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We present a rapid, scalable, user-friendly method for in vitro production of high-purity
single-stranded DNA (ssDNA) ranging from 89-3315 nucleotides in length. PCR with a
forward primer bearing a methanol-responsive polymer generates a tagged amplicon that
enables selective precipitation of the modified strand under denaturing conditions. We
demonstrate that the recovered ssDNA can be used for CRISPR/Cas9 homology-directed

repair in human cells, DNA-origami folding, and fluorescent in situ hybridization.
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DNA is instrumental to myriad applications in biological imaging, (bio)nanotechnology,
and synthetic biology. Many of the applications rely heavily on the availability of ssDNA.
Depending on the required size, scale, and purity, the production of ssDNA can become
prohibitively expensive or onerous. Although chemically synthesized ssDNA has become widely
available commercially, such DNA has an upper limit of ~200 nucleotides (nt)* in length and
often requires additional processing steps to remove impurities. Methods allowing the
production of ssDNA through a double-stranded DNA (dsDNA) template via enzymatic
processing?, micro-bead sequestration®, rolling circle amplification*, or asymmetric PCR® have
been introduced, but are often limited in either complexity of the protocols, scalability, and/or
purity of recovered strands. Recently, Palluk et al. have demonstrated a promising enzymatic
approach for de novo synthesis of ssSDNA®. However, this method has yet to demonstrate
production of sSsSDNA >10 nt at high yields. Similarly, autonomous ssDNA synthesis via primer
exchange reaction (PER) is currently limited to lengths up to 60 nt’. Phagemid-based in vivo
production of ssSDNA can yield biotech-scale quantities of arbitrary sequences, however the
method is less amenable to rapid prototyping due to increased lag time between sequence
design and strand production®. Thus a need persists for methods that allow for fast, user-
friendly, scalable, and low-cost in vitro production of sSDNA above 200 nt in length.

We present a method that we call Methanol-Responsive Polymer PCR (MeRPy-PCR),

inspired by our previous work of Krieg et al.® (also see Krieg et al.*

) We create a set of primers
bearing a linear polyacrylamide-co-acrylate tag by co-polymerizing a 5 -acrydite-modified primer
with acrylamide and sodium acrylate (Fig. 1a, Supplemental Fig. 1, Supplemental Tables 1, 2,
Supplementary Protocol 1). The modified primer can include a deoxyuridine (dU), which can be
placed anywhere along the sequence and allows the site-specific creation and subsequent
cleavage of an abasic site (AB site). We use the polymer-tagged primer in an otherwise

standard PCR reaction, resulting in a polymer-tagged amplicon (Fig. 1b, Supplementary

Protocol 2) that subsequently allows the selective precipitation (Supplementary Fig. 2) and
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recovery of both sense and antisense strands away from each other (Fig. 1c, Supplementary
Fig. 3). Substitution of a polymer-tagged primer had no noticeably adverse effects on PCR
production in terms of strand yield and purity (Supplementary Fig. 4).

After PCR, we first recover untagged strand 1 in a supernatant by performing a
denaturing precipitation under alkaline conditions by addition of NaOH to 44 mM final
concentration, followed by mixing with one volume equivalent of methanol and then
centrifugation at 350—2,000 RCF (Fig. 1ci). We next recover complementary strand 2 by
resuspending the precipitated polymer-DNA pellet and incubating it with uracil-DNA glycosylase
(UDG) for 15 minutes to excise the dU nucleobase and create an AB site. The AB site is then
cleaved by incubating the polymer-DNA solution with 100 mM dimethylethylenediamine
(DMEDA) for 15 minutes, followed by precipitation in 50% methanol to remove the waste
polymer-tagged DNA (Fig. 1cii). The procedure is completed within ~45-65 minutes (depending
on strand amplicon length), with strand 1 recovery accounting for the first ~15-25 minutes
(Supplementary Fig. 3).

