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1 | INTRODUCTION
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Abstract

Artificial single-stranded DNA (ssDNA) with user-defined sequences and lengths up
to the kilobase range is increasingly needed in mass quantities to realize the
potential of emerging technologies such as genome editing and DNA origami.
However, currently available biotechnological approaches for mass-producing
ssDNA require dedicated, and thus costly, fermentation infrastructure, because of
the risk of cross-contaminating manufacturer plants with self-replicating phages.
Here we overcome this problem with an efficient, scalable, and cross-contamination-
free method for the phage-free biotechnological production of artificial ssDNA with
Escherichia coli. Our system utilizes a designed phagemid and an optimized helper
plasmid. The phagemid encodes one gene of the M13 phage genome and a freely
chosen custom target sequence, while the helper plasmid encodes the other genes
of the M13 phage. The phagemid particles produced with this method are not
capable of self-replication in the absence of the helper plasmid. This enables cross-
contamination-free biotechnological production of ssDNA at any contract manufac-
turer. Furthermore, we optimized the process parameters to reduce by-products and
increased the maximal product concentration up to 83 mg L™* of ssDNA in a stirred-
tank bioreactor, thus realizing up to a 40-fold increase in maximal product

concentration over previous scalable phage-free ssDNA production methods.
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material for DNA origami, which is a bottom-up method for the
construction of two- and three-dimensional nanoparticles with user-

Single-stranded DNA (ssDNA) occurs in nature commonly only in
viruses or in a transient state when double-stranded DNA (dsDNA) is
replicated. Lately, ssDNA came into scientific focus as a useful
biopolymer for various applications. For example, in CRISPR/
Cas-based genomic editing, long ssDNA donor strands with a length
of 0.5-2kb lead to higher insertion efficiencies (Bai et al., 2020;
Quadros et al., 2017). In nanotechnology, ssDNA is used as a building

defined shapes (Dietz et al., 2009; Douglas, Dietz, et al., 2009;
Rothemund, 2006). DNA origami nanoparticles are already used in
many scientific fields (Derr et al., 2012; Douglas et al., 2007;
Jungmann et al., 2010; Langecker et al., 2012; Pfitzner et al., 2013;
Shaw et al., 2014) and are currently being explored for applications
such as drug delivery systems or as direct therapeutic agents for

virus neutralization (Andersen et al., 2009; Douglas et al., 2012;
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Li et al., 2018; Sigl et al., 2021; Zhao et al., 2012). These and other
future applications will ultimately require mass quantities of custom-
sequence ssDNA.

Although ssDNA can be chemically synthesized or produced in
vitro by enzymatic processes (Ducani et al., 2013; Kishi et al., 2017;
Kosuri & Church, 2014; Lizardi et al., 1998; Notomi et al., 2000;
Veneziano et al., 2018; Walker et al., 1992), these methods can be
costly and may not be easily amenable to scale up. To satisfy the
need for scalable mass production of custom sequence ssDNA,
biotechnological processes have been developed (Engelhardt
et al., 2019; Praetorius et al., 2017). Genetically engineered
M13-phages are produced in a high cell density cultivation (HCDC)
and their ssDNA-genome is isolated for further use. However, this
approach has limitations with respect to the length of user-defined
sequence that can be inserted (Kick et al., 2015). To overcome the
limitations of the M13 genome itself, Zinder and Boeke (1982)
developed a so-called phagemid, a phage-plasmid-hybrid. This
phagemid consists of a plasmid backbone, the M13 origin of
replication, and its packaging signal (PS), leaving ample space for
inserts with user-defined sequence. The phagemid can be
produced as ssDNA and packaged into M13 phage capsids as the
phagemid is recognized by the cell and phage machinery but has
more space for the user-defined sequence (Engelhardt et al., 2019;
Nafisi et al., 2018). To add the phage machinery to the cells, a
helper phage or a helper plasmid is needed. The helper phage is an
M13 phage with an impaired M13-ori (leading to less phage
ssDNA; Vieira & Messing, 1987) whereas the helper plasmid is a
plasmid comprised of the M13 genes and a plasmid backbone but
without any regulatory sequences of the M13 phage (Chasteen
et al., 2006). However, common methods using the helper plasmid
provide limited yields of ssDNA up to 2mg per liter (Shepherd
et al., 2019). With the use of helper phages, the cells produce
phagemid particles that contain the desired ssDNA in addition to
complete helper phages that contaminate the product (Praetorius
et al., 2017). The presence of the self-replicating helper phages is
undesirable because it precludes running the aforementioned
biotechnological processes for making ssDNA by contract manu-
facturers. This is because of the risk of cross-contaminating
subsequent processes, since phages may not be cleaned from the
fermentation equipment with 100% certainty by standard cleaning
(cleaning in place CIP) and sterilization (sterilization in place SIP)
procedures (Branston et al., 2013).

