the A’B’C’D’E’X’Y’Z’ their complementary counterpart. The unreplicated
3’end region anneals to another molecule at the redundant region and the gaps can be filled.

displaced by the T7 DNAP that initiates leading strand DNA synthesis on the short RNA
primer, aided by the SSB that prevents re-annealing. The primase-helicase can bind the
opposite unwound strand of DNA to complete the replisome assembly and synthesizes
primers for the lagging strand synthesis. The RNA primers are later removed by the ex-
onuclease (gp6), filled in by the DNAP and ligated by the phage-encoded (gp1.3) or host
ligase. From this example, it should become clear what the termination paradox is. The
gap left by the excision of RNA primers, can only be filled in again by the DNAP if there is
a 5’-3’ primer present upstream of that location. At the ends of the linear template, this
will not be the case, and since there is no polymerase that can extend in the other direc-
tion the gap remains. The T4 phage solved this problem by recombination of its genome
and the T7 has a similar solution. The T7 genome has likewise a terminal redundancy
in the form of a 160-bp repeat. This stimulates the formation of concatemers, where the
overhanging 5’-ends of the genome anneal to each other (Figure 4.5). The gaps can now
be filled in by a polymerase. The further processing of the concatemers requires several
proteins in vivo [3].

PROTEIN-PRIMED DNA REPLICATION

Instead of priming synthesis from RNA, it is possible to utilize the (3-)hydroxyl group of
an amino acid to prime nucleotide incorporation by a DNAP. This mechanism contain-
ing terminal origins is found in the phi29 virus and the family of adenoviruses. We will
discuss DNA replication of the phi29 virus that has a linear genome of 19 kb and infects
the bacteria Bacillus subtilis. There are four proteins involved in in vivo genome replica-
tion, which is schematically depicted in Figure 4.6 [30]. However, complete replication
of the genome in vitro can be performed by only two proteins, the terminal protein (TP)
and the DNAP [31]. The terminal protein forms a 1:1 complex with the DNAP in solution,
stimulated by the presence of the positive ammonium ion. In the presence of Mg2+ and
dATP, the formation of a covalent bond between dAMP and the OH-group of the amino
acid serine of the TP acts as a primer for DNA synthesis. The initiation occurs at the sec-
ond nucleotide of the template and a sliding back mechanism of the initiation complex
sets the dAMP base-paired to the 3’-terminal nucleotide [32]15. After the DNAP has syn-
thesized 10 nt, dissociation of the TP occurs resulting in DNAP-DNA interactions and
elongation of the newly created DNA primer [33]. The phi29 DNAP binds very tightly
to ssDNA and contains a strand displacement activity allowing completion of the full

15Posing the requirement for a replication template to contain two similar bases at position 1 and 2. The phi29
genome contains a 12bp inverted terminal repeat: 5’-AAAGTAAGCCCC-3’.
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Figure 4.6: Schematic representation of phi29 DNA replication in vitro, adapted from [30].

genome without accessory proteins. The two other proteins involved in DNA replication
are an SSB (p5) and a double-stranded binding protein (DSB, p6) that increase the effi-
ciency of DNA replication enormously. The p6 protein binds to DNA in a dimeric and
non-cooperative manner all along the viral genome as a histone-like protein, inducing
a conformational change. The binding restrains positive super-coiling16 and can locally
open the duplex DNA, stimulating the initiation of DNA replication at the terminal ori-
gins. The SSB protein protects the ssDNA from nucleases present in the host, but also
directly contributes to efficient DNA replication by its helix destabilizing activity [34].
In addition to preventing the non-productive binding of replication proteins to the dis-
placed strands, it appears to be critical for the progression (maturation) of the multiple
replication forks initiated at both phi29 DNA replication origins. An in vitro reconstruc-
tion of the DNA amplification system of the four phi29 proteins was developed by the
group of Prof. Salas and this system can amplify the natural phi29 genome and a het-
erologous DNA template containing the same origin sequences as the phi29 genome
successfully [35].

16The protein has a binding preference for less negatively super-coiled DNA which probably helps in binding
to the viral DNA more than to the bacterial DNA.
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Figure 4.7: Replication of single stranded viral plasmids is initiated by a viral Rep protein and performed by the
host DNA replication system, adapted from [37].

CIRCULAR PLASMID DNA REPLICATION VIA SINGLE-STRANDED INTERMEDIATES

As discussed in the case of E. coli, replication of circular chromosomes in bacteria is bi-
directional starting from a single origin and produces after termination at the ter sites
two double-stranded chromosomes. There are circular plasmids, like R100 in bacteria
that are replicated by a different mechanism, namely via a single-stranded intermediate,
which we will explain concisely here. Single-stranded DNA viruses, such as the pili fila-
mentous M13 virus and the small phiX174 virus, are also replicated via this mechanism
by host enzymes. The initiation of DNA replication is performed by a plasmid or viral
encoded Rep protein that has sequence specific DNA binding and type I topoisomerase
activities. It creates a nick at a defined origin, after which the host replication machin-
ery (helicase, SSB and DNAP) perform leading strand synthesis until the strand has been
fully displaced. Other Rep proteins perform a sequence of cleaving and rejoining events
resulting in a relaxed closed circular plasmid and a circular ssDNA leading strand [36].
The released ssDNA is converted into dsDNA by host proteins, including the synthesis of
an RNA primer by RNA polymerase or primase. This is schematically depicted in Figure
4.7.

FROM A SINGLE-STRANDED RNA TO A DOUBLE-STRANDED DNA GENOME

Retroviruses like the HIV are viruses that use RNA as their carrier of genetic informa-
tion, which is converted into dsDNA in the host cell. The dsDNA is integrated in the host
genome for subsequent expression of the essential viral proteins by the host cell tran-
scription and translation machinery. The enzyme that carries out the reverse transcrip-
tion of the viral RNA is the reverse transcriptase (RT). DNA reverse transcribing viruses
also exist17, in which the DNA is first transcribed by a host RNA polymerase to produce
the genomic RNA that is then further processed by a RT reaction. The RT possesses three
activities in one enzyme: (1) an RNA dependent DNA polymerase activity, (2) a DNA de-
pendent DNA polymerase activity and (3) an RNase H function which can degrade RNA
from the intermediate DNA:RNA hybrid template. The mechanism of reverse transcrip-
tion by the RT is schematically described in Figure 4.8. In short, the reverse transcription
reaction is primed by a tRNA that binds to the RNA template, to create a DNA sequence

17For example, the Caulimoviridae family infects plants with virions containing up to 8 kb open circular ds
DNA genomes.
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that after strand transfer serves as primer for first strand synthesis. A second DNA se-
quence is created during this process that can then serve as a primer for second strand
synthesis, resulting in a double-stranded DNA template without loss of sequence infor-
mation.

REPLICATION OF AN RNA GENOME BY RNA DEPENDENT RNA POLYMERASES

Considering the possibility that LUCA possessed an RNA genome [2], and was predated
by a simpler form of a ribo-cell, it is interesting to investigate the idea of an RNA genome
for the minimal cell. There exists a variety of RNA viruses with either a ssRNA genome (+
strand or - strand) or a dsRNA genome, with the longest genome sizes around 30 kb for
dsRNA viruses (reoviridae) and ssRNA viruses (coronaviridae) [39]. Transcription from
dsRNA templates proceeds very different than in dsDNA viruses, where a DNA depen-
dent RNAP recognizes promoter and termination signals on the template. Transcription
in dsRNA virus is performed by the viral RNA-dependent RNA polymerase (RdRP) that
is also responsible for replication of the RNA genome. Transcription and replication are
actually part of the same process, because the transcribed mRNA serves both for trans-
lation and replication. The RdRP produces the mRNA by a strand displacement reaction
from the genome or its segments. This results in most viruses in polycistronic mRNA
templates that will be translated by the host ribosome into polypeptides and processed
by a protease to obtain the separate proteins. Another strategy of dsRNA viruses is to en-
code its proteins in different segments, like the Reoviridae family that has a genome of
10 to 12 different segments. The segment size ranges from 0.2 to 3.0 kb and results in one
mRNA per protein18. Similarly applying viral replication and transcription strategies of
dsRNA viruses to the minimal cell concept seems cumbersome, as these processes are
not decoupled. In the extreme case it leads to the scenario where one mRNA encodes for
all the proteins without control on the protein stoichiometry and with difficulty in pro-
ducing separate rRNA. A more viable approach would be to segment the genome, though
it does not avoid the coupling of the transcription and replication processes. Naturally,
these viral strategies are likely different than the mechanism(s) present in the predates
of LUCA. All we would need is a separate RdRP that can recognize initiation and termi-
nation signals. This RNAP is not found in modern day cells or viruses19, but it could be
evolved from well-studied RNAPs of which their crystal structure is known [40]. Good
candidates can be the T7 RNAP, that has been shown to be flexible in template and sub-
strate recognition or the RNAP found in LUCA [41–44].

4.2.2. In vitro DEVELOPED DNA AMPLIFICATION SYSTEMS
We can now appreciate the four different ways we have seen for initiating DNA replica-
tion: by DNA nicking, protein-priming, DNA transcription, or with a DNA helicase loader
and primase. Inspired by nature, several in vitro DNA amplification methods have been
invented by scientists over the past three decades. In most of these methods the intro-
duction of primers and heat-denaturing steps are utilized to bypass the need of acces-
sory proteins to initiate DNA replication and solve the termination paradox. The most

18one segment can encode more proteins with the leaky-scanning mechanism or other protein processing
strategies

19To my best knowledge.
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Figure 4.8: Mechanism of reverse transcription in retroviruses, adapted from [38]. The DNA is indicated by
thick lines, the RNA is indicated by thin lines. Step 1) First strand (minus-strand) synthesis on a viral RNA
construct starts near the 5’-end of the RNA, where a tRNA binds to the primer binding site (PBS) and the 3’ end
of the tRNA primer is extended until the 5’ end of the RNA by the RT. Step 2-3) The RNA of this short DNA:RNA
hybrid is degraded by RNase H and the resulting short DNA strand, called the minus-strand strong-stop DNA
(-sssDNA), subsequently binds the 3’ end of the RNA at a complementary sequence. Step 4-5) The RT resumes
first strand synthesis at the -sssDNA and meanwhile degrades the RNA. Some sequences are more resistant
to RNase H degradation, and these tracts serve as primer for second strand (plus-strand) synthesis. The plus-
strand is extended until the initial tRNA primer is reverse transcribed, generating a short DNA sequence called
plus-strand-stop sequence (+sssDNA). Steps 6-7) The +sssDNA is transferred to the complementary sequence
at the 3’ end of the plus-strand and the DNA-dependent DNA polymerase activity of the RT completes the
second strand resulting in a dsDNA.
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widely used in vitro DNA amplification method is the polymerase chain reaction (PCR)
developed in 1987 [45], which amplifies a linear target sequence. It requires thermo-
cycling to denature the double-stranded DNA, hybridization of primers and incorpora-
tion of dNTPs in the new strands by a thermophilic DNA polymerase. In our context
of the minimal cell framework, thermo-cycling is detrimental to gene expression since
high temperatures will denature proteins. We are therefore only interested in isothermal
DNA amplification methods, not exceeding temperatures of ca. 40 °C. In this section, a
few ideas that are relevant when one wants to design, rather than copy an existing, DNA
replication system for the minimal cell are touched upon. For a more elaborate com-
parison of isothermal amplification methods and PCR, as well as their applications, see
reference [46].

SELF-SUSTAINED SEQUENCE REPLICATION (3SR)
The self-sustained sequence replication mimics the retro-viral strategy of RNA replica-
tion by using RNA as a template to create DNA by the enzymatic activities of a reverse
transcriptase, RNaseH and a DNA-dependent RNA polymerase [47]. The specific en-
zymes used here are the avian myeloblastosis virus (AMV) reverse transcriptase, the E.
coli RNase H and the T7 RNA polymerase. In the first step of the cycle, a primer hy-
bridizes to the 3’-end of the target sequence. The reverse transcriptase, being both an
RNA and DNA dependent DNA polymerase, elongates the primer to create the com-
plementary DNA (cDNA). During elongation, the RNase H subunit of the AMV already
digests partly the RNA and further processing is completed by the additional RNaseH
enzyme. A second primer can now bind to the 3’-end of the single-stranded cDNA and
will be extended by the DNA dependent DNA polymerase activity of the AMV to make
a double-stranded DNA of the initial RNA target sequence. Both primers contain a 5’-
extension with the sequence for the T7 promoter, so that the dsDNA can be transcribed
producing both new sense and anti-sense RNA transcripts. These RNA transcripts can
enter the cycle again, resulting in the self-sustained nucleic acid sequence amplification
of both RNA and DNA as depicted in Figure 4.9. A 214-nt target of the HIV-1 RNA could
be amplified isothermally at 37C a million-fold with input concentrations as low as 10-5

fmol [47]. It is also reported that an efficient 3SR reaction can be performed when only
one primer contains the promoter. The 3SR reaction is mainly efficient and optimized
for sequences below 250 bp [48], though in principal it should be possible to complete
such a cycle from RNA to DNA up to ca. 12 kb in length, which is the larger genome size
of retro-viral viruses.

ROLLING CIRCLE AMPLIFICATION (RCA)
Multiply-primed rolling circle amplification is developed to amplify circular DNA from
single colonies or plaques, bypassing lengthy growth periods and traditional DNA isola-
tion methods [49]. RCA starts with a heating step to denature the DNA. Random hexamer
primers then hybridize to the DNA and are extended by a DNA polymerase. The proof-
reading phi29 DNA polymerase is chosen for its strand displacement capability and high
processivity (more than 70 kb on ssDNA [50]). Because the 3’-5’exonuclease activity of
the phi29 DNAP could reduce the yield by degrading the hexamer primers, they were
made exo-resistant by introducing thiophosphate linkages for the two 3’-terminal nu-
cleotides. After the DNAP has completed the polymerization of one full circle, the prod-
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Figure 4.9: Scheme for self sustained sequence amplification, starting with an RNA sequence. For simplicity in
this scheme only one primer contains a promoter sequence (sense amplification cycle). RNA = red dashed line,
DNA primer tha binds to the 3’-end of the RNA = orange line, synthesized DNA by the reverse transcriptase =
green line, primer containing promoter that binds to the 3’-cDNA = purple line.

uct strand is displaced and this ssDNA serves as new hybridization site for the primers,
allowing the synthesis of the other strand. Multiple replication forks exist and final prod-
ucts can differ greatly in length. To obtain copies of the full-length sequence of the ini-
tial plasmid, final products can be cleaved by restriction endonucleases as successfully
shown for the M13 with EcoRI [49]. This method can easily achieve thousand-fold ampli-
fication of ng input DNA in several hours. It has been successfully used in combination
with gene expression in an in vitro transcription and translation system[51]. The authors
aimed to answer the question if RCA-generated DNA, that contains interruptions in both
strands and branched structures, can serve as a template for in vitro transcription. Af-
ter performing multiply-primed RCA20 on 100 pg input DNA containing a gene for GFP,
IVTT components21 were added to the same tube and the protein production was found
to be comparable in efficiency to the input of 500 ng plasmid DNA. This is a promising
result for applications such as high-throughput screening of bacterial colonies for a de-
sired protein [51]. How to circumvent the heating step for application to the minimal
cell framework will be discussed in the next paragraph.

STRAND DISPLACEMENT AMPLIFICATION (SDA)
The strand displacement amplification (SDA) was initially developed as an isothermal
method to diagnostically detect tuberculosis as an alternative to PCR detection methods
[52]. This method relies on the strand displacement activity of an exonuclease-deficient
DNA polymerase that can extend the 3’-end of a nicked template. The requirement for
a nicked template is cleverly solved by the use of HicII restriction endonuclease that
recognises a 6-nt palindromic sequence and does not cut strands containing modified
deoxynucleotides. The first step of the cycle is a heat-denaturation step, allowing the
primers containing the restriction signal to bind to the target sequence. Modified nu-

20With the GenomiPhi V2 kit from GE Healthcare Lifesciences.
21Roche E. coli
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Figure 4.10: Scheme for multiply-primed rolling circle amplification, adapted from [49].