We used this method to generate ssDNA ranging from 89-3115 nt in length by
amplifying an array of target sequences with MeRPy-PCR and recovering both strands 1 and 2
of each amplicon (Fig. 1d, Supplementary Figs. 5-9, Supplementary Note 1). The strand-
recovery protocol was nearly identical for all lengths and templates, apart from slight differences
in the alkaline denaturation step for the longest amplicons (see Supplementary Protocol 3).
Strand 1 was routinely recovered with a yield of 70% to >90% with respect to the initial MeRPy-

PCR amplicon. By contrast, recovery yield of strand 2 was lower as the length of the amplicons
increased (see Supplementary Note 2). We recorded absolute yields of ~2.2—12 pmol/100 puL
PCR for strand 1 and ~0.5-12 pmol/100 pL PCR for strand 2 (Supplementary Fig. 10,

Supplementary Yield Data). It should be noted that the final amount and purity of recovered

ssDNA depends on the efficiency and cleanliness of the PCR, therefore PCR optimization may
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be desirable. Furthermore, we observed that ssDNAs recovered from MeRPy-PCR were of high
purity, on par or better than a chemically-synthesized 200mer oligonucleotide after PAGE
purification and an enzymatically produced 754mer oligonucleotide purchased from the

commercial vendor Integrated DNA Technologies (Fig. 1e).
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Figure 1: MeRPy-PCR overview and recovery yields for strands 1 (untagged) and 2 (initially
tagged) of different amplicon lengths. (a) Production of the polymer-tagged primer. A 5"-
acrydite-modified primer is polymerized with acrylamide and sodium acrylate (ratio 99:1) to form
a long linear DNA-tagged polymer. (b) MeRPy-PCR procedure following standard PCR
guidelines. (c) i. Recovery of strand 1 under alkaline denaturing conditions and methanol
precipitation. ii. Recovery of strand 2, after treatment with UDG and DMEDA followed by a
methanol precipitation. (d) Recovery yield for strands 1 and 2 of various lengths. Bar graphs

denoting the recovery yield (%). Strand recovery yield was determined by the absolute
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91 recovered strand output (pmol) relative to MeRPy-PCR input (pmol). Data is shown as mean +/-
92 STD (N=3). (E) Gel electrophoresis of MeRPy-PCR derived ssDNA. Left, denaturing

93 polyacrylamide gel with L — 20 bp Ladder, C — 200mer control from Integrated DNA

94  Technologies (IDT). Middle and right, native agarose gels with L — 1 kb Ladder, C — 750mer

95 control from IDT. MeRPy-PCR derived and commercial ssDNAs were loaded with normalized

96 mass amounts for each gel lane in (E).

97 To demonstrate the utility of MeRPy-PCR generated ssDNA for demand-meeting
98 applications, we show CRISPR/Cas9 mediated homology directed repair (HDR) in human cells,
99 fluorescent in situ hybridization (FISH) imaging, and DNA-origami folding. We picked the
100 untagged strand 1 for each application, based on the higher overall recovery yield and briefer
101  protocol. Each of the three tested applications utilizes ssDNA in varying capacities; DNA origami
102  requires long ssDNA scaffolds (>1 kb)****, FISH requires a library of >100 nt Cy3-labeled
103  strands to tile specific regions of the genome'®, and CRISPR/Cas9 directed HDR has seen

104  growing interest in the field to use long ssDNA over dsDNA donors'®*®

, Which can be difficult to
105 produce or else prohibitively expensive to purchase at sufficient scale for cell-culture

106  experiments.

107 For HDR, we assessed the performance of MeRPy-PCR generated ssDNA donors

108 (Supplementary Fig. 11) of varying size, relative to a purchased chemically synthesized 200 nt
109  donor from IDT. The ssDNA donor-mediated HDR removed a stop codon from a broken GFP
110 expression vector, restoring the GFP sequence and expression (Fig. 2a, Supplementary Fig. 12,
111  Supplementary Note 3). We generated 5 different ssDNA donors 200—-1000 nt long, only varying
112  the homology-arm length. We produced the ssDNA donors at yields of ~13—-34 pmol/100 pL