To enable the scalable production of high amounts of ssDNA
without the use of self-replicating particles, we developed a new
method called “reverse infection.” Here, Escherichia coli cells are first
transformed with a helper plasmid, thus becoming a production
strain. This strain can then be cultivated in a scalable HCDC process
in a controlled stirred-tank bioreactor. Upon reaching the proper cell
density, the cells are infected with phagemid particles—phage capsids
containing only the phagemid as ssDNA—in the same way M13
phages can infect a cell (Krom et al., 2015; Qi et al., 2012). After
infection, cells produce and package high amounts of the desired

phagemid ssDNA as phagemid particles, which are not self-replicating
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by themselves. To make this reverse infection setup possible, we
designed a suitable set of phagemid and helper plasmid, since, as
already described in the literature, E. coli cells that carry a helper
plasmid normally develop a resistance to infection (Boeke et al., 1982;
Brodel et al., 2016).

2 | MATERIALS AND METHODS

2.1 | Bacterial strain and media

In this study, an E. coli JM109 (recAl. endA1, gyrA96, thi, hsdR17,
supE44, relA1, Allac-proAB), [F', traD36, proAB, lacl"ZAM15]; Yanisch-
Perron et al,, 1985) was used for all cultivations and molecular
biology. The bacterial strain was stored in medium with 15% glycerol
at -80°C. Cultivations were performed in minimal medium
(Riesenberg et al., 1991) which was prepared as described before
(Kick et al., 2015). Cultures for molecular biology were grown in
lysogeny broth (LB-medium). Agar plates were also made from
LB-medium adding 20 g L™* Agar-Agar.

2.2 | M13 phage

The M13 phage used here for preliminary studies was M13mp18RFP.
For this variant of M13mp18, a constitutive expression cassette for
red fluorescent protein (RFP) was integrated into the multiple cloning
site using standard methods. Full sequence maps in Supporting

Information: Supplement.

2.3 | Single-gene plasmids

For the study of each M13 gene, the respective coding sequences
(CDS) were cloned into the backbone of the pColA Duet plasmid
using Gibson assembly (Gibson et al., 2009). Expression was placed
under the control of the Lac promoter and induced by the addition of
100mM IPTG. Full sequence maps in Supporting Information:

Supplement.

2.4 | Helper plasmid and phagemid

For the construction of all helper plasmid variants, the genome of
M13KO7 (New England Biolabs) was used. For the basic helper
plasmid variant (pfhp24), the F1-ori with PS was removed. Sequences
inserted into the optimized helper plasmid (pfhp30) were synthesized
by Integrated DNA Technologies (IDT). The phagemid was con-
structed using the plasmid backbone of a pBlueScript (Stratagene).
Other plasmid features were obtained from the iGEM parts library.
Custom sequences were synthesized by IDT or Genewiz (GENEWIZ
Germany GmbH). It has a total length of 4843 bp with inserted user-
defined sequence of 1024 bp. As user-defined sequence, we used a
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De Bruijn sequence of fifth order. Full sequence maps in Supporting

Information: Supplement.

2.5 | Phagemid particle preproduction

To preproduce phagemid particles, chemically competent E. coli
JM109 was double transformed with a helper plasmid and a
phagemid at the same time. Cells were plated on complex medium
(2xYT) agar plates containing the respective antibiotics for the
selection of both plasmids. Colonies were then picked and grown
overnight in preculture tubes in 5 ml of complex medium (2xYT) also
containing both antibiotics and 1.2 gL™! of MgS0,4 x 7H,0 at 37°C
while shaking at 250 rpm. Precultures were completely passaged to
500 ml baffled shaking flasks (DURAN® Baffled Flask, DWK Life
Sciences GmbH) containing 50 ml of fresh medium (2xYT+1.2gL™?
of MgSQ,4 x 7H,0 + antibiotics). Shaking flask cultivations were kept
at 37°C and 200rpm in a shaking incubator (WIS-20 shaking
incubator, Witeg) for at least 8h. Then cultures were centrifuged
for 20min at 12,000rcf and the supernatant containing the

preproduced phagemid particles was kept and stored at 4°C.