Figure 4.11: Strand Displacement Amplification (SDA) reaction with heat-denaturation step (A), reproduced
from[53]. B) SDA without heat-denaturation step can be achieved by a nicking endonuclease.

cleotides, alpha-thio-dATPs, are introduced in the elongation step by the DNAP (Klenow
exo-) and are therefore not present in the primer. The double-stranded DNA is targeted
by HincII that nicks the unprotected primer strands of the recognition site, leaving the
modified complementary strand intact. Next, the DNAP can initiate on the newly cre-
ated 3’-end and thereby displace the downstream strand, resulting in the exact same
dsDNA as before the cut, plus the displaced ssDNA that can enter the cycle again. Expo-
nential amplification of a target sequence of 47 bp was observed for 60 min, and after 5 h
a total amplification of 106 compared to the initial target amount could be reached [53].
If we wish to apply this method for DNA amplification in a minimal gene expression sys-
tem, we can make two modifications. Firstly, to perform the reactions in a truly isother-
mal manner, the first heat-denaturation step should be omitted. To enter the cycle, the
solution is to include already two nicking sites in the starting template, a species that is
otherwise not an intermediate in the SDA cycle. After the first nicks and DNA polymer-
ization reactions, the two strand displaced DNA can readily enter the cycle as depicted in
Figure 4.11B. Note that the initial template is not amplified, but the reaction is sustain-
able after the first cycle. Secondly, a different restriction endonuclease should be utilized
in order to eliminate the use of modified dNTPs which can otherwise affect subsequent
transcription reactions. Nicking endonucleases that cut only one strand of the dsDNA
target are not abundant in nature, but there are a few like the Nt.BspQ1 from Bacillus
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stereothermophilus and a range of engineered ones commercially available22. If the SDA
is also efficient for large templates, is a remaining question. A related proposal for DNA
replication in a minimal cell context is discussed in the next section.

HELICASE-DEPENDENT AMPLIFICATION (HDA)
In the helicase-dependent amplification system, the separation of DNA strands is per-
formed by a helicase, mimicking the in vivo mechanisms. The first approach for such a
system was based on the helicase UvrD, that, together with the accessory protein MutL23,
has a blunt-end unwinding activity in the 3’-5’ direction [54]. After the unwinding, coat-
ing of the exposed ssDNA by single-stranded binding protein (SSB, T4 gene 32) is neces-
sary to prevent the dehybridization of the strands. Sequence specific primers can bind to
the exposed ssDNA and are extended by a DNAP polymerase, here the exo- Klenow frag-
ment of DNA polymerase I. With these enzymes carrying out the amplification cycle, de-
picted in Figure4.12, over a million fold amplification was achieved of a ca. 100-bp target
sequence in the genome of an oral pathogen. The HDA method is also compatible with
crude bacterial cell samples and can detect pathogens in the presence of human blood
[54]. Further developments of this method include the engineering of a helimerase, a fu-
sion protein of a helicase and DNA polymerase, that was able to amplify targets up to 2.3
kb [55]. This truly isothermal method is a potential candidate for the minimal cell24, with
some small modifications. To not be limited by the low processivity of the UvrD helicase
(ca. 100 bp [56]), the DNAP should have high processivity and strand displacement activ-
ities, therefore the phi29 DNA polymerase is a good candidate. To prevent degradation of
the primers in solution, a mutated version of the phi29 DNAP (D12AD66A[57]) without
exonuclease activity can be utilized. Another option without compromising the fidelity
of DNA replication is to use exo-resistant primers, as described for the RCA method.

Later on, the T7 replisome became the machinery of interest for HDA reactions, both
for circular and for linear DNAs. When using the engineered 3’-5’ exonuclease-deficient
T7 DNAP25, instead of the wild-type DNAP, the T7 replisome can perform a helicase-
dependent strand displacement reaction similar to the rolling circle amplification, de-
picted in Figure 4.13. An advantage of the T7 replisome is that the gp4 contains both
helicase and primase activities, so the requirement of adding primers to initiate DNA
amplification can be removed in some cases [56]. Based on this, a primase-based whole
genome amplification method was developed, where dsDNA templates are denatured by
the gp4, omitting any heat denaturation step as well [58]. This method is the same as de-
scribed for the in vitro reconstitution of the T4 replisome. We should keep in mind that
the products are not exact copies of the input DNA, rather discontinuous or branched
DNAs (due to displaced Okazaki fragments) of various sizes. This is mainly the result
of decoupling leading and lagging strand syntheses by having a DNAP that can perform
strand displacement activity coupled with the helicase. An interesting proposal to retain
the original DNA template for circular plasmids after RCA will be described in the next

22see for example https://www.neb.com/products/restriction-endonucleases/hf-nicking-master-mix-time-
saver-other/nicking-endonucleases/nicking-endonucleases/nicking-endonucleases-available-from-neb

23in E. coli, MutL recruits UvrD in the process of mismatch repair
24Accepting the introduction of oligonucleotides as external resources.
25Sequenase
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Figure 4.12: Helicase-dependent amplification (HDA) reaction, reproduced from [54].

section [59].

4.3. PROPOSED DNA REPLICATION MECHANISMS FOR THE MIN-
IMAL CELL

We gave a brief report of several DNA replication machineries found in nature, mainly in
viruses because these systems are naturally more minimal than found in higher organ-
isms. It is not straightforward to choose a naturally occurring DNA replication -or any
other- system and from there try to reach a system that performs the same task faith-
fully with a minimal amount of components or complexity. This is exemplified in the
following remark of Forterre [14]:

’Fundamentally, organisms are not systems but historical products. As a
consequence, it is not possible to understand them without a sound evo-
lutionary framework.’

The idea to combine different mechanisms as is successfully applied for the develop-
ment of in vitro amplification systems, may also be a fruitful approach for the minimal
cell framework.

4.3.1. ROLLING CIRCLE AMPLIFICATION WITH RECOMBINATION
The first detailed proposed mechanism for a DNA replication scheme in a minimal cell
appeared in a review from Anthony Forster and George Church in 2006 [59]. Their idea
is based on a nicked circular dsDNA that undergoes rolling circle strand displacement
by the phi29 DNA polymerase. This will result in a long oligomeric ssDNA (provided the
exchange of DNAPs, since the processivity of phi29 DNAP is ca. 70 kb on ssDNA [50]).
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Figure 4.13: Helicase-dependent amplification of a circular template by the T7 replisome proteins, adapted
from [56].
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Lagging strand synthesis is then initiated by the binding of RNA primers to the ssDNA,
upon which the DNAP can bind and polymerize the second strand of DNA. An addi-
tional modification step is necessary to come back to the initial replication substrate:
The processing of the concatemeric dsDNA into monomeric DNA circles. They propose
to utilize the homologous recombination mechanism at Lox sites catalyzed by the Cre
recombinase. Cre recombinase is a Type I topoisomerase from the P1 bacteriophage
which catalyzes site-specific DNA recombination at a 35bp site called LoxP [60]. When
there are two LoxP sites on the same DNA molecule, the result after recombination is a
covalently closed circle. The critical comments one could place for this proposal is that
it is incomplete, and it is worth considering:

² The RNA primers are not replaced by DNA in the process, what are the consequences?
² A significant amount of ssDNA is formed during this process, which can form sec-
ondary structures and impede replication.
² To include the specific nicking enzyme in the gene list of the minimal cell.
² How to regulate termination of the strand displacement reaction by the DNAP?
² A big challenge mentioned by the authors themselves: how to avoid defective by-
products such as linear DNAs or oligomeric circles and boost the efficiency of monomeric
circular templates?

Apart from these comments, one should definitely value and appreciate this encourag-
ing proposal. The interesting aspect of this DNA replication scheme is that it is inspired
by nature and combines mechanisms found in different viruses. Both proteins come
from bacteriophages and are therefore likely to be compatible in a similar chemical en-
vironment. Combining proteins from different species (in this example: bacteria and
their viruses) is an advantage of approaching the minimal cell with a bottom-up syn-
thetic biology approach. Therefore, this paper serves as a starting and reference point
for many projects within the minimal cell community.

4.3.2. CURRENT RESEARCH ON DNA REPLICATION IN MINIMAL GENE EX-
PRESSION SYSTEMS

We will now have a look at the research performed during the past 10 years after the
detailed proposal for a minimal cell, where the focus lies on bringing together gene ex-
pression systems and genome replication. Cell-free expression systems are interesting
for their possibility to reconstruct in vitro a biological complex or process, starting from
DNA templates. A striking example is the demonstration that the bacteriophage T7 can
be expressed from its genome and self-assemble into its viral particle in a cell-free ex-
tract of E. coli [61]. DNA processing enzymes have also been successfully expressed in
the more minimal PURE system,like the E. coli RNAP holoenzyme and a reverse tran-
scriptase [62, 63]. These are promising examples of the last decade and inspiring for fur-
ther studies into a reconstructed genome replication system. In this section, we discuss
the acquired knowledge gained from recent studies in which DNA and RNA replication
enzymes have been expressed in the PURE system.
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E. coli REPLISOME: IMPORTANCE OF CORRECT FOLDING OF PROTEINS

Recently, the group of Prof. Nomura in Japan accomplished to synthesize all the pro-
teins in the E. coli DNA polymerase III holoenzyme from its 9 genes (dnaE, dnaQ, holE,
dnaX, holA, holB, holC, holD, dnaD) and the initiator protein (dnaA), the DNA helicase
(dnaB) and the DNA primase dnaD in a minimal gene expression system in their active
form [65]. This study has provided the minimal cell community with a variety of rel-
evant information. First of all, it has been shown earlier that of all the cytoplasmic E.
coli proteins that are expressed in the chaperon-free PURE system at 37 °C, around 55%
are aggregation prone versus a 45% soluble fraction [64]. To solve the potential prob-
lem of aggregation prone, non-functional protein expression, reactions were carried out
at 27 °C, which led indeed to a functional Pol III holoenzyme as shown in a replication
assay with the G4 phage ssDNA26. This finding also shows that the PolIII holoenzyme
can spontaneously self assemble without the need of accessory proteins. Secondly, the
combined expression of the Pol III holoenzyme and the genes for the initiator protein
(dnaA), DNA helicase (dnaB), helicase loading factor (dnaC) and DNA primase (dnaG)
resulted in succesful replication of A-site ssDNA27. A GFP gene that was encoded in the
same ssDNA plasmid as the A-site, was expressed after DNA replication was carried out,
reaching two rounds of central dogma in a one-tube reaction. These results are promis-
ing as they show the concerted functioning of 14 expressed and functional proteins in
the PURE system, the most complex system so far. Also interesting to note is that the
dnaX gene encodes for two proteins that are produced by translational frame shifting in
vivo. That translation frame-shifting in vitro by E. coli ribosomes on the mRNA from the
dnaX gene works was already shown in an S30 E. coli extract [66]28. Importantly, no dif-
ference in ratio of the produced tau (71 kD) and gamma (47 kD) proteins was observed
when changing the temperatures in the range of 23-37C in that study. The successful
expression of both proteins from the dnaX gene in the PURE system proves that the -1
translational frame-shift mechanism29 can be used as a viable tool for future projects.

RCA WITH RECOMBINATION: OPTIMIZING NUCLEOTIDE RATIOS

Another Japanese group, of Prof. Yomo, has tried to realise the rolling circle amplifica-
tion scheme as proposed in 2006[59, 67]. A 4.7-kb plasmid encoding for the phi29 DNA
polymerase was expressed in the PURE system30 in the presence of dNTPs and random
hexamers. This system is capable of rolling circle amplification, though recombination
by the Cre recombinase on Lox sites was not successful. That the phi29 DNAP can initi-
ate RCA in this system is already interesting in itself because the starting plasmid is a ds-
DNA and the random hexamers therefore cannot bind to the template as in the multiply-
primed RCA reaction in which the primers hybridize to the ssDNA [49]. A possible expla-

26protein expression at 37 °C resulted in an inactive holoenzyme. The idea to lower the temperature came
from literature were it is reported that E. coli lacking two chaperons can grow at temperatures below 30 °C

27A-site ssDNA is a circular ssDNA with a hairpin-form duplex that has a DnaA binding site and requires the
same proteins for replication as chromosomal DNA [65].

28but did not work with the dnaX gene with eukaryotic extract translation system and is thus specific to the
host ribosome/translation machinery

29Caused by a A AAA AAG heptamer motif and greatly enhanced by stable secondary stem-loop structure in
the RNA directly downstream [66].

30The group of Prof Yomo reconstitutes their own PURE system and this differs slightly from the commercially
available PUREfrex. The exact composition is stated in the paper itself [67].



4.3. PROPOSED DNA REPLICATION MECHANISMS FOR THE MINIMAL CELL

4

87

Table 4.1: Concentration of nucleotides (mM) in different systems. The initial concentrations in the exper-
iment of Prof. Yomo’s group [67] is given by PUREin and final optimized concentrations by PUREopt. The
PUREfrex system contains no dNTPs.

dNTP E. coli PUREin PUREopt NTP E. coli PUREin PUREopt PUREfrex
dATP 0.18 0.1 0.3 ATP 3.0 3.75 0.375 3
dGTP 0.12 0.1 0.3 GTP 0.92 2.5 0.25 3
dCTP 0.07 0.1 0.3 CTP 0.52 1.25 0.125 1
dTTP 0.08 0.1 0.3 UTP 0.89 1.25 0.125 1

nation that is given is that transcription likely initiates RCA, since the phi29 DNAP can
utilize RNA as a primer. This scenario then resembles the in vivo mechanism of the T7
DNA replication initiation, where the T7 DNAP likewise utilizes the RNA primer synthe-
sized and replaces the T7 RNAP at the initiation site. Once one such event happens, RCA
is sustainable since the random hexamers can bind to the displaced strand, functioning
as new primer:template junctions for the phi29 DNAP. However, even more surprising
was that in the abscence of random hexamers DNA synthesis was also observed, an ob-
servation inexplicable at this moment31. An interesting finding of this paper is that op-
timizing the concentrations of rNTPs, dNTPs, tRNAs and T7 RNAP in the PURE system
led to an increase in DNA replication by approximately 100-fold compared to the origi-
nal conditions. The final yield of DNA amplification in optimized conditions was 10-fold
after 12 hours when the reactions were incubated at 30 °C [67]. The main optimization
came from decreasing the ratio of total rNTP/dNTP around 25-fold leading to dNTPs
being in excess with a 0.7 final ratio. Similarly, in in vitro DNA replication of the phi29
genome by the phi29 DNAP and the terminal protein, DNA replication decreased 3-fold
upon the addition of 0.5 mM rNTPs to the solution32 [50]. The slowing-down of DNA
polymerization is either caused by the extra time it takes to discriminate between the
correct base and sugar when the pool of nucleotides is much higher, or due to the proof-
reading activity of the DNAP that slows down the overall incorporation rate33 How do
these ratios of ribonucleotides and deoxyribonucleotides compare with bacterial cells?
In Tabel 4.1 a comparison is shown between the nucleotide pools of bacterial cells [3],
the initial and optimized PURE system composition [67], and the PURE system compo-
sitions of the PUREfrex utilized in this thesis [7]. Optimiziation of the nucleotides in the
experimental system is important for future research when DNA replication, consuming
dNTPs as substrates, is combined with transcription and translation, the latter processes
utilizing both rNTPs as substrates. Finding a delicate balance will be a challenging task,
especially with increasing complexity of processes that the minimal gene expression sys-
tem has to perform towards the realization of a minimal cell.

31I believe the following could explain it: The purified plasmid DNA is mainly in the covalently circular closed
form, but a small fraction is also nicked, as suggested in [23]. Note that second strand synthesis cannot be
initiated by the produced RNA, but perhaps by non-specific binding of tRNA to the displaced strands, or by
template switching of the DNAP as similarly shown for RCA by the phi 29 DNAP on circular plasmids [68].