113 PCR (Supplementary Table 3). The efficiency of HDR was comparable for the different MeRPy-

114  PCR generated ssDNA and the 200 nt chemically synthesized donor.


https://doi.org/10.1101/558429
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/558429; this version posted February 22, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

115 Next, we tested the ability to produce custom scaffolds for DNA-origami folding. DNA
116  origami is often limited to a defined number of ssDNA scaffolds based on the availability of

117  different M13 phage genomes. There is growing interest in the field for the design and

118  production of new scaffolds that offer a larger range of sequence space™®. To address this

119 application, we first used MeRPy-PCR to generate a 3315 nt ssDNA derived from p7308 M13
120 genome (Supplementary Table 4). Using the produced ssDNA scaffold (1.35 pmol/100 uL PCR,
121  Supplementary Table 5) we demonstrated folding of a DNA-origami barrel?® (Fig. 2b,

122  Supplementary Figs. 13 and 14).

123 Finally, we demonstrated the ability to use MeRPy-PCR to generate a large library of
124  FISH probes with a Cy3 modified 5 end (Fig. 2c, Supplementary Fig. 15). We were able to

125 generate ~70 pmol/100 puL PCR of Cy3-modified ~130 nt FISH probes (Supplementary Table 6),
126  that can successfully be used in imaging a distinct locus of the genome (Chromosome

127  8g24.22). As expected by the FISH probe design, we observed two puncta per cell, with the
128 puncta located towards the end of two similarly sized, medium-length chromosomes (Fig. 2c,
129  Supplementary Fig. 16). Use of MeRPy-PCR here highlights the ease with which FISH probes
130 can be generated in sufficient quantities for imaging, obviating the need for expensive and time-

131  consuming purifications.
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133  Figure 2: Applications using ssDNA of various lengths. (a) Genome editing in human cells using
134 CRISPR/Cas9. (left) A genomically integrated GFP coding sequence is disrupted by the

135 insertion of a stop codon and a 68-bp genomic fragment from the AAVS1 locus. Restoration of
136 the GFP sequence by HDR with a ssDNA donor sequence results in GFP+ cells that can be
137 quantified by FACS. (right) Bar graph depicting HDR efficiencies induced by MeRPy-PCR

138 derived ssDNAs of different lengths vs. a 200mer chemically synthesized strand from IDT. Data
139 is shown as mean +/- STD (N=3). (b) ssDNA scaffold was generated via MeRPy-PCR from the
140 phage genome, p7308, and used in the folding of a 30 nm DNA origami barrel. Agarose gel
141  electrophoresis (right) shows the purified scaffold strand (S) alongside the folded barrel

142  structure (F). Transmission electron microscopy depicts the folded origami (left). Scale bars
143  denote (left) 100 nm and (right) 50 nm. (c) A library comprising 42,000 probe sequences

144  designed to tile along an 8.4 Mbp region of Human Chromosome 8 was amplified from a small
145 amount of template using MeRPy-PCR with a Cy3-labeled reverse primer and subsequent

146 recovery of fluor-tagged strand 1 library. The generated fluor-labeled ssDNA library was
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147  validated in situ on fixed human metaphase spreads and interphase cells. Scale bars denote 20

148 um (zoom of metaphase spread scale bar denotes 5 um).

149  In summary, we have demonstrated that MeRPy-PCR can be performed without the need for
150 additional optimization beyond that needed for PCR in general, and can be used to recover high
151 yields of both forward and reverse strands, with a briefer protocol and higher yields for the

152  untagged strand. We further demonstrated that the generated ssDNA can be used in a variety
153 of demand-meeting applications in synthetic biology, (bio)nanotechnology, and biological

154  imaging. The short time frame to recover the strands is user-friendly and lowers the bar to rapid
155 in-house production of large quantities of ssDNA. Importantly, the low-cost production of strands
156 via MeRPy-PCR may enable the accelerated exploration of scaffold design space in DNA

157  origami, of genome visualization with FISH, and of the efficiency and off-target effects of single
158 stranded donor DNA in CRISPR/Cas9 HDR.

159
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