2.6 | Cultivations

Shaking flask cultivations for the study of the effects of single M13
genes were performed in 500 ml unbaffled shaking flasks. The flasks
were filled with 50 ml of mineral medium (Riesenberg et al., 1991;
Riesenberg-medium RB) containing 5g L™ glucose including Chlor-
amphenicol and inoculated with 1 ml cell suspension at ODgqo = 0.3.
Subsequently, incubation was performed up to ODggg = 0.2 (Genesys
10S UV-VIS, Thermo Fisher Scientific Inc.) at 37°C and 200rpm in a
shaking incubator (WIS-20 shaking incubator, Witeg). This was
100mM B-D-1-
thiogalactopyranoside (IPTG) and further incubation. Upon reaching

followed by induction with isopropyl
an ODgoo of 0.4 after ~1h, infection was initiated with the
appropriate phages with a multiplicity of infection (MOI) above 1
transforming unit per colony-forming unit (tfu cfu™) and further
incubated overnight. MOI was estimated from the molar concentra-
tion of ssDNA molecules (see Sections 2.7 and 2.8) isolated from the
phages, where 1 ssDNA molecule = 1 phage. In the end, fluorescence
was measured from 200 ul cell suspension in a 96-well plate with
a photometer (Infinite M2000, Tecan), cell density was measured in a
photometer as before, and ssDNA concentration was measured in
a nano volume photometer (N120, Implen) after isolation from 2 ml
supernatant (see Section 2.7).

Shaking flask cultivations at varying production temperatures
were performed in 1000 ml baffled shaking flasks (DURAN® Baffled
Flask, DWK Life Sciences GmbH). The flasks were filled with 50 ml of
mineral medium (Riesenberg et al, 1991; RB) containing 5gL™*
glucose including Kanamycin and inoculated with 1 ml cell suspension
at ODgno = 0.3. Subsequently, incubation was performed to ODggp = 1
at 37°C and 200 rpm in a shaking incubator (WIS-20 shaking incubator,

Witeg). After reaching this OD, cultures were diluted with an
additional 50 ml of mineral medium (same as before) and infected
with phagemid particles with an MOI of approximately 100 tfu cfu™™.
Subsequently, the cultures were further incubated overnight. After-
ward, ssDNA concentration was analyzed from 2 ml supernatant (see
Sections 2.7 and 2.8).

Pre-cultures for HCDC were prepared from cryostocks in two
stages. In the first stage, E. coli cells were incubated in 50 ml of
mineral medium (Riesenberg et al., 1991; RB; SgL‘1 glucose) with
Kanamycin in 500 ml baffled shaking flasks (DURAN® Baffled Flask,
DWK Life Sciences GmbH) overnight at 37°C and 200 rpm in a
shaking incubator (WIS-20 shaking incubator, Witeg). In the second
stage, two times 100 ml of mineral medium (same as before) was
inoculated with 10 ml of the first stage each and incubated in 1000 ml
baffled shaking flasks as in the first stage for 6h. Cells were
centrifuged for reactor inoculation and concentrated tenfold in fresh
mineral medium (same as before).

Controlled fed-batch cultivation processes of E. coli were
performed using a stirred tank bioreactor with a working volume of
2.5L (KLF Advanced System 3.6 L, Bioengineering AG). Cultivation
was performed at pH 6.7 as previously described with a batch phase
of about 10h and an initial glucose concentration of 25gL™!
followed by exponential feeding with 750 g L™! glucose and a growth
rate of peee of 0.15h™t (Kick et al., 2015). After exponential feeding
for 14 h, the feed rate was reduced linearly within 1.5h to a
volumetric flow rate of 25mLh™2. Here, the dissolved oxygen (DO)
concentration was controlled to 30% air saturation. The cultivation
temperature was initially set to 37°C for all cultivations and,
depending on the cultivation process, changed to the production
temperature set point of 4.5 h after initiation of the feeding. 30 min
later, infection was executed with phagemid particles with an MOI of

approximately 1 tfu cfu™.

2.7 | Isolation of ssDNA

Samples of 2 ml were centrifuged for 10 min at 13,000 rcf and the
supernatant was frozen directly for later processing. Each sampling
was done in triplicates. The frozen samples were processed by
thawing and adding 300 pl of 24OgL'1 polyethylene glycol (PEG)
8000 and 180 g L™! NaCl solution. After 30 min incubation, samples
were centrifuged for 10 min at 13,000 rcf, pellets were resuspended
in 200 pl Tris-EDTA (TE)-buffer (10 mM Tris, 1 mM EDTA, pH 8.0)
and phagemid-particles were lysed by adding 400 ul lysis buffer P2
(Qiagen) and incubated for approximately 60s. The solution was
neutralized by adding 300 ul neutralization buffer P3 (Qiagen). After
15min of incubation on ice, samples were centrifuged again for
10 min at 13,000 rcf. Supernatants were mixed with 99% Ethanol 1:1
and incubated for 30 min on ice. After another round of centrifuga-
tion for 10 min at 13,000 rcf, the pellets were incubated in 75%
ethanol for 10 min. After centrifuging as before, the ssDNA pellets
were solved in 50-200 pl TE-buffer depending on pellet size. The
downstream process for obtaining ssDNA from the culture was
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basically the same as for the 2 ml samples, using 2.5% (w/v) PEG
8000 and 3% (w/v) NaCl instead for precipitating phagemid particles

and was performed as described before (Kick et al., 2015).