32Final ratio rNTPs/dNTPs=6.
33The effect of adding more rNTPs to the pool of dNTPs results probably also in more base-mismatches. For

some polymerases it is known that proofreading of an incorrect sugar is less efficient than proofreading an
incorrect base [69] and 1 rNMP is incorporated per about 1000 dNMPs.
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QBETA REPLICASE: EVOLUTION EXPERIMENTS

Over the past decades, the group of Prof. Yomo has also investigated in depth the expres-
sion and replication dynamics of an RNA dependent RNA polymerase (RdRP), the Qbeta
replicase, in the PURE system amongst other cell-free expression systems. The Qbeta is
a small positive ssRNA virus encoding for only four genes that infects E. coli. From the
plus RNA the complementary minus strand RNA is synthesized and serves as a template
for translation. The translated replicase subunit beta needs tree host factors to perform
replication of its genome, namely ribosomal protein S1 and the elongation factors EF-TU
and EF-TS [70]. The Qbeta replicase recognizes its own plus and minus RNA by a termi-
nal loop structure, and although the host RNA is generally not copied, there is a variety
of small non genomic RNA molecules that can serve as template. These self-replicating
RNAs are referred to as RQ RNA and originate from several sources. One way to repress
the amplification of RQ RNA is to compartmentalize reactions, where the compartments
that are free from RQ RNA can undergo RNA genome amplification without inhibitory
effects [71]. The idea of compartmentalizing Qbeta replication reactions in water-oil
emulsion droplets has been further developed to study evolution of the Qbeta replicase
sequence in gene expression environments. Studying the Qbeta replicase in a gene ex-
pression system is especially interesting because of the direct (feedback) coupling with
transcription and translation: any mutations introduced during the replication of RNA
by the Qbeta replicase has its effect on the newly translated Qbeta replicase from that
RNA molecule. Improvement in RNA replication can thus be a consequence of a differ-
ence in RNA secondary structure, or from a better interaction with the altered protein
structure resulting from sense mutations. By applying multiple manual fusion and divi-
sion cycles of emulsion droplets containing the RNA gene for the Qbeta replicase and the
PURE system, the RNA genes spontaneously evolved according to Darwinian principles
and overcame the parasitic RNA through evolution [72]. With the same approach, the
group of Yomo tried to answer the question: Is it possible for a simple self-replication
system to adapt to various environments? The different environments were created by
leaving out several ribosome factors that would either impair initiation (IF1, IF2, IF3,
MTF) or termination (RF1, RF2, RF3, RRF), or both (low ribosome levels). They found
that for all environments the replication efficiency of the artificial RNA gene increased
with an increasing number of rounds, showing that a simple system can adapt to differ-
ent environments [73].
This research is highly inspiring for implementing evolution experiments involving DNA
replication proteins, even though we do not consider the RdRPs as a candidate for genome
replication in the minimal cell.

4.3.3. DNA REPLICATION CANDIDATES INVESTIGATED IN OUR LAB
In this thesis, we will describe the investigations into several DNA replication candidates
for the minimal cell.
Our first, naive, thought was to investigate if DNA replication using mRNA as an inter-
mediate can be achieved similar to the retro-viral replication. As the reverse transcrip-
tase would be the only extra enzyme needed34 to turn information from DNA to RNA to

34Provided the RNAP is already a component of the transcription-translation system. Apart from the RT, retro-
viruses use host-factors such as enzymes with RNaseH function, ligases or DNAPs for genome replication.
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DNA, this systems seems truly minimal. Our main investigations consisted in trying to
achieve the self sustained sequence amplification cycle as depicted in Figure 4.9 for a
1-gene construct 35. We have realised that processing mRNA for the reverse transcrip-
tion reaction and for translation by the ribosome might cause detrimental interference,
and therefore propose a new way to couple such DNA replication cycle in a translation
environment. When analyzing the intermediate products of the replication cycle, we
stumbled upon a previously unknown property of the T7 RNAP in in vitro transcription
reactions, namely the capability to transcribe RNA:DNA hybrid templates36.
The findings on the self sustained sequence amplification cycle and the transcription
by the T7 RNAP of hybrid DNA:RNA templates are discussed in Chapter 5.

Secondly, we are interested in the system of the T7 virus, as it encodes the minimal repli-
some found in nature so far. Literature contains a wealth of information from its genome
organization to the dynamics of replication processes of the replisome, which makes it
an exciting system to study [27, 74, 75]. Our first goal comprises the expression of the
replisome proteins inside the PURE system and confirming their activities in compari-
son to purified proteins. These findings will not be reported in this thesis.

Finally, we propose the phi29 DNA replication system as a candidate for the mini-
mal cell in Chapter 6 where we investigate if the DNA replication system based on the
four phi29 proteins is compatible with the PURE system, our biosynthesis platform for
the minimal cell. Our aim is to copy a linear dsDNA template that encodes for its own
replication proteins, completing a full round of the central dogma of molecular biol-
ogy.

35Literature does not report the cycle for over 250 nt, as it is mainly used as a detection tool for pathogens in
the medical field.

36The promoter also being a complete DNA:RNA hybrid.
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FURTHER CONSIDERATIONS

There are several options or considerations that are not discussed yet in this chapter.
The first, most obvious one is:
² Should the DNA genome have a linear or a circular form?
We would like to put this question forward, and would need the input of biologists that
are knowledgeable in DNA replication mechanisms to have a meaningful discussion on
this topic. All the proposed ’minimal cells’ or ’minimal-gene sets’ so far discuss a circu-
lar genome [9, 59, 76]. We can think of the following three main advantages choosing a
circular genome:
- circulization solves the termination paradox
- many life forms have circular plasmids and can serve as an example: we have men-
tioned the mechanism of replicating bacterial chromosomes and plasmids in E. coli, but
there are others that are interesting as well, such as the single strand displacement mech-
anism in mitochrondia or different DNA replication systems involving the Rep protein.
To what extend are these really advantages compared to a linear genome? We have dis-
cussed several mechanisms that solve the termination paradox for linear DNA molecules,
such as non-covalent circulization in intermediate stages of replication, protein-priming
or concatenation. Other mechanisms that we have not discussed but are abundantly
found in nature are the introduction of telomeres in eukaryotes, or hairpin formation
at the 3’-ends of linear plasmids. One should realise that some mechanisms applied by
viral replication are not always transferable to the concept of a minimal cell: the pack-
aging of more than 1 full-length T7 genome in its head is not translatable to packaging
concatamers to daughter liposomes. The most elegant way to solve the initiation and ter-
mination paradox, killing two birds with one stone, is the protein-priming mechanism.
This mechanism is mainly known from the phi29 virus and the human adenovirus, but
it is also found in yeast, funghi and higher plants [77]. The disadvantage of this mecha-
nism is the generation of large amounts of ssDNA, which is especially vulnerable in vivo
in the presence of DNases. The adenovirus has ensured that even displaced ssDNA of
its full genome length of 40 knt can serve as a template for replication, by an inverted
terminal repeat of 100 bp at its genome ends: the ends of the ssDNA hybridize creating a
double stranded handle that serves as a new initiation site. Even though the generation
of ssDNA can be problematic due to the formation of impeding secondary structures, we
have at least one natural example of a genome length of 40 kb (twice the size of the phi29
genome) where this mechanism proves it success. Could the protein-priming mecha-
nism also be viable for even larger genomes, around 100-150 kb considering the context
of the minimal cell? We do not have an answer to this question at the moment, but would
like to make the following remarks. The 4-gene set concept for double stranded DNA
replication by the phi29 proteins is definitely the minimum number of genes one can
find for a minimal DNA replication system. However, although it is composed of a mini-
mal set of genes, it is not clear if this DNA replication is the most minimal one in terms of
energy costs. The single-stranded and double-stranded DNA binding proteins (p5 and
p6) are absolutely necessary to achieve efficient DNA replication [78], and the function
of SSB is not limited to boosting the efficiency but also to reduce template switching ac-
tivities of the DNAP causing the formation of sideproducts (cite something). In other
words, the longer the DNA template to be replicated, the more SSB (and DSB) proteins
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are necessary to ensure faithful full-length replication37. The amount of produced pro-
teins necessary for this symmetric mode of replication thus increases more or less linear
with the length of the DNA genome, in contrast to the asymmetric mode of replication
where a replication fork bubble is in the order of 1 kb in length, processing leading and
lagging strand synthesis simultaneously. Though the latter needs more genes encoding
for proteins, the absolute amount of proteins necessary to perform faithful replication is
less. Perhaps a combination of the two mechanisms, as is seen in linear plasmid repli-
cation in Streptomyces is an idea. Streptomyces coelicolor contains a 350-kb linear plas-
mid and internal origins from which DNA replication occurs in a bi-directional manner
[25, 77]. The unreplicated part of the lagging strand has an inverted repeat that forms a
secondary structure, allowing access to the terminal protein to prime DNA replication to
fill in the missing DNA strand.

Other considerations are: How does DNA replication influence other processes in the
minimal cell? How to optimize conditions for DNA replication? What happens when
the DNA is simultaneously processed by replication and transcription enzymes and how
detrimental are collisions? How to couple DNA replication with growth and division of
liposomes?
We have already slightly touched upon the optimization of DNA replication dependent
on the balance of nucleotide pools in this chapter, and will further elucidate this topic
and the other questions in Chapters 6 and 7.

37the concentration of p6 proteins in vivo phi-29 infected bacillus cells is even in the mM range [79]
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5
DNA REPLICATION VIA RNA

INTERMEDIATES AND

TRANSCRIPTION-TRANSLATION OF

HYBRID DNA:RNA TEMPLATES

In this study, we investigated how a nucleic acid amplification cycle (based on 3SR) could
be integrated into a gene expression environment in order to combine DNA replication
with transcription and translation processes. We confirmed the individual steps of the
nucleic acid amplification cycle that has RNA as an input template and can potentially
amplify DNA and RNA molecules in a cyclic manner, for a one-gene construct of ca. 1
kb in length. The properties of the intermediate products were investigated and it was
found that DNA:RNA hybrid templates can be transcribed by the viral T7 RNAP. The hybrid
templates are transcribed by the T7 RNAP with reduced efficiency depending on the na-
ture of the template strand, in the order dsDNA È hybrid DNAcoding:RNAtemplate È hybrid
RNAcoding:DNAtemplate. The closely related viral SP6 RNAP was also able to transcribe hy-
brid templates of both orientation. More aborted products were generated upon transcrip-
tion from hybrid templates, although this did not prevent the translation of full-length
protein in a minimal gene expression system starting from hybrid templates.
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HYBRID DNA:RNA TEMPLATES

Viruses have solved the challenge of copying genetic information in the most sim-
ple, efficient and elegant ways. While identifying DNA replication candidates for the
minimal cell, we chose to study a few viral replication strategies in more detail. In this
chapter, we investigate the idea of utilizing RNA as an intermediate information carrier
for reconstructing genes and expressing them in a minimal gene expression system.

5.1. INTRODUCTION

Figure 5.1: Scheme for self-sustained sequence amplification, starting with an RNA sequence that can be trans-
lated by the ribosome (blue). For details see text. Color coding: RNA = red dashed line, DNA primer that binds
to the 3’-end of the RNA = orange line, synthesized DNA by the RT in the previous step = green line, primer
containing promoter sequence that binds to the 3’-cDNA = purple line. The RNA and DNA molecules are not
in scale.

In Chapter 4 was discussed how retroviruses use RNA as their carrier of genetic in-
formation. The viral RNA is converted into dsDNA in the host cell. This process is
performed by a single enzyme, the reverse transcriptase (RT). The RT has surprisingly
complex functions and possesses the three catalytic activities: (1) an RNA-dependent
DNA polymerase activity, (2) a DNA-dependent DNA polymerase activity and (3) an
RNase H function which can degrade RNA from the intermediate DNA:RNA hybrid tem-
plate. Based on these versatile properties of the RT, several in vitro nucleic acid repli-
cation methods were developed [1–5]. Most of these methods are aimed at the ampli-
fication and subsequent detection of RNA sequences, always with a length of less than
250 nucleotides. The isothermal self-sustained sequence replication, or 3SR cycle, mim-
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Figure 5.2: Schematic of the proposed amplification cycle of nucleic acids in a transcription-translation envi-
ronment, decoupling DNA amplification and translation reactions. The self-sustained sequence amplification
is presented in the left cycle. The DNA molecule now contains two promoters, and RNA molecules are tran-
scribed by orthogonal RNAPs in opposite directions. Color coding is the same as in Figure 5.1.

ics the retro-viral strategy of RNA replication by using RNA as a template to create DNA
by the combined enzymatic activities of a reverse transcriptase, RNase H and a DNA-
dependent RNA polymerase [1]. While the main motivation to develop such an amplifi-
cation scheme was to amplify RNA sequences, our interest is to amplify DNA sequences
combined with subsequent transcription and translation reactions. Adapting the 3SR
scheme for amplification of a single gene, where RNA is used as an intermediate to gen-
erate a new dsDNA gene, results in Figure 5.1. This scheme starts with transcription from
the promoter on the initial dsDNA template by an RNAP into mRNA. The mRNA is both
a template for translation by the ribosome and cofactors, and an intermediate species in
the nucleic acid amplification cycle. A complementary DNA oligonucleotide hybridizes
to the 3’-end of the mRNA, and subsequently the RT elongates the primer synthesizing
the complementary DNA (cDNA) strand resulting in a hybrid RNA-DNA template. The
RNA strand is digested by the RNase H function of the RT and / or by an additional RNase
H enzyme, releasing the cDNA as a ssDNA template. The promoter sequence, the infor-
mation part lost upon transcription of the DNA, is re-introduced by the second oligo that
hybridizes to this ssDNA. As a final step, the reverse transcriptase completes the cycle by
elongating the primer in both directions recovering the initial double strand DNA with-
out loss of sequence information.

In this scheme, the mRNA is utilized for both the translation and the reverse tran-
scription reactions, which might lead to competition of the two processes on the same
template. To avoid interference we propose to extend the amplification scheme such
that DNA replication and gene expression reactions are decoupled. Decoupling the am-
plification cycle from translation ensures that these processes can be regulated and tuned
separately. Moreover, it enables the amplification of a template containing multiple
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genes. To achieve this, the mRNA that serves as a template for translation and the RNA
that enters the amplification cycle should be transcribed by different RNAPs and in op-
posite directions (Figure 5.2). This is in concordance with the reported finding that two
single subunit RNA polymerases approaching each other in a head-on collision on the
same DNA may pass by one another [6]. Hence, translation will only occur from mRNA
coding genes, that at the same time have no binding sequence for the DNA oligos used
in the amplification cycle.

This chapter describes the proof of principle experiment that shows that one round
of the nucleic acid amplification cycle, starting from an RNA template, could be com-
pleted for a single gene (a derivative of the YFP-Spinach template, around 1100 bp). We
then describe the design of a template containing a single gene that could potentially be
amplified and translated according to Figure 5.2. While conducting these experiments,
we discovered that the T7 RNAP was capable of transcribing the DNA-RNA hybrid inter-
mediate, a surprising finding. This is of primary importance for the viability of the cycle
as a transcriptionally active hybrid DNA:RNA template would compete for the pool of
RNAPs and NTPs. Examples have been reported in literature, where the T7 RNAP could
initiate transcription on a T7 promoter containing a fraction of ribonucletoides [7]. How-
ever, transcription from T7 promoter sequences where the template or coding strand
fully consists of ribonucleotides have not been studied. Therefore, we explored this phe-
nomenon further by investigating the transcription efficiency of hybrid RNA:DNA and
DNA:RNA templates by the viral T7 RNAP and SP6 RNAP in a transcription-translation
environment, which represents the main part of this chapter.

5.2. RESULTS OF NUCLEIC ACID AMPLIFICATION CYCLE
In this research, two different commercially available reverse transcriptase enzymes were
utilized, namely the well characterized RT from the Avian Myeloblastosis Virus (AMV1)
and the engineered RNase H-deficient AccuScript enzyme (derivative from the RT of
Moloney murine leukemia virus2). We first confirmed the DNA-dependent DNA poly-
merase activity of these enzymes by a performing a primer elongation assay (step 1 in
Figure 5.3A). A ssDNA lacking a promoter sequence hybridizes partly to a 35-nt oligonu-
cleotide containing an SP6 promoter sequence in its overhang. The elongation of the
3’-end of the template and of the primer leads to a dsDNA on which transcription by SP6
RNAP (step 2 in Figure 5.3A) can be initiated. The observed conversion of ssDNA to ds-
DNA by the RT and subsequent transcription by the SP6 RNAP corroborates the activities
of both enzymes in our assay (Figure 5.3B). Secondly, we tested if the mRNA, transcribed
by the SP6 RNAP from the SP6p-T7p-YFP-Spinach-polyA template, served as a substrate
for the RT reaction (step 3 in Figure 5.3A). After hybridization of a poly-dT primer, the
RT elongates the primer with its RNA-dependent DNA polymerase activity. No mRNA
remains at the end of the experiment and conversion to full-length hybrid DNA:RNA
templates is achieved by both enzymes (Figure 5.3C).

1AMV is a (+) ssRNA virus with a 7.2-kb genome that produces leukemia in birds.
2MMLV produces leukemia in mice.
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Figure 5.3: Individual steps of the amplification cycle are confirmed to assay the activity of the RTs and suit-
ability of the YFP-Spinach template of interest. A) Reaction scheme highlighting the first three steps. B) Steps
1 and 2 are confirmed consecutively on nucleic acid gel and C) step 3 separately for the AMV and AccuScript
reverse transcriptases.

Figure 5.4: The reverse transcription reaction by the AMV RT generates two times more product after 3 h at 37
°C in the PURE buffer in comparison with the PURE system (without ribosomes). The input RNA template is
purified from a transcription reaction by the SP6 RNAP on the SP6p-T7p-mYFP-LL-Spinach-polyA template.
The backpriming control is a reverse transcription reaction by the AMV RT in the absence of the (dT) primer,
where a small fraction (15% after 3 h compared to PURE buffer reaction) of product is formed.
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Figure 5.5: The nucleic acid amplification cycle starting from mRNA till the dsDNA template achieved by the RT
and RNase H enzymes is analyzed on an 1.1% agarose gel. Incorporation of the primers is monitored by their
fluorescent labels. The first (dT) primer is labeled at its 5’-end with FAM and the second (promoter-containing)
primer is 5’-end labeled with a TAMRA dye. RNase H is added after 1h to the reaction and its activity proves to
be necessary for incorporation of the second primer into the dsDNA template.

We then asked whether the reverse transcription reaction would be efficient in the
PURE system environment, where binding of translation proteins to the mRNA might
compete with the RT activity. We compared the formation of reverse transcription prod-
uct generated by the AMV RT in the PURE buffer and in the PUREfrex¢ R (PUREfrex lack-
ing ribosomes). It was found that the amount of dsDNA detected after 3 h of reaction is a
factor two less in the PURE system (Figure 5.4), indicating interference with some PURE
components.

Next, we completed the steps of DNA amplification cycle on the 1.1-kb SP6p-mYFPgo-
LL-Spinach-polyA template with the enzymes AMV RT or AccuScript, RNase H and SP6
RNAP in a sequential manner in the PURE buffer (Figure 5.5). To demonstrate that the fi-
nal product is indeed a full-length dsDNA template, we monitored the completion of the
steps with two fluorescent dyes attached to the 5’-ends of the primers. Starting from the
RNA template YFP-Spinach-polyA with hybridized dT primer (Figure 5.2, the RT reaction
was incubated for 1 h before RNase H was supplemented to the reaction solution to de-
grade the RNA:DNA hybrid. Samples before and 2 h after addition of the RNase H were
analyzed on gel. After 1 h, almost all RNA is converted to a reverse transcription product
by the AMV and AccuScript enzyme, visible on the EtBr-stained gel at the same height as
dsDNA in Figure 5.5. At this stage, only the first (dT) primer, labeled with a FAM dye, is
present in the reverse transcription product. The second primer, labeled with a TAMRA
dye, incorporates into the reverse transcription product only after the reaction is supple-
mented with RNase H. This indicates that the RNase H function of the AMV RT alone is
not sufficient to degrade the full RNA:DNA hybrid and the cycle can only be completed
with an accessory RNase H enzyme [1]. This proof of principle experiment shows that the
nucleic acid amplification cycle, starting from an RNA template and achieving dsDNA as
final product, could be performed on a gene-coding construct of length around 1 kb.
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Although we showed that the steps of the nucleic acid amplification cycle work in a con-
secutive manner, we have not achieved the full cycle in a one-pot reaction yet (SI Figure
5.13). We suspect the following mechanisms to hinder efficiency: RNA secondary struc-
tures, self-priming of reverse transcriptase [8], formation of small undesirable byprod-
ucts [9], limited lifetime of the enzymes [3], degradation of RNA by RNase H upon primer
hybridization [1] and non-specific binding of PURE system components that could re-
duce the reaction rates. Some of the mentioned challenges were observed in our experi-
ments. In Figure 5.5 the formation of small (around 200 bp) sideproducts may cause an
inefficient reaction. In Figure 5.4, a small fraction (ca. 15%) of RNA was reverse tran-
scribed by the AMV RT in the absence of an oligo dT primer, which we attribute to self-
priming. Self-priming of the RT can occur via the mechanism of snapped-back priming,
in which the 3’ end of an RNA loops back upon itself to form short and transient RNA-
RNA duplexes [8], or when a 3’-hairpin structure such as the T7 terminator sequence
is already present in the nascent RNA molecule. When the oligo dT primer is present
in excess, we expect a negligible amount of backpriming, though self-priming of the RT
on RNA molecules that have no intrinsic hybridization site might still occur. Finally, the
lower rate of the RT reaction in the PUREfrex¢ R system in comparison with the PURE
buffer environment in Figure 5.4, presumably arises from the high ratio of rNTP/dNTP
and non-specific binding of PURE system components to the RNA template.

Optimizing this reaction by tuning enzyme, oligo and rNTP/dNTP concentrations
would be the next step, as it was done successfully for other techniques that apply a
similar scheme of nucleic-acid sequence-based amplification (NASBA) [2, 4]. We should
mention that NASBA is optimized as a detection tool of RNA sequences, and for effi-
cient amplification the recommendation is to limit the target to approximately 100 to
250 nucleotides [5], which is an order of magnitude smaller than the gene template in
our experiment. One could also envisage to choose another reverse transcriptase en-
zyme. For example, the RNase H function of the HIV-1 RT digests the RNA in shorter
pieces and it was shown that this led to purer 3SR products [10]. Likewise, an RT with a
higher processivity than the AMV (ca. 100 nt [11]) could pave the way for reverse tran-
scribing longer RNA molecules. Interesting candidates are: the retrontransposable R2
element RT that has a higher processivity than retroviral RTs and has the ability of dis-
placing RNA molecules annealed to the RNA template during cDNA synthesis [12], the
recently engineered thermostable and processive MMLV RT variant that has a processiv-
ity of 1500 nt [13], or the obtained thermostable group II intron RT fusion proteins that
lack an RNase H domain but are able to template switch directly to the 3’ ends of new
RNA templates3[14].
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Figure 5.6: Scheme of the stepwise production of templates resulting in DNAtemplate:RNAcoding (A) or
RNAtemplate:DNAcoding hybrids (B). The use of the SP6 RNAP for the transcription step enables the inclu-
sion of a functional T7 promoter in the final template (or vice versa). C) The hybrid template is imaged on
an agarose gel together with the starting double stranded DNA, the intermediate RNA, a control sample, DNA
(left) and RNA ladders (right) .

Figure 5.7: The hybrid template, constructed stepwise according to the scheme of Figure 5.6A, is imaged on
an agarose gel together with the starting double stranded DNA, the intermediate RNA, a control sample, DNA
(left) and RNA ladders (right).
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In this section, we have analyzed in more detail whether reverse transcription products
(that appear to migrate at the same height as dsDNA in Figure 5.3C) are transcriptionally
active. The product of the RNase H deficient AccuScript RT reaction is a hybrid DNA:RNA
template, where the DNA represents the template strand and the RNA the coding strand
for a T7 RNAP that binds to the promoter sequence (Figure 5.6A), or vice versa (Figure
5.6B). Note that the dsDNA template presented in Figure 5.6B is a potential starting tem-
plate of the scheme in Figure 5.2 that combines the nucleic acid amplification cycle with
gene expression. In contrast to the AccuScript RT product, the product of the AMV RT
is not a full hybrid, as its RNase H subunit degrades the RNA during, and after, poly-
merizing the first strand of complementary DNA. The RNase H activity is nonetheless
not processive and mainly results in incomplete digestion, cutting once every 100-200
nucleotides, though shorter cleavage products are also generated [11]. The remaining
hybridized pieces of RNA serve as a primer template junction for second strand synthe-
sis by the DNA dependent DNA polymerization activity of the AMV. Because the poly-
merization subunit of the AMV does not possess any nuclease or effective strand dis-
placement activities [12], several RNAs can serve as an initiation and termination site for
the polymerization activity, resulting in a discontinuous strand. The final product after
the reverse transcription reaction on the initial RNA template is thus a double stranded
nucleic acid consisting of one continuous DNA strand (first strand synthesis) and a dis-
continuous second strand containing a mix of RNA and DNA nucleotides.

Because the reverse transcription products of the T7-YFP-Spinach-polyA RNA se-
quence produced by the AMV RT and the AccuScript RT contains a DNA:RNA hybrid
promoter we tested its transcriptional activity by the T7 RNAP. This hybrid construct
consisting of a DNA template strand and (partially) RNA coding strand will be referred
to as T7D. The Spinach detection method was applied to monitor transcription in the
PURE system, as described in Chapters 2 and 3. To our surprise we found that both the
T7D produced by the AMV RT (SI Figure 5.12) and by the AccuScript RT (Figure 5.8) were
transcribed by the T7 RNAP, though with a lower rate than dsDNA. Moreover, the cor-
responding mRNA underwent subsequent translation. Next, we wondered whether the
transcribability of a hybrid template depends on its orientation, in other words, if a hy-
brid template where the RNA is the template strand and the DNA is the coding strand
(RNAtemplate:DNAcoding, or T7R), can also be transcribed by the T7 RNAP. The latter is rel-
evant as it is an intermediate product of the nucleic acid amplification cycle proposed in
Figure 5.2. We systematically prepared hybrid templates of both orientations and com-
pared the transcription efficiency to that of a dsDNA template.

3This enables synthesis of a continuous cDNA that directly links an adapter to a target RNA sequence without
RNA ligation [14].
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Figure 5.8: Representative kinetics of the simultaneous detection of RNA and protein expressed in the PURE
system from the DNA (dsDNA), the DNAtemplate:RNAcoding hybrid (T7D) and the RNAtemplate:DNAcoding hy-
brid (T7R) templates. Full curves are displayed in SI Figures 5.15,5.14 and 5.16, respectively.

5.4.1. HYBRID TEMPLATES ARE TRANSCRIBED BY THE T7RNAP WITH RE-
DUCED EFFICIENCY DEPENDING ON THE NATURE OF THE TEMPLATE
STRAND

Purified hybrid templates are produced by an in vitro transcription reaction followed
by a reverse transcription reaction performed by the AccuScript RT as shown in Figure
5.6A and B and described in Materials and Methods. A necessary requirement to obtain
functional hybrid templates is the presence of the T7 promoter sequence in the RNA
molecule. This is achieved by transcribing RNA with the SP6 RNAP, which is closely re-
lated to the T7 RNAP but has an orthogonal promoter. The resulting hybrid template
contains the same sequence as the starting DNA template, only lacking the SP6 pro-

Figure 5.9: Relative transcription rates measured by linearly fitting the increase of Spinach signal in the initial
40 minutes of the reaction for the different templates. Left: transcription rates of the dsDNA template. The
black line displays the fitted Michealis-Menten curve. More than 10-fold lower transcription rates are mea-
sured for the DNAtemplate:RNAcoding (middle) and the RNAtemplate:DNAcoding (right).
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moter sequence, and therefore migrates at the same height as the dsDNA in gel elec-
trophoresis (Figure 5.7). To compare the efficiency of transcription by the T7 RNAP on
the different constructs, templates were expressed in the PUREfrex system and RNA and
protein production were monitored in real-time. Transcription was monitored by the
fluorescence of the Spinach signal, which has proven to be a direct representation of
the actual amount of produced (near) full-length transcripts [15]. We found that tran-
scription of both the hybrid templates occurs and that the efficiency decreases in the or-
der dsDNA È hybrid DNAcoding:RNAtemplate È hybrid RNAcoding-DNAtemplate. To obtain
quantitative information about the transcription rates, we performed reactions with a
range of template concentrations (Figure 5.9). Intitial phase of transcription of the ds-
DNA can be described by Michealis-Menten kinetics, similar to previous reports in the
literature [16–18]. Assuming a conversion factor between Spinach fluorescence intensity
and actual mRNA concentration of 3.9 nM / a.u. (corresponding to the value found for
the DNA of mYFPgo-LL-Spinach in Chapter 3), we obtain a maximum transcription rate
of vmax Æ4.7 nM / min (vmax Æ1.2 a.u./min). Half of the maximum transcription rate
is reached at a Km of 0.8 nM for the dsDNA. In contrast, the initial transcription rates
for the hybrid templates do not reach a plateau in the measured concentration ranges,
indicating that Km values for T7D and T7R are orders of magnitude higher than with
dsDNA. A quantitative comparison is therefore arbitrary to the amount of starting tem-
plate. As an example we compare the rates at 14 nM template (ca. 200 ng) and find
that the quantitative decrease in transcription normalized to the maximum rate of ds-
DNA transcription, is 1/30 and 1/70, for the hybrid DNAtemplate:RNAcoding and the hybrid
RNAtemplate:DNAcoding, respectively.

5.4.2. SP6 RNAP CAN ALSO TRANSCRIBE HYBRID TEMPLATES
Next, we questioned if the ability to transcribe hybrid templates is special to the T7
RNAP, or is also found in other single subunit phage RNA polymerases. The SP6 RNAP
is of the same family and closely related to the T7, also commonly used for large scale
in vitro transcription assays. Hybrids containing the SP6 promoter (Figure 5.10A) are
constructed with similar design principles as for the T7 hybrids, by interchanging the
T7 and SP6 promoters in Figure 5.6 and reversing the order of the T7 terminator and
polyA tail for the steps in the DNAtemplate:RNAcoding construction protocol. We find that
the SP6 RNAP displays transcription activity on both the DNAtemplate:RNAcoding and the
RNAtemplate:DNAcoding hybrid (Figure 5.10B), whereas translation only occurs starting
from the DNAtemplate:RNAcoding template (SI Figure 5.18). The measured transcription
rate for 21 nM of the DNAtemplate:RNAcoding hybrid is 0.024 § 0.003 A.U./min (or 0.094
nM / min, n=3), which is 50 times slower compared to the maximum transcription rate
of dsDNA (by the T7 RNAP).

5.4.3. TRANSCRIPTION FROM HYBRID TEMPLATES RESULTS IN MORE INTER-
MEDIATE PRODUCTS

To further investigate the RNA products generated from the hybrid templates, we anal-
ysed the transcription products on nucleic acid gels. To clearly distinguish RNA prod-
ucts from template on the gel we added fluorescently labelled CTP to the reaction mix-
ture that can be incorporated by both the T7 and SP6 RNAPs. Transcription was per-
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Figure 5.10: Hybrid templates are transcribed in an in vitro transcription (TX) system or transcribed and trans-
lated in an in vitro transcription-translation (TX-TL) system A.) Hybrid templates are visualized on an 1.0%
agarose gel and stained with EtBr. B.) Transcription of the hybrid templates is performed in an in vitro TX kit
in the presence of Cy3-CTP that is imaged with a fluorescence scanner. More non full-length RNA products are
visible in the TX from hybrid lanes compared to TX from dsDNA. C.) Transcription and subsequent transla-
tion of hybrid templates is performed in the PUREfrex system in the presence of a fluorescently labelled lysine
amino acid (Green-Lysine). Full-length YFP peptides are produced when starting from the T7D and SP6D hy-
brid templates.

formed in the IVT kits using the dsDNA templates, the DNAtemplate:RNAcoding or the
RNAtemplate:DNAcoding hybrids and the resulting amount of synthesized RNA is displayed
in Figure 5.10B and SI Figure 5.19. Whereas the RNA produced from the double stranded
DNA templates are all full-length transcripts, transcription from hybrid templates leads
to intermediate sized products. Specifically, we observe more aborted transcripts of
100-500 nt for the RNAtemplate:DNAcoding hybrid templates, and the ratio of full length
products versus total RNA products is lowest for these templates. This might explain
why the YFP production in the PURE system experiments (Figure 5.8) is that low for
the RNAtemplate:DNAcoding template. Indeed, the translation machinery is depleted on
short RNA transcripts since there is no rescue mechanism (compared to E.coli that con-
tains tmRNA and peptidyl-tRNA hydrolase among others) present to salvage stalled ri-
bosomes on truncated or damaged mRNA transcripts. Non full-length peptides will not
emit fluorescence that can be detected in the spectrofluorometer experiments (Figure
5.8), and we therefore opted for visualization of translation producys with an incor-
porated fluorescently labelled amino acid on a protein gel. In Figure 5.10 we qualita-
tively confirmed that transcription of DNAtemplate:RNAcoding hybrid templates leads to
subsequent translation of the YFP. Also here, the full-length protein production from
the RNAtemplate:DNAcoding templates is below the detection limit, while production of
shorter peptides is likely not visible4. Further investigation is required to understand
this last observation.

4The distinct lower band that is visible in the T7D, T7R, SP6D, SP6R, and no DNA lanes is probably from the
remaining background GreenLys tRNA.
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This research confirms that the T7 RNAP can start transcription on fully hybrid pro-
moters, where the template strands consists of deoxynucleotides and the non-template
strand of ribonucleotides or vice versa. This observation is important in the context of
the proposed DNA amplification cycle. Besides, it provides new insights on the mechan-
ical properties of this familiy of RNAPs.