2.8 | Analytics
The growth of the host cells was measured indirectly using optical
density at 600 nm (Genesys 10S UV-VIS, Thermo Fisher Scientific
Inc.) or by the determination of cell dry weight concentrations in
triplicates. ssDNA concentration was determined in the supernatants
by UV-absorption at 260 nm using a nano volume photometer (N120,
Implen). Here too samples were measured three times, giving a total
of 9 technical replicates for ssDNA concentration per sampling.
Molar concentrations were calculated from the respective extinction
coefficients which were calculated from the ssDNA sequence
(4.613*10” Mt cm™%; Tataurov et al., 2008). The coefficient was
used for the entire DNA isolated from the phagemids. Thus it cannot
reflect the correct amount of impurities as their extinction
coefficients may vary. To differentiate between impurities and
products, agarose gels (see Section 2.9) were analyzed using the
software Fiji (open source, fiji.sc). The fraction of product ssDNA to
total DNA was estimated by applying the gel-analysis tool of Fiji.
The fit of the ssDNA formation trend in the bioreactor with a
sigmoidal function was estimated using MATLAB (The MathWorks
Inc.) using the curve-fitting toolbox. The given 95% confidence

bounds are calculated as nonsimultaneous, functional bounds.

2.9 | Agarose gel electrophoresis

Agarose gel electrophoresis (AGEP) was performed in 2% agarose
gels containing 0.5x Tris-Borat EDTA (TBE) buffer (10xTBE, Carl
Roth) and 5.5mM MgCl. The working voltage was 90V for 1-1.5h.
Gels containing folded Origami were stained with ethidium bromide
and all other gels with MIDORI Green Advance (Nippon Genetics
Europe GmbH). For ethidium bromide, two drops of 0.025% solution
were added to 50 ml of agarose gel. For MIDORI Green Advance
10 ul were added to 50 ml of agarose gel. The gels were imaged using
an Intas exposure chamber (INTAS Science Imaging Instruments
GmbH) and a Canon EQS 70D (Canon Inc.) or a Typhoon 9500 FLA
Laser scanner (GE Healthcare Bio-Sciences AB) and post-processed
as a whole (Adobe Photoshop CC). If not stated differently, the ladder
used is the 1 kb Plus DNA Ladder from NEB (New England Biolabs).
About 1000 ng of ssDNA from each reactor sample were plotted per
lane if that amount could be isolated from the respective sample. Else

less, but the maximal possible amount was plotted.

2.10 | Folding of the DNA origami structure

To confirm the correct sequence identity and quality of the scaffold,
a brick-shaped 42-helix bundle was folded. The brick-like object was

DIOENGINEERIN

designed using caDNAno v.02 (Douglas, Marblestone, et al., 2009)
The full list of oligonucleotides (S13) and design diagram (512) is in
the Supporting Information: Supplement. Chemically synthesized
oligonucleotides were ordered from IDT. To determine the optimal
folding condition, an initial folding screen according to Wagenbauer
et al. (2017) was performed. Folded structures were purified using

PEG precipitation and analyzed with agarose gels and negative stain

transmission electron microscopy (TEM).

2.11 | Imaging

TEM grids were prepared by incubation of 5pul of the purified or
unpurified samples on formvar-supported carbon-coated Cu400
grids (Electron Microscopy Sciences) for 30-40s. Excess sample
was then blotted away and the grids were fixed with an aqueous 2%
uranyl formate solution for 30 s. After drying, the grids were imaged
using a transmission electron microscope (FEI Tecnai 120, FEI),
operated at 120 kV, and a magnification of 30,000, resulting in a final
pixel size of 3.56A per pixel. Images were acquired using the
SerialEM software (Mastronarde, 2005) and analyzed in the Software
Fiji (open source, fiji.sc). 2D classifications were prepared using
Relion 3.0 (Scheres, 2012).