5.5.1. T7 RNAP IS AN ENZYME WITH FLEXIBLE PROPERTIES

The T7 RNAP is known as an DNA-dependent RNA polymerase, but it also exhibits a
range of other DNA- and RNA- dependent properties. They are discussed here to pro-
vide a context for this new finding. An example of these other properties is that a specific
short RNA instead of a DNA molecule could serve as a template for efficient and accu-
rate transcription by the natural T7 RNAP [20]. Furthermore, a mutant of the T7 RNAP
showed greatly reduced specificity towards it substrate. This mutant (Y639F) can in-
corporate both deoxyribo- and ribonucleoside triphosphates into the newly synthesized
strand, leading to transcripts with a mix of dNMP/rNMP composition [21]. Interestingly,
it was also capable of unprimed RNA directed RNA synthesis and of unprimed (de novo)
reverse transcription, dependent on the substrates offered. The reported functional flex-
ibility of the T7 RNAP and its mutants raised the question if the T7 RNAP polymerase is
capable of recognizing and transcribing a promoter-template that is a mix of RNA and
DNA nucleotides. If the RNAP can still efficiently transcribe a hybrid template consist-
ing of one strand of RNA and one of DNA, it opens up the possibility for a new reac-
tion scheme that aims to amplify RNA without knowledge of its 5’-end, by ligating an
RNA-DNA promoter containing oligonucleotide to the 5’-end of that molecule and per-
forming first strand DNA synthesis from the 3’-end by a RT enzyme resulting in a hybrid
template[7]. A milestone study on template specificity showed that the T7 RNAP can syn-
thesize transcripts from ssDNA, ssRNA, or hybrid RNA-DNA templates, after initiation
from a double stranded DNA promoter [19]. Their main findings are displayed in Figure
5.11A and comprised the fact that initiation and transition to elongation on RNA tem-
plates occurred but that processivity decreased or abortive initiation increased in these
cases. Also, duplexes might form between the RNA template strand and the transcript
strand, consistent with the higher stability of RNA-RNA hybrids as compared to DNA-
RNA hybrids (that were absent). The effect of the non-template strand on the stability of
the elongation complex is studied as well .Although the results presented here suggest
that T7 RNAP forms a highly stable complex on ssDNA, this is not a general rule and it
can be sequence dependent. In another study it was shown that transcription initiation
(till +5 nt) decreases when ribonucleotides were substituted into the T7 promoter ele-
ment [7] (Figure 5.11B). The authors found that there is a requirement for a greater num-
ber of DNA residues within the template strand compared to the non-template strand.
Although transcription still occurred when DNA residues in the promoter were partly
substituted by RNA residues, they reported no detectable activity when full RNA substi-
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Figure 5.11: Studies of T7 RNAP capabilities to transcribe various forms of hybrid DNA-RNA templates. A)
Figures adapted from [19]. Left: Templates of DNA (solid lines) or RNA (dashed line), or a combination, were
tested for transcribability by the T7 RNAP starting on a dsDNA promoter. Template strand consists of the
consensus promoter and initiation region (from +1 to +6) plus 26 bases downstream sequence. Templates
related to our interest are the reference double stranded homoduplex DNA (dsho DNA, indicated by blue box),
the double stranded heteroduplex (dshe) RNA +1 (indicated by green box) and RNA + 18 templates. Rights:
Results of transcription from different templates was analyzed. Transcription efficiency corresponds to the
number of initiation events that lead to runoff RNA versus total number of initiation events. Note that the dsho
RNA+1 has more than 10-fold less runoff products than the reference dsho DNA template. B) Figure showing
experimental results from (A). Transcripts incorporating [®32P]ATP were analyzed on gel and the generation of
aborted initiation events (till 12 nt), intermediate products (between 12-32 nt), run-off products (32-34 nt) and
hybridized products (top) are visible. The RNA+18 template produces most intermediate and hybrid products.
C) Figure adapted from [7]. Ribonucleotides were introduced at various locations within the template or non-
template (coding) strand of the promoter which reduced transcription yield. There appears to be a critical
window of deoxyribonucleotides necessary to maintain transcribability. D) In this study we found that full
hybrid templates (visualized in relation to representations in A and B) can be transcribed by both the T7 RNAP
and SP6 RNAP with reduced runoff efficiency compared to transcription from a dsDNA.
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tution of the promoter strand took place under the assay conditions[7]5. In Figure 5.11C,
an important finding of our study is that the T7 RNAP can initiate transcription on full
hybrid promoters (DNAtemplate:RNAcoding and RNAtemplate:DNAcoding hybrids), with a re-
duced runoff efficiency, as determined by analyzing the Spinach signal that reports on
the transcription rate, whose values are 1/30 and 1/70 compared to dsDNA, respectively.
We also find that more intermediate products are generated during the elongation pro-
cess when RNA is the template strand as opposed to DNA being the template strand
(Figure 5.10B and Figure 5.19). We hypothesize that this could be due to the stable
RNAtranscript:RNAtemplate duplex that could prevent dissociation and elongation by the
RNAP. Intermediate products are however also generated for the DNAtemplate:RNAcoding
template, suggesting that the non-template strand also plays a role in this process. An-
other single subunit viral RNAP, the closely related SP6 RNAP, can likewise initiate tran-
scription on these templates and generates less aborted products in this process (see
Figure 5.10B).
Placed in this context of the many different properties of the T7 RNAP, it is not that sur-
prising that this enzyme is able to initiate transcription on a fully hybrid promoter. The
structural difference between a DNA:DNA duplex molecule that adopts the B-form (10.5
bp/turn) and a RNA:DNA duplex molecule is its A-form (11 bp /turn) and the higher
stability of the latter [22], which might hinder the separation of the strands in the initi-
ation phase. The sequence specific recognition of a duplex promoter is accomplished
by a combination of direct and indirect readout in adjacent major and minor grooves,
where for the T7 RNAP the main recognition sites are four protein side chains that in-
teract with the four bases G-9, A-8, G-7 and G-11 [23], which remain the same bases in
RNA as in DNA. This is to our best knowledge the first report that provides information
on the transcribability of full hybrid templates, complementing the reported properties
of the T7 RNAP in literature, plus the first investigation of the possibility to utilize these
templates in gene expression systems.

5.5.2. TRANSLATION FROM HYBRID TEMPLATES
In this research we showed that hybrid molecules (T7D and SP6D) can be used as tem-
plates for gene expression. The final yield of fluorescent protein expression from the T7R
template is negligible (34 § 12 a.u. (mean § standard deviation) of YFP fluorescence)
compared to the expression of both the T7D template (613 § 124 a.u.) and the T7 dsDNA
template (859 § 84 a.u.). The final expression yield from the hybrid DNAtemplate:RNAcoding,
albeit lower than the yield from dsDNA expression, falls in a similar range, despite the
much lower production of RNA (after 2 h an order of magnitude less). That lower RNA
levels can lead to higher protein-to-RNA ratio is a general observation in the PURE sys-
tem, ascribed to the saturation of translation machinery when mRNA is too abundant
[16]. Interestingly, the low production of RNA seems to have a second advantage: the ex-
pression time is clearly prolonged for translation of the hybrid T7D template compared
to the T7 dsDNA template (compare YFP curves in SI Figure 5.14 with SI Figure 5.15).
It is unfortunately too early to state strongly that transcription and subsequent transla-
tion of hybrid templates lead to similar protein expression levels as starting from dsDNA

5This paper studied only the initiation step of transcription, with a template strand that was 5 nt longer than
the non-template strand.
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templates, since we observed this only for one gene template (that had lower expression
levels than similar templates studied in Chapter 3). We also note that the chance of errors
in RNA transcripts of the hybrid templates is higher, an inevatible effect that is inherent
to the process of producing the hybrid templates. The error rate of SP6 and T7 RNAP in
transcription is around 1¢10¡ 4, which is higher than the error rate for RT enzymes (AMV:
6¢10¡ 5 and AccuScript 1¢10¡ 5). This means that around 1 out of 10 templates contains a
mutation in the sequence of the hybrid template which may lead to the incorporation of
a different amino acid by the ribosome upon translating the transcribed RNA molecule.
It is thus expected that less full-length peptides with the correct amino acids are pro-
duced from hybrid templates than from dsDNA. This can be a disadvantage; however it
can also be turned into an advantage to introduce errors in gene sequences for evolution
experiments.

We find that transcription from the T7D template produced by the reverse transcrip-
tion process of the AMV RT (Figure 5.12) is more efficient than the transcription from
T7D produced by the AccuScript RT, namely 0.17 a.u/min (0.66 nM / min) versus 0.04
a.u./min (0.16 nM / min). The possible explanation for this discrepancy lies in the nature
of the final reaction product. As explained in Section 5.4 the final product after the re-
verse transcription reaction by AMV RT on the initial RNA template is a double stranded
nucleic acid consisting of one continuous DNA strand (first strand synthesis) and a dis-
continuous second strand containing a mix of RNA and DNA nucleotides. The promoter
site itself (29 nucleotides from the 5’-RNA end in the T7D template) may also consist of a
mix of ribonucleotides and deoxynucleotides in the second strand or in even a few cases
a fully double stranded DNA promoter, which would drastically increase transcription
efficiency in the bulk measurement. This hypothesis can also explain the observation
that no protein is produced from the transcripts coming from T7R AMV product: the
template strand is discontinuous, which results in deletions of nucleotides at the dis-
continuous sites [24] in the RNA product, something detrimental for correct translation
of the YFP. Similarly, protein expression from the SP6 templates occurs only from the
SP6D template.

5.5.3. RELEVANCE OF THE TRANSCRIPTIONAL ABILITY OF RNA:DNA HY-
BRID IN THE CONTEXT OF THE PROPOSED AMPLIFICATION CYCLE

In the proposed nucleic acid amplification cycle of Figures 5.1 and 5.2, an intermedi-
ate species of the cycle is an DNA:RNA hybrid. In the scheme of Figure 5.1 the one-
gene hybrid template has the orientation of DNAtemplate:RNAcoding, whereas the hybrid
in Figure 5.2 is an RNAtemplate:DNAcoding. From this research, we learn that the tran-
scription from a RNAtemplate:DNAcoding by the T7 RNAP is lower than transcription from
a DNAtemplate:RNAcoding template. Therefore, the additional advantage of the decoupling
of the amplification cycle from translation processes as proposed in Figure 5.2, is that the
intermediate RNA:DNA hybrid will not serve as a competing template for transcription
by the RNAP, as transcription from this template compared to transcription from dsDNA
templates is negligible.
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5.5.4. POSSIBLE APPLICATION: RNA AMPLIFICATION SCHEME

A possible application for this mechanism is, as discussed in the previous section, an am-
plification scheme for an RNA molecule without a priori knowledge of the 5’-sequence of
the molecule. An RNA (or DNA-RNA) oligonucleotide containing a promoter sequence
could be ligated to that RNA molecule by an RNA ligase, or in the process of reverse tran-
scription by the group II intron RT fusion protein mentioned in section 5.3. First strand
DNA synthesis by a reverse transcriptase initiated from a hybridized oligonucleotide on
the 3’-end of the RNA molecule will then produce a hybrid DNAtemplate:RNAcoding tem-
plate. This template can be transcribed by an RNAP like the SP6 RNAP (less aborted
intermediate products are formed than for the T7 RNAP), and the produced RNA can
enter the cycle again, leading to amplification of the initial RNA molecule over time.

5.5.5. EVOLUTIONARY PERSPECTIVE

As hypothesized in the RNA world scenario (see also Chapter 1 and 4), RNA preceded
DNA as genetic material, which implies an early emergence of the reverse transcription
process. This led to the prediction of prokaryotic reverse transcriptases, which is con-
sistent with the protovirus hypothesis (RTs are more ancient than retroviruses, which
are the source of RTs used in this study) [25]. An hypothesis related to the evolution-
ary transition from a primitive RNA-dependent RNA polymerase into the extant DNA-
dependent enzymes that facilitated the transition from an RNA-protein to an RNA-DNA-
protein world is posed by Lazcano and co-workers in [25]. They envision that this transi-
tion of enzyme capabilities happened via an ancestral reverse transcription activity, that
was mediated by low specificity nucleic acid polymerases in which novel catalytic prop-
erties were acquired by few conformational modifications. Their argument is based on
the highly structural conservation of a 14-amino-acid-residue segment consisting of an
Asp-Asp pair flanked by hydrophobic amino acids, a same type of domain being found
in almost all cellular and viral RNAPs. This is interpreted as the result of adaptation
of the ancestral polymerase to different templates and substrates during the transition
from RNA to DNA cellular genomes. An enzyme involved in this transition should thus
have reverse transcription capabilities, as well as showing a degree of non-specificity to-
wards the nature of its substrate and template. As described earlier in this section, the
capabilities of the T7 RNAP and it mutants are reported to include the extension of DNA
and RNA primers with rNTPs and dNTPs (with less efficiency and reducing specificity by
replacing Mg2+ with Mn2+), plus unprimed RNA directed RNA synthesis and unprimed
reverse transcription[21]. Our study, together with earlier studies [7, 19], prove that the
T7 RNAP exhibits non-specificity towards its template to some degree. This makes the
T7 RNAP with its flexible properties an interesting model enzyme from an evolutionary
perspective. It also provides an interesting starting point to develop an RNAP that can
recognize and transcribe from a promoter sequence on a fully dsRNA template.

5.6. SUMMARY
In this study, we investigated how a nucleic acid amplification cycle (based on 3SR) could
be integrated into a gene expression environment in order to combine DNA replica-
tion with transcription and translation processes. We confirmed the individual steps
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Construct name Transcription by For hybrid production of
Sp6p-T7p-mYFPgo-LL-Spinach-polyA SP6 RNAP T7D
dT-T7p-mYFPgo-LL-Spinach-rSP6p SP6 RNAP T7R
T7p-SP6p-mYFPgo-LL-Spinach-polyA T7 RNAP SP6D
dT-SP6p-mYFPgo-LL-Spinach-rT7p T7 RNAP SP6R

Table 5.1: DsDNA constructs that are utilized in the process of hybrid template production.

of the nucleic acid amplification cycle that has RNA as an input template and can po-
tentially amplify DNA and RNA molecules in a cyclic manner, for a one-gene construct
of ca. 1 kb in length. We investigated the intermediate products of this cycle and found
that DNA:RNA hybrid templates can be transcribed by the viral T7 RNAP. Hybrid tem-
plates are transcribed by the T7 RNAP with reduced efficiency depending on the nature
of the template strand, in the order dsDNA È hybrid DNAcoding:RNAtemplate È hybrid
RNAcoding:DNAtemplate. The closely related viral SP6 RNAP was also able to transcribe
hybrid templates of both orientation. More aborted products were generated upon tran-
scription from hybrid templates, although this did not prevent the translation of full-
length protein in a minimal gene expression system starting from hybrid templates.

5.7. MATERIALS AND METHODS
DNA TEMPLATES

The DNA templates originate from the gene optimized (Eurogentec) mYFPgo-LL-Spinach
construct described in Chapter 3, with exception of the templates in the experiment
in Figure 5.3 and fig:RT-pure where the DNA templates are variants of the mYFP-LL-
Spinach (Figure 5.3B and Figure5.4), or the YFP-Spinach (Figure 5.3C) described in Chap-
ter 2.
Modifications to this template such as the change of promoter, addition of reverse pro-
moters and polyA tails, are introduced by PCR reactions (Phusion enzyme, Finnzymes)
with the relevant primers that are listed in the Supplementary Information in Table 5.2.
The Sp6p-T7p-YFP-Spinach-polyA template is produced by attaching the SP6 promoter
(SP6p) and a polyA-tail to the T7p-YFP-Spinach-T7t (referred to as YFP-Spinach in Chap-
ter 2) with primers 166 ChD and 167 ChD, respectively. The same procedure holds for the
Sp6p-T7p-mYFPgo-LL-Spinach-polyA with the mYFPgo-LL-Spinach as PCR template.
The dsDNA control for the T7 template (Figure 5.8 and Figure 5.15) contains the same
sequence from both ends as the T7D hybrid template and is produced by a PCR reaction
with primers 427 ChD (166 ChD without SP6 promoter sequence) and 167 ChD. The dT-
T7p-mYFPgo-LL-Spinach-rSP6p (r=reverse) is produced with primers 280 ChD and 279
ChD.
The SP6p-mYFPgo-LL-Spinach-polyA template is produced by replacing the T7 promoter
with an SP6 promoter and the T7 terminator with a poly A tail in the mYFPgo-LL-Spinach
construct with primers 233 ChD and 190 ChD, respectively. The T7p-SP6p-mYFPgo-LL-
Spinach-polyA is subsequently produced with primers 442 ChD and 190 ChD and the
dT-SP6p-mYFPgo-LL-Spinach-rT7p is produced with primers 443 ChD and 444 ChD.
An overview of the templates that are used for hybrid construction is given in Table 5.1.
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ASYMMETRIC PCR TO OBTAIN SSDNA TEMPLATES

Single-stranded DNA was obtained with asymmetric PCR, a method described in detail
in [26]. The ssDNA without SP6 promoter sequence used in the experiment in Figure
5.3B was produced by two consecutive PCRs with the primers 235 ChD and 190 ChD.
The first PCR served to get rid of the SP6 promoter sequence, and the second to generate
a mix of ssDNA/dsDNA, by diluting the forward primer (235 ChD) 50 times with respect
to the reverse primer. This creates a limiting concentration of the forward primer at
one point in the PCR process, resulting in the amplification of only the strand that is
elongated from the primer present in excess. Staining of gels with ssDNA was done with
SybrGold that has a higher affinity to ssDNA than EtBr. The primer 234 ChD contains the
SP6 promoter and an overhang to anneal to the ssDNA template created, as used in the
experiment in Figure 5.3.

REVERSE TRANSCRIPTION REACTION IN PURE BUFFER AND PURE SYSTEM

The reverse transcription with the AMV RT was performed in a 25-¹ L reaction with 1 ¹ g
input RNA template (containing the T7p-mYFP-LL-Spinach-polyA sequence), 30 units
of AMV RT (Promega), 1 mM dNTPs, 0.5 ¹ g poly-(dT)24 primer in either the PUREfrex¢ R
system (10 ¹ l feeding solution and 1 ¹ l enzyme solution) or in the PURE buffer (here:
35 mM HEPES, 70 mM potassium glutamate, 9 mM magnesium acetate, pH 7.6). The
reaction was incubated for 3 h at 37 °C and 2.5-¹ l samples were harvested after the in-
dicated time-points and quenched with EDTA (50 mM final). Samples were analyzed on
a 1.2% agarose gel stained with EtBr. The backpriming control was performed with 0.7
¹ g input RNA, 1 mM dNTPs and 15 units of AMV in the 1x AMV buffer from the supplier
(Promega) for 3 h at 37 °C.

NUCLEIC ACID CYCLE WITH FLUORESCENT PRIMER INCORPORATION

The cycle starting from the RNA template up to the dsDNA template was performed in
the PURE buffer (here: 35 mM HEPES, 70 mM Potassium Glutamate, 9 mM Magneisum
Acetate, pH 7.6) in a 20 ¹ l reaction containing 400 ng of RNA (produced by the SP6 RNAP
from the SP6p-mYFPgo-LL-Spinach-polyA template), 1 ¹ M of the 5’-FAM-(dT)30 primer
(263 ChD), 2 ¹ M of the 5’-TAMRA-SP6p primer (ChD 261), 1 mM dNTPs, 1 mM DTT and
either 20 units of AMV RT or 1 ¹ l of AccuScript enzyme (Agilent). The RNA and the 5’-
FAM-(dT)30 primer were heated for 5 min at 65 °C and cooled down for 5 min at room
temperature prior assembly of the reaction mixture. After 1 h, 10-¹ l sample was stored
at -20 °C until further use, and 0.25 ¹ l of RNase H (13 units, Promega) was added to
the remaining 10 ¹ l reaction mixture and incubated for an additional 2 h. The reaction
samples were column purified with the RNeasy MinElute Cleanup kit (Qiagen) according
to the manufacturer’s protocol, to remove background fluorescence from non-specific
binding to macromolecules in the solution that otherwise interferes with gel analysis.
Samples were loaded on a 1.1% agarose gel, imaged on a Typhoon scanner in the FAM
(excitation: 488 nm emission: 520 BP 40) and TAMRA (excitation: 532 nm emission: 610
BP 30) channels, and afterwards stained with EtBr.

CONSTRUCTION OF HYBRID TEMPLATES

The hybrid templates are generated by a reverse transcription reaction on an RNA tem-
plate with a hybridized DNA oligo. First, the RNA is transcribed from the DNA templates



5

118
5. DNA REPLICATION VIA RNA INTERMEDIATES AND TRANSCRIPTION-TRANSLATION OF

HYBRID DNA:RNA TEMPLATES

in Table 5.1 by the T7 or SP6 RiboMax Large Scale RNA production kit (Promega) and
purified with RNeasy MinElute Cleanup kit (Qiagen) according to the manufacturer’s
protocol, including the DNase I treatment. Secondly, 5 ¹ M of poly-dT(30) oligo is hy-
bridized to 1.5 ¹ g of RNA in RNase-free water and AccuScript buffer (Agilent) by heating
the solution for 5 min at 65 °C and cooling down for 5 min at room temperature. Then,
DTT (10 mM final), dNTP mix (1 mM final, Promega) and 1 ¹ l AccuScript enzyme (Agi-
lent) are added to reach a final reaction volume of 20 ¹ l and incubated for 3 h at 39 °C.
Alternatively, this reverse transcription reaction is performed with the AMV (Promega)
according to the manufacturer’s protocol. After an additional incubation of 30 min at 37
°C with 0.5 ¹ l RNaseOne (Promega), the reaction samples are column purified (Qiagen,
same as above) and eluted in RNase free water. Concentrations of the obtained hybrid
templates are measured on the Nanodrop (Thermo Scientific) with absorbance mea-
surements at 280 nm, utilizing the same extinction coefficient as for DNA. Purity of the
final products is checked on a 1.0% agarose gel with EtBr. RNA samples are denatured
in formaldehyde loading buffer at 65 °C for 5 min and chilled on ice prior loading on the
gel. The 1-kb plus DNA ladder (Promega) and ssRNA ladder (NEB) are used to measure
the length of the products. To exclude the possibility that traces of DNA or RNA in the
hybrid sample can lead to transcription or translation in downstream reactions, control
samples are generated and tested following the exact same protocol but omitting the
addition of the reverse transcriptase enzyme.

QUANTIFICATION OF TRANSCRIPTION EFFICIENCY IN THE PURE SYSTEM

For transcription and successive translation of the templates, the in vitro gene expres-
sion PUREfrex (GeneFrontier) is utilized. The PUREfrex system contains the T7 RNAP
and when indicated SP6 RNAP (Promega, 80 units) is supplemented to the system. The
chromophore DFHBI (20 ¹ M final) is added to the reaction mixture and becomes fluo-
rescent upon binding the Spinach aptamer. For real-time monitoring of RNA and pro-
tein production, a 20-¹ l reaction is transferred to a 15-¹ l cuvette (Hellma) positioned in a
Peltier thermostated four-cell holder maintained at 37 °C, in a fluorescence spectropho-
tometer (Cary Eclipse, Varian). Acquisition of the Spinach and YFP fluorescence occurs
every 30 s or 60 s at excitation/emission wavelengths of 460/502 and 515/528 nm.

VISUALIZING TRANSCRIPTION FROM HYBRID TEMPLATES ON NUCLEIC ACID GELS

To visualize the low amounts of RNA products transcribed from the hybrid template,
in vitro transcription assays were performed in the presence of a fluorescently labelled
nucleotide. Transcription was performed for 7 h at 37 °C by the T7 or SP6 RiboMax Large
Scale RNA production kit (Promega) in 20 ¹ l reactions containing ca. 700 ng of hybrid
template, RNase inhibitor (10 units SUPERase.In, Ambion), 1 mM NTPs and 0.05 mM of
5-Propargylamino-CTP-Cy3 (Jena Biosciences). Samples after clean-up were loaded on
a 1.0% agarose gel and imaged on a Typhoon scanner with an excitation wavelength of
532 nm and emission filter 580 § 30nm.

VISUALIZING TRANSLATION PRODUCTS FROM HYBRID TEMPLATES ON PROTEIN GEL

Production of proteins was monitored by the incorporation of a fluorescently labelled
amino acid that was supplemented to the PUREfrex reaction. Protein synthesis was per-
formed in a 10-¹ l reaction with 150 ng of hybrid templates or 20 ng of SP6-T7p-mYFPgo-
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Figure 5.12: The reverse transcription products of the AMV RT were tested for their ability to be transcribed
by the RNAP of its promoter signal. (Partly) hybrid templates with a T7 promoter (T7D or T7R) were made
according to the scheme in Figure 5.6 (replacing AccuScript with AMV RT). The SP6D and SP6R were made
similarly by reversing the SP6 and T7 promoters and omitting the T7 terminator in Figure 5.6A and B, respec-
tively. Transcription was only observed from products were the DNA is the template strand (T7D and SP6D).

LL-Spinach-polyA template in the presence of BODIPY-Lys-tRNALys (FluoroTectTM GreenLys,
Promega) and 6 units SUPERase.InTM, Ambion). The SP6D and SP6R samples are sup-
plemented with 40 units of SP6 RNAP (Promega). Samples were incubated for 5 h at 37
°C, treated with 0.5 ¹ l RNaseONE (Promega) for 30 min at 37 °C, denatured for 2.5 min
at 65 °C in the 2x Laemmli loading buffer (Sigma-Aldrich), and analyzed on a 12 % SDS-
PAGE using a fluorescence gel imager (Typhoon, Amersham Biosciences).
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Primer 5’-3’ Sequence label

166 ChD
AAGATTTAGGTGACACTATAGAATACAAGCTTGGG
CTGCAGCGCGAAATTAATACGACTCACTATAGGGAGACC

167 ChD
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTAAAAAA
CCCCTCAAGACCCGTTTAGAGG

190 ChD
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTATGCT
AGCCCGGGGATATC

233 ChD
TTATTTAGGTGACACTATAGAAGGGAGAGACCACA
ACGGTTTCCCTCTAG

234 ChD
TTATTTAGGTGACACTATAGAAGGGAGAGACCAC
AACGGTTTC

235 ChD GAAGGGAGAGACCACAACGGTTTCC
261 ChD same as 234 ChD 5’-TAMRA
263 ChD TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT (dT30) 5’-FAM

279 ChD
AAGATTTAGGTGACACTATAGAATACAAGCTTATG
CTAGCCCGGGGATATC

280 ChD
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCGAAAT
TAATACGACTCACTATAGGGAGACC

427 ChD
GAATACAAGCTTGGGCTGCAGCGCGAAATTAATAC
GACTCACTATAGGGAGACC

442 ChD
GCGAAATTAATACGACTCACTATAGGGAGACCTAA
TTGCCTATTTAGGTGACACTATAGAAGGG

443 ChD
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGCCTA
TTTAGGTGACACTATAGAAGGGAGAGACC

444 ChD
GAAATTAATACGACTCACTATAGGGAGACCTGCTA
GCCCGGGGATATCGACGCGAC

Table 5.2: List of primer sequences. Promoter sequences of SP6 and T7 are underlined.

Figure 5.13: Trials of the nucleic acid amplification cycle starting from RNA and with simultaneous addition of
the AccuScript RT and the RNase H led to slightly shorter products than the expected full-length dsDNA with
either both primers present or mainly the dT primer (FAM). A) This reaction was performed in a 20 ¹ l solution
according to the composition described in section 5.7, with the difference that 0.3 ¹ l RNase H was added from
the beginning and 300 ng mRNA was used transcribed from the SP6-mYFP-Spinach-polyA template. B) A small
fraction of full-length dsDNA that incorporated two primers is visible. This reaction was performed in a 20 ¹ l
according to the composition as described in section 5.7, with the difference that 0.5 ¹ l RNase H and 1 ¹ M 261
ChD primer was added from the beginning. As a dsDNA reference the final product after 3 h (3ref) from the
AccuScript reaction with subsequent addition of RNase H from Figure 5.5 is displayed.
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Figure 5.14: Expression kinetics of Spinach and YFP from the T7 dsDNA template in the PUREfrex system.

Figure 5.15: Expression kinetics of Spinach and YFP from the T7D hybrid template in the PUREfrex system.

Figure 5.16: Expression kinetics of Spinach and YFP from the T7R hybrid template in the PUREfrex system.
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Figure 5.17: Linear fits of the first 60 min of the Spinach transcription signal for all the curves analyzed for the
T7D templates and displayed in the main panel.

Figure 5.18: The SP6 RNAP exhibits transcription activity on the DNAtemplate:RNAcoding, but not on the
RNAtemplate:DNAcoding hybrid template (no increase in Spinach signal compared with the control sample).
The control sample is produced using the hybrid construct protocol but with omission of the AccuScript en-
zyme. This control experiment confirms that there is no residual amount of carry over of DNA/RNA that con-
tributes to transcription or translation reactions.
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Figure 5.19: Transcription of the hybrid templates with incorporation of a fluorescently labelled Cy3-CTP im-
aged on RNA agarose gels for the T7 templates (A) and SP6 templates (B). Transcription from both hybrid
templates generates a large amount of non-full length products (mostly between 150-500 nt), whereas this is
not the case for transcription from a ds DNA template containing the same sequence. DMSO does not attenu-
ate the formation of aborted products. The control samples were produced with the hybrid construct protocol
with omission of the Accuscript enzyme. This control experiment confirms that there is no residual amount of
carry over of DNA/RNA that contributes to transcription or translation reactions.
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6
DSDNA REPLICATION BY

SYNTHESIZED PROTEINS OF THE

PHI29 VIRUS IN THE PURE SYSTEM

We propose the DNA replication mechanism by the bacteriophage phi29 proteins, DNAP
(p2), TP (p3), SSB (p5) and DSB (p6), as a potential candidate for the DNA replication
module in the minimal cell. We have designed templates encoding for two replication
proteins flanked by ca. 200 bp of the right and left end of the phi29 genome containing
the origins of replication (oriLR-p2-p3 and oriLR-p5-p6). The replication activity of the
PURE system synthesized phi29 DNAP and TP is confirmed by imaging the samples after a
purification protocol on a neutral gel and by analyzing the band intensities of the DNA of
interest at different time-points. The two synthesized proteins are also capable of amplify-
ing the ca. 20-kb phi29 genome. This minimal replication system generates large amounts
of side products in absence of the accessory proteins (p5 and p6). Co-expression of the four
replication proteins reduces the side product formation in the amplification reaction of
the phi29-genome. The groundwork is laid out for further investigations and suggestions
to optimize conditions for DNA replication in the PURE system are discussed.
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Figure 6.1: A) Micrograph of phi29 virion, adapted from [1], original from [2]. The dimensions of the head are
in the order of 50 nm. B) Schematic of the structure and geometry of the phi29 virion, source: Expasy Viralzone
[3].

DNA replication is at the core of information transfer, vital to all propagation of life.
Nature invented more than one type of replicon, with an increasing order of complexity
from viruses to prokaryotes to eukaryotes. Therefore, to opt for a minimal DNA replica-
tion system, as discussed in Chapter 4, viral life forms serve as a first source of inspira-
tion. In this chapter, we will further dive into the mechanism of the symmetrical mode
of replication that is performed by the phi29 virus. The aim of this research is to imple-
ment, analyze and evaluate this type of replicon in the minimal cell framework.

6.1. THE PHI29 VIRUS
The phi29 virus (its virion is shown in Figure 6.1) is a member of the podoviridae fam-
ily1 and a lytic phage of Bacillus subtilis. B. subtilis is a gram-positive bacterium that is
naturally a soil organism but also adapted to have an intestinal life cycle after having en-
tered the gut microflora as a spore [4]. The phi29 virus masters dealing effectively with
the sporulating bacteria [5]. The common viral strategy of lysogeny is for the phi29 how-
ever not an option; the linear double-stranded 19.3 kb genome of the phi29 has terminal
proteins covalently attached to its ends. Its strategy is to wait for the right moment of
germination and thus inhibits transcription of its genes in the early phase of sporulation
by binding the spore initiator proteins produced by its host.