3 | RESULTS AND DISCUSSION

The efficient production of biomolecules in microorganisms relies on
a separation of biomass and product formation. This separation
allows the microorganisms to grow to high cell density without the
metabolic burden of product formation. For M13 phages especially
the positive effect of the decoupling has been shown (Kick, Behler,
et al., 2017). Additionally, bacterial cells infected with M13 phages
stop phage production after a while (Smeal et al., 2017). Therefore, it
is important, that the cells are only infected when a high amount of
biomass has been produced. The “reverse infection” method
described in this paper separates the production of biomass and
product, by first growing cells with a helper plasmid that contains
most of the phage genes. After sufficient biomass production, the
cells are then infected with phagemid particles, that provide the
missing gene, regulatory sequences, and the user-defined DNA
sequence and allow for product formation. To be able to construct
helper plasmids and phagemids for reverse infection, the effects of

individual M13 genes were investigated first.

3.1 | Design of helper plasmid and phagemid

To identify the effects of individual M13 genes on ssDNA production
after M13 phage infection, one or two genes of the M13 phage were
cloned into a plasmid, in which a lac promoter controlled the gene
expression. E. coli cells transformed with the individual plasmids were
grown in shake flasks and infected with M13 phages. The latter
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FIGURE 2 Two high cell density cultivations of Escherichia coli JM109 pfhp24 or pfhp30 in a 2.5-L stirred tank bioreactor at 37°C. Five hours
after feed start, cells were infected with phagemid particles. (a) Variation of ssDNA concentration over feed time. Concentration was calculated
from the measured absorbance at 260 nm (pfhp24: gray squares; pfhp30: black circles), then samples were analyzed by agarose gel
electrophoresis (AGEP: S 1) to estimate the fraction of actual product ssDNA with Fiji (pfhp24: white squares; pfhp30: white circles). Error bars:
standard deviation of technical replicates. Red lines: sigmoidal fit, solid; 95% confidence bounds, dashed. (b) Variation of cell dry weight (pfhp24:
gray squares; pfhp30: black circles) and feed profile (Feed: volumetric glucose mass flow) over feed time. (c) AGEP of the ssDNA (scaffold)
produced in this cultivation, as well as a 42-helix bundle folded with it. ssDNA taken at the end of the respective cultivation was not additionally
purified before folding, and Origami-structures were not purified after folding. For pfhp24, the origami band accounts for 13% of the total lane
intensity, while for pfhp30 it is 26% (Full AGEP: S 2). (d) Class-average micrographs of the folded 42-helix bundles. Scale bar: 50 nm (Fields of
View: S 3, S 4).

additionally encoded an RFP as a marker for successful infection. The
previously transferred genes were optionally induced by IPTG. No
ssDNA production and no fluorescence were observed with the
previously overexpressed gene 3 of the M13 phage (Figure 1a).
The same effect was observed with overexpression of gene 5 before
infection with the M13 phage. For cells overexpressing the additional

genes 2 and 10, an increased ssDNA productivity could be observed.

The increased productivity of the E. coli cells with prior
overexpression of genes 2 and 10 may be explained by their
function. The product of gene 2 (G2P) plays an important role in the
replication of viral ssDNA and the product of gene 10 (G10P)
protects the nascent ssDNA from hydrolysis (Mai-Prochnow
et al., 2015). Thus, an increased amount of G2P and G10P in E. coli

positively affects the amount of ssDNA formed by the cells after

Individual overexpression of the other M13 genes did not cause any infection with M13 phages. The observation that overexpression of

noteworthy effects (Figure 1a). gene 5 before infection prevented phage production after the

FIGURE 1 Developing helper plasmid and phagemid. (a) Analysis of the infection resistance of Escherichia coli transformed with a plasmid
coding for one or two genes of the M13 phage. Names of the bar-groups (e.g., G4 ind/G4) state the respective M13 gene transformed into these
cells and whether expression was induced (ind) or not. JM pos is the positive control of JM 109 wild-type (WT) cells also infected with the
respective M13 phage. (b) Schematic representation of the helper plasmid (phage free helper plasmid No. 24: pfhp 24) derived from helper
phage M13KO7. Here, the coding sequence of gene 3 is deleted and the M13 origin of replication is replaced by the rrnB1 terminator. Else all
M13 genes are present in their natural order and regulation. (c) Schematic representation of the helper plasmid No. 30 (pfhp 30) based on pfhp
24. Here, a second gene 6 copy was placed downstream of an additional strong promoter directly upstream of the M13 genome. This will most
likely result in co-transcription of genes 2 and 10 starting from the additional strong promoter. (d) The phagemid has a plasmid-ori (pMB1) to be
propagated independently of the helper plasmid. Apart from the user-defined sequence, the phagemid contains the replication origin of the M13
phage including its packaging signal (PS) as well as the complete natural expression cassette of the M13 phage for its gene 3.



BEHLER ET AL.