The terminal proteins are the solution for the phi29 virus to the ’end-replication
problem’ or so called termination paradox as described in the previous chapter. Briefly,
any DNA polymerase can only polymerize deoxynucleotides in the 5’ to 3’ direction and
needs a primer in the form of a 3’-hydroxyl group to attach the first nucleotide. If the ter-
mination paradox is not solved, it means a few nucleotides at the 5’-end of the genome
are not replicated, resulting in loss of information at each generation. We have already
seen different solutions to this problem, such as utilizing RNA as a primer or circular-
ization of the genome. Because some amino acids contain hydroxyl groups in their side

1Charasteristics: dsDNA genome, icosahedral head, short tail. Another example of this family is the T7 bacte-
riophage.
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Figure 6.2: DNA replication of the phi29 genome is a protein-primed process and proceeds in a symmetric
mode, where both ends serve as an origin of replication. A.) The hydroxyl group (blue circle) in the serine
residue in the TP serves as a primer. B.) The sliding back mechanism, adapted from [6]. C.) Besides the TP
and the DNAP, two other proteins are necessary for successful DNA replication in vivo: a SSB protein that
protects the displaced single-stranded DNA and a DSB protein that facilitates the initiation reaction by aiding
the opening of the DNA helix. Adapted from [7].

chains, such as the serine, threonine or tyrosine residues, it is possible to prime DNA
synthesis with an amino acid inside a protein. This is the strategy of the phi29 phage.
The protein-primed DNA synthesis is an elegant resolution in its simplicity and it rep-
resents one of the main reasons we are interested in the DNA replication mechanism of
the phi29 virus for the minimal cell.

6.2. DNA REPLICATION MECHANISM OF THE PHI29 VIRUS
The phi29 genome encodes for its own DNA replication proteins that are transcribed by
the host RNA polymerase in the early phase of infection. The replication of the phi29
genome is a protein-primed process and has a symmetrical mode of replication. The
serine residue (Figure 6.2A) at position 232 of the terminal protein (TP, p3) provides
the hydroxyl group necessary for incorporation of the first deoxynucleotide catalyzed
by the phi29 DNAP (p2). The TP and DNAP form a 1:1 complex in solution, an interac-
tion stimulated by the presence of ammonium ions. The TP-DNAP complex recognizes
the origins of replications at the termini of the genome. Part of this origin is a 6-bp ter-
minal inverted repeat of the sequence: 5’-AAAGTAA-3’. Initiation of replication occurs
at the second nucleotide, after which the TP-dAMP complex slides back to basepair the
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3’-terminal nucleotide of the template as depicted in Figure 6.2B [8]. The DNAP dissoci-
ates from the TP after synthesis of ten nucleotides resulting in DNAP-DNA interactions
and elongation of the newly created DNA primer till the other end of the genome [9].
As the DNAP possesses a strand displacement activity, the replication complex does not
need a helicase to separate the DNA helix. Aside TP and DNAP, two accessory proteins
stimulate the DNA replication process, namely a single-stranded DNA binding protein
(SSB) and a double-stranded DNA binding protein (DSB). The p6 DSB facilitates the lo-
cal unwinding of the DNA at the origin. The p5 SSB coats the ssDNA and protects it from
degradation until it is complemented into dsDNA. The concerted functioning of the four
replication proteins is schematically depicted in Figure 6.2C [7]. Because the initiation of
the DNA replication reaction can start at both origins (replicative intermediate Type I in
Figure 6.2C), the two DNAPs approach each other on the template and will meet at one
point during the replication process. During this collision, both DNAPs remain bound to
their template strand resulting in replicative intermediate of type II. The DNAPs dissoci-
ate from the DNA once polymerization of the strand is completed. The process of phi29
DNA replication is called symmetric because it involves two replication origins and con-
tinuous synthesis of two DNA strands is carried out by two units of a DNAP.

In the remainder of this section, we will review important properties of the DNAP, TP,
SSB and DSB proteins and of the developed in vitro DNA amplification system based on
these proteins. We will then explain the specific aims of our research in the next section.

DNAP, P2
Besides the utilization of a protein as a primer, the main catalytic properties of the phi29
DNAP are the strand displacement ability that is coupled to the polymerization process,
the high processivity and proofreading activity [10]. The processivity of the DNAP was
found to be more than 70 kb on a primed ssDNA plasmid as template [11]. The strong
binding of the phi29 DNA polymerase to single-stranded DNA is probably the reason
for its high processivity. The DNAP binds to both ssDNA and dsDNA, though binding
to ssDNA is favoured and more resistant to salt [11]. Once bound to a primer-template
junction, both the strand displacement activity and processivity are not affected by con-
ditions that increase the stability of the DNA helix, even not at 0 °C 2.
The 3’-5’ exonuclease domain of the phi29 DNAP is physically separated from the poly-
merization domain (C-terminal region) and its activity satisfies the biochemical criteria
of the proofreading mechanism3. The DNAP prefers degradation of ssDNA over dsDNA,
though higher temperatures (37 °C) significantly increase degradation of dsDNA in ab-
sence of dNTPs [10].
The fidelity of the polymerization domain alone is between 105 and 106 and is increased
1-2 orders of magnitude further by the proofreading activity of the DNAP [12]. Because
of its high fidelity the phi29 DNAP is widely used in the sequencing and single-cell ge-
nomics field. Examples are the TempliPhiTM and GenomiPhiTM DNA Amplification Kits

2It is therefore important to stop the DNA polymerization reaction of an experiment chemically, by either
depleting the free magnesium ions or inhibiting the DNAP itself.

3These cirteria are: 1) release of dNMPs on ssDNA as the optimal substrate, 2) preferential excision of a mi-
spaired primer terminus, 3) physical association with the DNA polymerase, both acting coordinately to en-
hance the fidelity of DNA synthesis [10].
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(Amersham BioSciences), which rely on multiple-primed rolling circle amplification or
linear amplification4.
The ability of the DNAP to perform strand displacement coupled to the polymerization
process reduces the amount of molecules in the replication fork is to a minimum. Hence,
it is the second main reason we opt for this system as a candidate for genome replication
in the minimal cell.

TP, P3
The TP has an elongated three-domain structure, a disordered N-terminal domain that
has binding capacity to DNA, an intermediate domain that confers specificity to the in-
teraction with DNAP and a C-terminal domain that contains the priming residue [13].
The parental terminal protein aids in recruiting the TP-DNAP complex to the replica-
tion origin [9]. The two parental TPs are essential for replication of the phi29 genome
in vivo[14]. A phi29 genome containing a TP only at one end was not replicated inside
Bacillus subtillis protoplasts, which suggests that the strand displaced TP-DNA by itself is
not a template for replication and that initiation normally occurs at non-template strand
before the strand is fully displaced.
It has been shown that fusion of proteins at the TP N-terminus may not impair its func-
tion, which can be exploited for possible applications such as labeling the TP with a
fluorescent protein to localize it inside cells [15].

SSB, P5
The SSB is highly abundant in infected cells and protects the displaced ssDNA from
degradation by host nucleases, while preventing non-productive binding of replication
proteins to the ssDNA. The SSB has a relatively low binding efficiency (Keff=105 M-1) and
cooperative binding mode, covering 3-4 nucleotides per protein monomer [16]. The
cooperative nature of the SSB is responsible for the ability to displace oligonucleotides
that are hybridized to a ssDNA template and to eliminate secondary structure of the dis-
placed ssDNA in the replicative intermediates of phi29 genome replication. The helix-
destabilizing activity of the SSB can increase the DNA elongation rate of strand displace-
ment reactions by promoting helix-opening in front of the DNAP [16]. Importantly, bind-
ing of the SSB to ssDNA has shown to prevent strand switching by the phi29 DNAP in in
vitro phi29 genome replication and rolling circle amplification experiments [17, 18].

DSB, P6
The p6 protein is the most abundant protein in infected cells, with a concentration around
1 mM [19]. At such concentrations, the p6 associates into oligomers. It binds to dsDNA
through the minor groove as one dimer per 24 bp [20]. High affinity binding sites are
present at the ends of the genome (for example the sequence 35 to 58 bp from the left
end) and although patterned binding starts to become weaker from ca. 200 bp from
the end, the p6 proteins can coat the whole viral genome and functions as a histone-
like protein [21]. The p6 protein recognizes structural features like bendability and it
strongly distorts the complexed DNA, a process that stimulates the incorporation of the

4see also Chapter 4
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first nucleotides to the TP-dAMP initiation complex [22]. Interestingly, the correct loca-
tion of the p6 relative to the genome end is required, as a phase change was found to
completely abolish the ability of p6 to promote the initiation reaction [20].
Another function of the p6 protein in vivo is the repression of some early promoters and,
together with protein p4, it is also involved in activation of a late promoter5.

In vitro DNA AMPLIFICATION SYSTEM

The in vitro DNA amplification system based on the four purified replication proteins
was developed by the group of Prof. Salas and was first described for amplification of
the phi29 genome [7]. For understanding their most important findings and interesting
features of this system that will be relevant for our research, key figures are reproduced
in Figure 6.3. First of all, it should be noted that the TP and DNAP alone are capable of
amplifying the phi29 genome, although with low efficiency and only when starting from
high amount of initial template (500 ng). In Figure 6.3A, the graphs on the left show the
increase in DNA synthesis for different initial amount of phi29 genome input DNA when
the minimal system is supplied with either the p5 and p6 separately, or simultaneously.
The complete system described in this paper has the following composition: in a 10 ¹ l
reaction, purified proteins are present as 15 ng of preformed TP-DNAP complex, 20 ng
free TP, 10 ¹ g p6, 8 ¹ g p5, different amounts of the phi29 genome containing the parental
TPs, all in a buffer of 50 mM Tris HCl (pH 7.5), 10 mM MgCl2, 4% glycerol, 1 mM DTT,
0.1 mg/ml with 80 ¹ M of each of the dNTPs. After 1 h incubation at 30 °C the final DNA
synthesized is similar for all input DNA. The amplification factor starting with 50 ng of
input DNA template is around 13-fold in this experiment. The left graphs in Figure 6.3A
show that increasing amounts of p5 or p6 proteins (upon the background of the other
protein) leads to a close to linear increase in the amplification yield when starting from
0.5 ng input DNA.
The effect of SSB in the in vitro amplification process is further studied in [17]. Here, they
found that the absence or low concentrations of SSB in the in vitro amplification system
led to the generation of short products (Figure 6.3C left), with typical lengths varying be-
tween 200 and 6000 bp. Because the short DNAs were reamplified when used as input
templates in a fresh amplification reaction, they concluded that the short molecules are
in vitro replicons derived from the phi29 DNA template ends. The mechanistic expla-
nation for this is that the displaced strand serves as a competing template for the DNAP
when it is not bound by SSB. The potential template switching event by the DNAP will
continue until the end of the displaced strand, generating a new double stranded replica-
tion origin. As schematically depicted in Figure 6.3C, initiation on this origin would lead
to a short molecule containing two identical and functional origins of DNA replication;
a palindromic molecule that can be replicated further. Because these DNAs are much
shorter than the full-length phi29 genome, their duplication time is shorter and they are
in direct competition for the replication resources. Duplication of TP-DNA requires the
steps of protein-primed initiation and DNA elongation (that is length-dependent) that
have different time durations. When the elongation time is shorter than the initiaton
time, which is the case for short DNAs, one such molecule can easily outnumber its full-

5Is it possible that the coating of the DNA by the p6 might interfere with transcription by the T7RNAP in our
designed constructs?
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Figure 6.3: The in vitro DNA amplification system is based on the four phi29 replication proteins. Important
findings of literature are presented A.) Adapted from Figure 3 in [7]. Left: DNA synthesized (above) and DNA
amplification (below) in vitro as a function of input DNA with different combinations of phi29 DNA replica-
tion proteins by the minimal system of TP and DNAP (squares), supplemented with p6 (open circles) or p5
(triangles) individually or simultaneously (black circles). Right: The requirement of proteins p6 and p5 for
DNA amplification is shown for an input DNA of 0.5 ng phi29 genome. B.) Adapted from Figure 2 in [15] The
heterologous pETORPHI DNA template (containing 191 bp from the left and 194 bp from the right end of the
phi29 genome) is an efficient template for DNA synthesis dependent on the presence of p6. C.) Adapted from
Figures 1 and 6 in [17]. Left: Effect of SSB on the size of in in vitro amplified DNA using 0.5 ng of phi29 genome.
Short DNAs accumulate in the reaction with decreasing amount of SSB present (below 2 ¹ g). Right: Proposed
model for the generation and replication mechanisms of the short DNA products that are hypothesized to be
palindromic TP-DNAs.
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length competitors in a short time period (for a detailed analysis see [17]). Interestingly,
when increasing the initation time by having only subsaturating concentrations of the
initiator dATP molecule present, the generation of short DNAs was severely limited.

The in vitro amplification method was extended for its general use by introducing
the design and amplification of heterologous DNA templates [15]. By flanking a DNA
sequence of interest with ca. 200 bp (the strong binding region of p6 proteins) of the
left and right ends of the phi29 genome, in principle any template can be amplified by
the phi29 system. In Figure 6.3B, the amplification of the 5.8 kb pETORPHI template is
shown to highly depend on the presence of the p6 protein. The minimal amount of tem-
plate required for amplification was 10 ng for both pETORPHI and the phi29 genome
(the protein concentrations in this system are at least 2.5-fold lower, see Materials and
Methods for the full composition), an interesting observation since the minimum mass
input of DNA templates does not correspond to the same number of DNA molecules.
Starting with 25 ng of template, the average amplification factors after 2 h of incubation
at 22 °C were 83 § 19 and 30 § 7 for the phi29 genome and pETORPHI, respectively. A
template containing on both sides 68 bp from the left side of the genome, pETORPHI68L,
was also amplified with a yield that was 30% less. This research showed that the termi-
nal protein is not necessary for in vitro replication of templates, though a 5’ phosphate
group is required.

The highly inspiring mechanism of phi29 DNA replication that is performed by only
two to four proteins and the promising results found for the in vitro developed amplifi-
cation system are the motivation for the project described in this chapter.

6.3. RESEARCH AIM

The aim of this research is to investigate if the DNA replication system based on the
phi29 proteins is compatible with our biosynthesis platform for the minimal cell, the
PURE system. We will investigate if the expressed phi29 proteins are functional in this
system. Because we know from literature that in some conditions the minimal replica-
tion system consisting of the DNAP and TP was able to perform DNA replication, our
first aim is to test if the expressed DNAP and TP can replicate their own encoding DNA
template, thus completing a full cycle of the central dogma. As the near future of the
minimal cell research requires co-expression of a multitude of genes, another aim is to
replicate a longer DNA template, such as the ca. 20-kb phi29 genome. A third aim is to
optimize conditions to achieve a high yield of DNA replication in the PURE system. This
will be a challenging task since there are many parameters involved. By implementing
the phi29 DNA replication machinery in an in vitro transcription and translation system
we hope to learn new facets of the working mechanisms of the DNA replication by the
phi29 proteins when confronted to other genome processing reactions.

For more details about the minimal cell context of this research we refer the reader
to Chapter 1, and for dicussions on related research we refer to Chapter 4 [23, 24].
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Figure 6.4: Schematic picture of the elements in the designed DNA constructs for replication. The hairpin
formation of the T7 terminator is adapted from [26].

6.4. DESIGN OF THE DNA TEMPLATES ENCODING FOR THE REPLI-
CATION PROTEINS

An important aim in this project is to replicate the double stranded DNA that encodes
for its own replication proteins. Our first goal was therefore to construct a DNA tem-
plate that contains the genes for the terminal protein and the DNA polymerase, plus
the origins of replication. We placed both genes under their own promoter, to tenta-
tively achieve similar levels of transcription and subsequent translation. The schematic
picture of the double gene construct is shown in Figure 6.4. A design with multiple gene-
operons is another strategy, which would require adequate tuning and understanding of
the mRNA folding and strengths of the ribosome binding sites. Because a recent study
of tricistronic gene expression in the PURE system reported a biased expression towards
high protein production of the first gene, we did not opt for this approach [25].

The two origins of replication and the gene sequences of the phi29 genome are re-
treived from the NCBI Genbank Reference Sequence NC0110481. To ensure high pro-
tein expression in the PURE system, coding and non-coding signal sequences are op-
timized. The sequences for the proteins are gene optimized for expression in E. coli by
the OptimumGeneTM algorithm of GenScript, which includes optimization of e.g. codon
usage bias, GC content and mRNA secondary structure. We chose to perform gene opti-
mization for E. coli because the PURE system is based on the E. coli translation system
including the pool of tRNAs 6.