2884
—LWI LEY

Ladder

0°C | 37°C °C | 3r°C

FIGURE 3 Agarose gel electrophoresis (AGEP) of ssDNA from
four different shake flask (SK) cultivations. From left: Ladder; JM109
pfhp24 infected with the phagemid at 30°C; JM109 pfhp24 infected
with the phagemid at 37°C; JM109 pfhp30 infected with the
phagemid at 30°C; JM109 pfhp30 infected with the phagemid at
37°C. The leading band between 1200 and 1500 bp corresponds to
the product. Bands above this correspond to by-products and
contaminants.

infection has been shown recently, revealing that reduction of G5P
levels can even increase the production of ssDNA with M13 phages
(Lee et al., 2021). Since the product of gene 5 (G5P) binds to the
phage ssDNA preventing conversion into dsDNA (Mai-Prochnow
et al., 2015), strongly overexpressed G5P may completely prevent
the formation of the replicative double-stranded form of the phage
DNA. Natural levels of G5P however, should not exert an infection
resistance. The resistance to M13 phage infection of the E. coli cells
that occurs due to the prior overexpression of gene 3 has already
been described in the literature (Boeke et al., 1982). The product of
gene 3 (G3P) is one of the minor capsid proteins and is responsible
for the infection of E. coli (Mai-Prochnow et al., 2015). How the
product of gene 3 induces an infection resistance remains in the dark.

Based on these findings, a combination of helper plasmid and
phagemid was first constructed that exploits the infection resistance
caused by gene 3, as in this design variant our results fell in line with
previous findings by Brodel et al. (2016, 2017). For this purpose, the
coding sequence of gene 3 was first deleted from the helper plasmid
(phage-free helper plasmid No. 24: pfhp 24, Figure 1b). Secondly, the
expression cassette for gene 3 of the M13 phage was integrated into
the sequence of the phagemid (Figure 1d). Thus, E. coli cells carrying
the helper plasmid are not resistant to infection and the set of M13
genes is only completed upon infection so that new particles can be
assembled. In our case, the phagemid additionally carries a substantial

amount of user-defined sequence (random De Bruijn sequence of

fifth order) which can be used as a scaffold for DNA origami. We
found with this design, that the removal of gene 5 from the helper
plasmid was not necessary, as native expression of G5P does not
cause an infection resistance.

An additional helper plasmid No. 30 (pfhp 30, Figure 1c) that
overexpresses genes 2 and 10 was designed to account for the
finding, that their overexpression increases the ssDNA yield. For this
purpose, a strong constitutive promoter and a second copy of gene
6 were added upstream of genes 2 and 10. Thus co-transcribing
genes 6, 2, and 10 with the strong promoter, should result in higher
protein concentrations. The expression of gene 6 was increased, as
this gene product is necessary for the proper termination of the
phage capsid (Marvin, 1998; Rakonjac et al., 2011). Also, as shown
before, higher expression levels of gene 6 did not cause any negative

effects (Figure 1a).

3.2 | Phagemid production by high cell density
cultivations

Phagemid (ssDNA) production with E. coli by combinations of
helper plasmids (pfhp24 or pfhp30) and phagemid, as schematically
shown in Figure 1b-d, was studied in controlled fed-batch
processes in stirred tank bioreactors. For this purpose, the fed-
batch process was performed in the same way as for ssDNA
production with M13 phage infection (Kick et al., 2015). The E. coli
cells carrying the helper plasmid were infected with phagemid
particles 5 h after feeding was initiated. An MOI of approximately
one phagemid particle per cell (tfu cfu™®) was chosen for infection.
Phagemid particles required for infection had been prepared in
shake flasks by double transformation as previously described
(Praetorius et al.,, 2017). As shown in Figure 2a, the ssDNA
concentration in the medium of the stirred tank reactor increased
approximately 5h after infection and the maximum ssDNA
concentration was measured after 30 h of feed time. A maximum
concentration of 67 mg L™t ssDNA was measured with E. coli cells
carrying the helper plasmid pfhp24, whereas with the helper
plasmid pfhp30 the final ssDNA concentration was 39 mgL™%.