The sequence from T7 promoter to START codon in all our constructs is the same
as in gene 10 from the T7 genome 7. This T7 promoter is the strongest in vivo consen-
sus promoter of the class III genes of the T7 virus, which represents the genes for virion
structure and assembly, all requiring high expression levels. The major protein expressed
after infection of T7 in E. coli is the capsid protein, gene 10. Expression of foreign genes
with the g10-leader sequences are around 40-fold greater than the consensus E. coli ri-
bosome binding site(RBS)8 [27]. The upstream sequence of the RBS forms a secondary
structure that serves as an affinity ligand for the small subunit ribosomal proteins. For

6supplier Roche extracts the tRNA from E. coli MRE 600.
7To be exact: nucleotide position 22887 to 22966 in GenBank entry NC001604.1 .
8Or Shine-Delgarno sequence (SD).
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this reasons, the gene 10 sequence of the T7 genome is the basis for the widely used pET,
pRSET and piVEX expression vectors in E. coli-based (cell-free) systems [28]. Inserting
genes at the START codon of the gene 109 is equivalent to inserting genes with the Nde
I restriction enzyme into the pET-3 a, b and c vectors or utilizing Nco I sites in the pET-
3d vector. The commonly used pRSET vectors contain part of the g10-leader after the
START codon, resulting in addition of amino acids at the N-terminus of the synthesized
protein. Because the N-terminal of most of the replication proteins serve a protein or
DNA interacting function, this would not be desirable.

To produce mRNA encoding a single gene, termination signals for the T7 RNAP are
placed after the STOP codon of the genes. In this design we employ two different termi-
nator sequences, the natural T7 terminator and an artificial terminator. The T7 genome
has only one T7 RNAP terminator, Tphi, that is positioned between gene 10B and gene
11 to ensure production of large amounts of the capsid protein. The termination is not
completely efficient, as read-through is necessary for transcription of gene 11 and 12
that do not contain their own promoters [26]. The sequence of the terminator forms a
stable stem-loop structure followed by a run of U’s, destabilizing the RNA:DNA hybrid
and resulting in termination. Apart from this class, there is a second class of termina-
tors that does not generate an evident structure in the RNA but can pause the T7 RNAP.
The 7-bp sequence ATCTGTT (5’ to 3’ in the coding strand) is responsible for the pause,
and release of the RNAP from the template is favored by a stretch of U’s in the 6 to 8bp
downstream [29]. This sequence was first identified to terminate the T7 RNAP in a study
where they aimed to in vitro transcribe the cloned human preproparathyroid hormone
(PTH) gene, and also when transcribing the ssRNA of the vesicular stomatitis virus (vsv).
We utilized the class II terminators as described in two papers of Prof. Foster’s group
[30, 31]. The vsv-terminator is only 18bp (TATCTGTTAGTTTTTTTC) and has by itself a
termination efficiency of 53-62% in vitro [30], which is close to the reported termination
efficiency of Tphi of 70%. A tandem repeat of the vsv-terminator, separated by a spacer
of 16 bp, even reached 90% termination effiency of T7 RNAP transcription in vitro[31].
It should be possible to reach complete termination if more repeats are inserted, which
will be important for more complex multiple gene constructs. The 52-bp tandem repeat
of the vsv-terminator is in our design implemented between the two genes. We chose to
have the two different terminators for functional reasons regarding the assembly PCR,
that is described in the Materials and Methods.

In Table 6.1, an overview of the constructs used in this research is reported, of which
most of them are displayed on the DNA gel in Figure 6.5. The constructs containing ori-
gins have a 5’-phosphate group introduced during the PCR. The constructs that do not
have origins of replication are otherwise of the same design. The complete sequences
are available upon request and will be published in the near future.

A second aim of this study is to copy a long DNA template, to evaluate the perfor-
mance of the phi29 DNA replication mechanism to amplify genome with lengths rele-
vant for a minimal cell. The genome of the phi29 virus is the ideal choice for this pur-

9The sequence of interest is ordered at the company GenScript, circumventing cloning steps.
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Table 6.1: DNA constructs of the phi29 proteins

Construct Length (bp) Origins of replication Comments
Terminal protein (TP, p3) 932 No MW of protein: 31 kDa
DNA Polymerase (DNAP, p2) 2k No MW of protein: 66 kDa
p5 508 No MW of protein: 13.3 kDa
p6 447 No MW of protein: 12 kDa
oriLRp6 835 OriR194, OriL191 T7 terminator (T7t)
oriLR-p2-p3 3212 OriR194, OriL191 tandem-vsv and T7t
oriL68-p2-p3 2959 OriL68 at both ends tandem-vsv and T7t
oriLR-p6-p5 1382 OriR194, OriL191 tandem-vsv and T7t
Phi29-genome 19282 Yes parental TPs at 5’-ends

pose, and it was kindly provided to us by our collaborators Prof. Margarita Salas and Dr.
Mario Mencia from Madrid. The phi29 genome is visualized on agarose gels in Figure
6.6. We observe that the TP-phi29-genome separates into two distinct bands on a neu-
tral agarose gels, of which one of them remains close to the well. After heat denaturation
treatment of the genome, only one band of ssDNA is visible. This indicates that the up-
per band is the phi29 genome in a different state or folded structure. On a denaturing
agarose gel two distinct bands are likewise observed when loading high amounts of DNA
(more than 190ng). Our interpretation is that partially denatured and interwoven ssDNA
aggregate and then remain near the well (personal communication Salas and Mencio).

6.5. RESULTS

6.5.1. TRANSCRIPTION FROM DNA TEMPLATES
To examine the transcription efficiency of both genes from a double-gene construct we
performed an in vitro transcription reaction in the PURE system without ribosomes. The
catalytic units of the ribosome are RNAs, the rRNAs, that have lengths of 1.5 knt and 2.9
knt. Ribosomes were omitted in the PURE system when we aim to detect transcripts of
similar size. Earlier research in our lab showed that transcription is not affected when
omitting the ribosome solution [32]. In Figure 6.7 transcripts originating from the p2, p3
and the combined oriL68-p2-p3 template are analyzed on gel (right). A small amount of
read-through RNA product from an RNAP that started at the first T7 promoter and did
not terminate at the vsv-repeats, is present. A rough estimation based on band inten-
sity analysis of the separate RNA species and the assumption that band intensity scales
linearly with the total ng amount of RNA present, gives 20% read-through, and thus 80%
termination efficiency of the vsv-repeat. Note that on this gel the resolution does not al-
low us to make a distinction between transcripts that were aborted at the T7 terminator
or at the end of the template (when the RNAP falls off the template). To determine the
efficiency of the T7 terminator in our experimental system, we analyzed the transcript
of the oriLRp6 template on the left gel in Figure 6.7. The transcription by the T7 RNAP in
the in vitro T7 Ribomax Large Scale RNA production (Promega) system and in the PURE
system with ribosomes were compared. If the T7 RNAP reads through the T7 terminator,
it would transcribe the extra sequence of the oriR, increasing the length of the RNA from
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Figure 6.5: Characterization of linear DNA constructs containing the genes for the phi29 DNA replication pro-
teins on a neutral 1.2% agarose gel. The constructs of separate genes without origin of replication are in lanes
1-4: TP (932 bp), DNAP (ca. 2 kbp), p5 (508 bp), p6 (447 bp). The constructs in lanes 5-7 contain 191 bp of
the left side and 194 bp of the right side of the phi29 genome (oriLR), described in [15] and in between the
DNAP and TP genes (oriLR-p2-p3, 3212 bp, lane5), the p6 and p5 genes (oriLR-p6-p5, 1382bp), or only the
p6 gene (oriLRp6, 835bp). The right length of the constructs is confirmed by the reference DNA ladder in
the left-most lane. Other constructs used in this study but not shown here include the oriL68-p2-p3 and the
oriL24-mYFPco-LL-Spinach-T7t-oriR24.

around 400bp to 600 bp. Based on band intensity analysis, the termination efficiency
of the T7 terminator in the PURE system environment is around 70% and seems to be
higher than in the T7 IVT kit 10. With this demonstration we aim to make the reader
aware of the incomplete termination at termination signals for the T7 RNAP, without go-
ing further into robust numbers and statistics. As a proof of principle, we identified that
the vsv-repeats show similar high termination efficiency in our experimental environ-
ment as reported in other reaction media [30, 31]. Another interesting observation is
that more RNA molecules of the TP than of the DNAP gene are transcribed, although the
two genes are under the control of the same promoters. We hypothesize that this might
be a consequence of the position of the gene on the template, where the TP is the sec-
ond gene. RNAPs released from the DNA are already in close proximity to the promoter
of the second gene, increasing the chance to initiate transcription there. A strategy to
avoid bias in protein expression could be to add one or two extra T7 promoters before
the first gene at the 5’-terminus which has proven to be a successful strategy in the in
vivo translation of pentameric constructs [31].

10The estimated termination efficiency from this gel in the IVT kit is 56%
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Figure 6.6: The phi29 genome with TP covalently attached to its 5’-ends visualized on agarose gels. A) neu-
tral agarose gel with 50 ng of TP-phi29-DNA, in presence of 0.1% SDS, without (1st lane) and with 2.5 min
heat-denaturation at 95 °C (2nd lane). B) the TP-phi29-DNA on a 0.7% alkaline agarose gel with decreasing
concentrations from left (300 ng) to right (10 ng).

Figure 6.7: Transcription of the oriLRp6 (left) and the p2, p3 and oriLR-p2-p3 DNA (right) constructs imaged
on agarose RNA gels shows that the T7 RNAP partly reads through the termination signals of the T7 terminator
and the vsv-repeats.
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Figure 6.8: Expression of phi29 DNA replication proteins in the PURE system after 3h of incubation at 30 °C is
visualized on a polyacrylamide protein gel. A.)The 15% protein gel is imaged in two conditions: after staining
with CBB (left), displaying all the PURE system proteins present in the sample, and analyzed on a fluorescence
scanner to visualize the incorporated labeled amino acid, detecting only the synthesized proteins in the sample
(right). Lane 1: reference PURE system without DNA, expression of monocistronic genes: TP (lane 2), DNAP
(lane 3), p5 (lane 4), p6 (lane 5), expression of the double gene constructs oriLR-p2-p3 and oriLR-p6-p5 in
equimolar (lane 6) and experimental conditions (lane 7, excess of oriLR-p6-p5). Purified proteins serve as a
reference of the MW in lane 8 (180 ng p2 and 2 ug p5) and lane 9 (180 ng p3 and 2 ug p6). Lane 10 contains
a protein ladder with indicated MW. B.) On a 12% protein gel the expression of p6 is clearly visible with CBB
staining by comparing the samples of co-expression from oriLR-p2-p3 in lane 1 with the co-expression pattern
of the 3 proteins from the p6 and oriLR-p2-p3 templates in lane 2.

6.5.2. EXPRESSION OF THE P2, P3, P5 AND P6 DNA REPLICATION PROTEINS
IN THE PURE SYSTEM

We verified that the full-length proteins are expressed from their DNA templates in the
PURE system. For the detection of synthesized proteins a fluorescently labelled lysine
was supplemented to the PURE system, which allows us to visualize protein products
on a fluorescence scanner without the PURE system background. We also performed
Coomassie Blue staining of the gels to compare the size of the translation products with
that of the purified proteins. The correct molecular weight (MW) for the p2, p3 and p5
proteins were confirmed in the protein gel of Figure 6.8. The observed MW of the p6
protein was higher than expected, though it migrates at the same height as the purified
p6 protein. In Figure 6.8B the presence of the p6 band on the CBB stained gel is more
visible. As an indication for the amount of protein production we compare the band
intensities of the purified p2 and p3 proteins with the expressed p2 and p3 proteins, and
find a lower limit of 0.5 ¹ M of p2 and 1.2 ¹ M of p3 proteins produced when expressed
separately under these experimental conditions. Succesful co-expression of the four full-
length phi29 DNA replication proteins in the PURE system is hereby confirmed. The next
step is to investigate their activity.

6.5.3. SYNTHESIS OF A TRANSCRIPTIONALLY ACTIVE DNA TEMPLATE BY THE
PHI29 DNAP

To verify the activity of the DNAP, we designed an assay based on the read-out of fluo-
rescent reporters for RNA and YFP, which are only produced if the active DNAP has elon-
gated a primer-template junction (PTJ) to create dsDNA from ssDNA. This was a straight-
forward assay considering the history of our lab (see Chapters 2 and 3). The ssDNA for
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Figure 6.9: Activity assay of synthesized DNAP in the PURE system by the read-out of fluorescent reporter
products. A.) Schematic of steps when the synthesized DNAP is active in this assay B.) Spinach fluorescence
detection of mRNA is based on the binding of DFHBI to an aptamer at the 3’-untranslated region of the YFP-
Spinach mRNA. C.) The capability of synthesized DNAP to elongate a PTJ is compared with purified phi29
DNAP (purDNAP, NEB) activity. The RNA production (left) confirms the ability of the DNAPs to polymerize
dNTPs efficiently into a transcriptionally active dsDNA product. The corresponding YFP fluorescence kinetics
are shown on the right panel.

this assay is synthesized by an asymmetric PCR and encodes the mYFPco-LL-Spi-T7t se-
quence without the T7 promoter. A ssDNA oligo containing the T7 promoter sequence
is then hybridized to the coding ssDNA (Figure 6.9). Both the ssDNA-oligo complex and
the DNA encoding for the phi29 DNAP are supplemented to the PURE system together
with dNTPs and the DFHBI chromophore. The consecutive reactions that will take place
then are:
– DNAP is synthesized by the PURE system components from its DNA template
– DNAP binds to the primer-template junction of the hybridized T7 promoter oligo and
the ssDNA
– DNAP polymerizes dNTPs to create a ds-promoter and ds-template
– T7RNAP can now initiate transcription from the ds-promoter to produce mRNA that
encodes for the YFP and the Spinach aptamer
– the aptamer binds DFHBI to form the fluorescent Spinach complex (read-out) and the
mRNA is translated in YFP (secondary read-out)

In Figure 6.9C it is confirmed that the purified DNAP as well as the synthesized DNAP
can indeed elongate a PTJ. Note that there is almost no time-delay before the Spinach
signal - and thus transcription - starts, which we attribute to an efficient expression of
the DNAP within the few minutes it takes to transfer the sample to the measurement
instrument at room temperature. The small production of RNA and protein in the con-
trol sample that does not contain DNAP but only ssDNA, likely comes from small traces
of transcriptionally active dsDNA that are carried over from the asymmetric PCR. This
DNAP activity assay is complemented with other conventional assays described in the
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6. DSDNA REPLICATION BY SYNTHESIZED PROTEINS OF THE PHI29 VIRUS IN THE PURE

SYSTEM

Figure 6.10: Schematic of a RCA by a DNAP with strand displacement activity. A (fluorescent) primer is hy-
bridized to a ssDNA plasmid (here, ssM13) to create a PTJ where the DNAP can bind and initiate polymeriza-
tion of dNTPs. Once it has completed one circle, the DNAP displaces the original primer-strand and continues
with polymerizing dNTPs until the reaction is quenched. The DNA is denatured in alkaline conditions before
imaging on an alkaline agarose gel.

next paragraphs 11.

6.5.4. ROLLING CIRCLE AMPLIFICATION BY THE PHI29 DNAP
A rolling circle amplification (RCA) reaction is a primer extension assay on a ss circular
DNA, as described in Figure 6.10. In this assay, samples of the amplification reaction by
the synthesized DNAP are quenched at different time-points and the length of the syn-
thesized DNA is analyzed on a denaturing agarose gel as displayed in Figure 6.11A. It can
provide insights into three important properties of DNAPs12 : strand displacement activ-
ity, processivity and average polymerization rates. DNAPs that do not possess a strand
displacement activity will only complete one circle and thus produce template of the
same size as the input ssDNA. A template challenger assay, in which DNAPs that initi-
ated on a fluorescent primer and fall off their templates will start on a new PTJ having a
non-fluorescently labeled primer, provides information on the processivity of the stud-
ied DNAP. In principle, it should also be possible to deduce the average rate of polymer-
ization by the DNAP, by comparing the lengths of synthesized products with a reference
DNA ladder. The first RCA of the phi29 DNAP described in literature revealed the strand
displacement activity and the high processivity, namely more than 70kb on the singly
primed M13 DNA [11]. Our motivation to perform this assay is to confirm activity of the
synthesized DNAP in the PURE system at different temperatures. As we observe in Fig-
ure 6.11B, the synthesized DNAP is active when produced at 22°C and 30°C, whereby the
latter condition favors a higher DNA production. In the next chapter we will describe a
few more RCA assays aiming to investigate how the activity of the purified phi29 DNAP is
altered from ideal conditions compared to the environment of the PURE system which
contains millimolar concentrations of rNTPs that compete with dNTPs for the active site
of the polymerase.

11At lower temperatures than 37 °C, this assay was not convincing to confirm activity, likely due to temperature
effects on ssDNA folding.

12in presence of dNTPs. In the absence of dNTPs a 3’-5’exonuclease activity could be observed
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