However, by analyzing the AGEP made of all samples
throughout both cultivations, it becomes clear that in addition
to the product band running at about 1300 bp, by-products and
impurities are produced as well. Since the product concentration
is determined by absorbance at 260 nm, these by-products distort
the measured concentration. We determined the ratio of target
ssDNA peak area intensity to total gel-lane intensity on the AGEP
using the software Fiji. We estimated the amount of product
ssDNA from the measured ratio of target ssDNA to total DNA.
This gave us a similar amount for both reactor runs, with a
maximum concentration of approx. 12mglL™! for pfhp24 and
11 mgL™?! for pfhp30. We also tested the thus produced scaffold
DNA by running DNA origami folding reactions that produced the
correct 42-helix bundle, however, the by-products caused a
significant amount of aggregation.
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FIGURE 4 Two high cell density cultivations of Escherichia coli JM109 pfhp24 or E. coli JM109 pfhp30 in a 2.5-L stirred tank bioreactor at
30°C. Five hours after feed start, cells were infected with phagemid particles. (a) Variation of ssDNA concentration over feed time.
Concentration was calculated from the measured absorbance at 260 nm (pfhp24: gray squares; pfhp30: black circles), then samples were
analyzed by agarose gel electrophoresis (AGEP: S 6) to estimate the fraction of actual product ssDNA using Fiji (pfhp24: N/A; pfhp30: white
circles). Error bars: standard deviation of technical replicates. Red lines: sigmoidal fit, solid; 95% confidence bounds, dashed. (b) Variation of cell
dry weight (pfhp24: gray squares; pfhp30: black circles) and feed profile (pfhp24: dashed line; pfhp30: solid line) (Feed: volumetric glucose mass
flow) over feed time. (c) AGEP of the ssDNA (scaffold) produced in this cultivation, as well as a 42-helix bundle folded with it. ssDNA taken at the
end of the respective cultivation was not additionally purified before folding, and Origami-structures were not purified after folding. For pfhp24,
the origami band accounts for 19% of the total lane intensity, while for pfhp30 it is 50% (Full AGEP: S 7). (d) Class-average micrographs of the

folded 42-helix bundles. Scale bar: 50 nm (Fields of View: S 8, S 9).

For both helper plasmids, a similar amount of scaffold ssDNA
could be obtained by HCDC. In both cases, the DNA origami used for
quality control folded well. The helper plasmid pfhp30 produced a
product with far fewer impurities and by-products. In comparison to
double transformed cell approaches, at this point we already
achieved around a fivefold increased maximal concentration of
ssDNA (Chasteen et al., 2006; Shepherd et al., 2019). To further
improve the production yield and to reduce the amount of impurities,
whose elimination would require tedious downstream purification

steps, we turned to optimize the process itself.

3.3 | Production process adaptions

As the effects of further alterations to the helper plasmids were hard
to anticipate, the cultivation conditions were now investigated.
Feed and infection were already optimized in previous studies (Kick
et al, 2015; Kick, Hensler, et al., 2017). Therefore, only the
temperature was considered as an influencing factor. Shake flask
cultivations were performed at either 30°C or 37°C with both helper

plasmids. We found a significant decrease in by-product formation at
30°C (Figure 3). Additionally, product concentrations were on
average more than three times higher. With cultivation at 30°C
producing 3.25 mg L™ (pfhp24) and 4.15 mg L™ (pfhp30), cultivation
at 37°C producing 1.07mgL™! (pfhp24) and 1.36 mgL™* (pfhp30),
respectively.

For pfhp30, production temperatures of 25°C and 34°C were
also investigated (data not shown). When comparing all these shaking
flask cultivations, 30°C was found to be optimal with respect to the
combination of quality and quantity. Based on these results, HCDCs
were also investigated at 30°C in the stirred tank bioreactor for both
helper plasmids.

During cultivation with the helper plasmid pfhp24, a steep
increase in the dynamic viscosity of the reactor medium was
observed 10h after the start of feeding, the cause of which is
unknown (S 5). This meant that a sufficient oxygen supply could no
longer be guaranteed. Thus the volumetric glucose mass flow had to
be reduced to avoid oxygen limitation, as shown in Figure 4. For the
same reason, the process had to be stopped after approximately 16 h.
The product concentration over the course of cultivation shows no
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clear trend, which in turn can also be attributed to the viscosity. With
a high viscosity, product purification becomes very difficult, as cells
cannot properly be separated from the medium by centrifugation.

As no clear trend in product concentration emerged in this
cultivation, the amount of actual target scaffold ssDNA was not
further analyzed, even though the amount of impurities visible in the
AGEP of samples throughout the process appeared to be less than
before (S 6).

For the production of ssDNA using the helper plasmid pfhp30 at
30°C, we also observed an increased viscosity in comparison to
the 37°C run, albeit a lower increase than for pfhp24. Thus, even
if the volumetric glucose mass flow also had to be reduced to
still ensure sufficient oxygen supply, similarly high biomass concen-
trations were achieved as with the processes at 37°C. A maximum
ssDNA concentration of about 135 mgepna L1 was achieved.

This process setup resulted in more ssDNA of a higher purity
than before (Figure 4). No clear by-product bands are visible in the

AGEP (S 6), leading to an estimated maximum concentration of

0 15 20 25 30 32
Feedtime, h

5 0 5

(b)

FeedgL™'h™

pure scaffold ssDNA of approximately 83 mg L™2. The handling of the
samples changes throughout the process due to the increase in
viscosity. In the biotechnological process for high cell density
production of M13-genome derived ssDNA, Kick, Behler, et al.
(2017) show an optimal harvesting time after about 30 h of feeding.
Here we recommend harvesting after 16-17 h of feeding as viscosity
is still low enough for the downstream processing and production of
ssDNA is almost at an end. A low batch-to-batch variance is also
given until about 17 h after the start of feeding, as was shown in a
second cultivation batch (S 10). The quality of the ssDNA was
assessed by the folding of a DNA origami yielding a single sharp band
in AGEP.

Thus, this process is suitable for the production of ssDNA with a
high fraction of user-defined sequence with good purity and in large
quantities. Concentrations of about 83mgepna L' are also
comparable to the previously described process with helper phages
(Praetorius et al., 2017). However, contamination of the target
ssDNA with that of the helper phage is precluded by design, leading
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FIGURE 5 Two high cell density cultivations of Escherichia coli JIM109 WT in a 2.5-L stirred tank bioreactor at 37°C. (a) Variation of cell dry
weight, feed profile (Feed: volumetric glucose mass flow), and DNA concentration over feed time. In one cultivation cells were not infected at all
(black circles) and in the other, strong contamination with phagemid particles was studied (gray squares). Error bars: standard deviation of

technical replicates. (b) AGEP of the isolated DNA at the end of the cultivations. Lanes from left to right: Ladder; phagemid ssDNA reference;
ssDNA from reverse infection production (pfhp30; 30°C); DNA prepped from cultivation without infection; DNA prepped from cultivation with
contamination. To the right of the gel, the last two lanes of the gel are depicted again, with strongly increased contrast in the product ssDNA

area (no bands are visible).
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to an efficient and scalable new process for the production of ssDNA

with user-defined sequences.

3.4 | Cross-contamination test with E. coli

Finally, to test that the phagemid particles produced in this way are
not self-replicating and thus cannot cross-contaminate subsequent
fermentation processes with E. coli, two cultivations with the E. coli
JM109 wild type (without helper plasmid) were carried out at 37°C to
represent standard cultivation conditions. One process served as a
reference and the second simulated a strong contamination with
phagemid particles.

In the reference process without phagemid infection, no discrete
DNA species are formed as shown in the AGEP in Figure 5. The
measured absolute DNA concentration in the supernatant increases
slightly in a linear fashion after 10 h of feed time.

In a second process, to investigate process safety, contamination
was simulated by injecting about 9.5 x 10*° phagemid particles in the
stirred-tank reactor directly after inoculation, which corresponds to
an MOI of about 0.24 tfu cfu™. In this high-cell density cultivation
process, it could be shown that no phagemid ssDNA was formed over
the entire process. The DNA visible in the AGEP was basically not
different from the reference cultivation. Here, too, a linear increase
can be seen when measuring the DNA concentration.

Crucially, it could be shown that the phagemid particles are not
self-replicating and thus do not pose a danger for subsequent
fermentation processes with E. coli. Compared to the reference
cultivation, the infection directly after inoculation, shown in Figure 5,
had little to no effect on this cultivation. This simulated contamina-
tion far exceeds the expected amount of phagemid particle residuals
that should withstand incomplete reactor sterilization, as sterilization
at 100°C for at least 20 min should already destroy all infective
particles (Branston et al., 2013). Sterilizing a reactor at 120°C for at
least 20 min, as usually done, leaves only a small chance for parts of
the reactor to remain cooler than 100°C. (This in turn leaves only a
very small chance for particles surviving sterilization much less
9.5 x 100 particles.)

3.5 | Conclusion

The efficient and scalable production of artificial ssDNA with E. coli
has been made possible with the “reverse infection” method. The
phagemid particles used are not self-replicating even though they can
infect E. coli cells. Large-scale production has been made feasible at
any contract manufacturer as remaining, unwanted phagemid
particles after cleaning and sterilization are of no consequence to
other following production processes with E. coli. In the scalable fed-
batch production process for artificial ssDNA, we achieved a 40-fold
increase in maximal product concentration (83mgL ! ssDNA),
compared to the previous double transformation method (Shepherd
et al., 2019), in a stirred tank bioreactor. The produced ssDNA was
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free of contaminating DNA species that could interfere with

downstream applications such as DNA origami folding.
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