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Abstract: A polymerase chain reaction (PCR) derived method
for preparing long DNA, consisting of multiple repeat units of
one to ten base pairs, is described. Two seeding oligodeox-
ynucleotides, so-called oligoseeds, which encode the repeat unit
and produce a duplex with 5'-overhangs, are extended using
a thermostable archaeal DNA polymerase. Multiple rounds of
heat—cool extension cycles, akin to PCR, rapidly elongate the
oligoseed. Twenty cycles produced long DNA with uniformly
repeating sequences to over 20 kilobases (kb) in length. The
polynucleotides prepared include [A]/[T], [AG]/[TC],
[AGL/TCLy [AsGL/TSCly [AGL/TCl [AdGL/[ToCl,
[GATC] /[CTAG],, and [ACTGATCAGC]/[TGAC-
TAGTCG],, indicating that the method is extremely flexible
with regard to the repeat length and base sequence of the initial
oligoseeds. DNA of this length (20 kb~7 um) with strictly
defined base reiterations should find use in nanomaterial
applications.

The double-helical structure of DNA and the simple
Watson—Crick base-pairing rules that determine helix forma-
tion! have led to its increasing use as a nanomaterial.
Multiple applications have been reported, including nano-
scale conducting wires,* in drug transport and target-driven
medicine,** and as highly ordered one- and two-dimensional
nanomaterials with functionalities at specific sites.”! Develop-
ments in DNA origami™® provide the ability to control the
self-assembly of DNA into specific and intricate shapes with
useful modifications in precise locations.”)

Therefore, one key to using DNA in nanoscale engineer-
ing is the ability to prepare long sequences that consist of
multiple repeat units, which is currently best achieved using
the slippage reaction.'"'? This provides a route towards the
fabrication of long DNA that has a uniform repeat sequence
covering many nanometers. Initial work demonstrated the
extension of several two- and three-base repeats to a max-
imum of 700 base pairs (235 nm) by incubation with Escher-
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ichia coli DNA polymerase L7 A further advance showed
that poly(dG).poly(dC) could be slipped to 10000 base pairs
(3.4 um) using the E. coli DNA polymerase I Klenow frag-
ment.'*'¥ More recent work investigated the range of
sequences that could be extended by the slippage mechanism,
but did not report on the lengths of the final products.'”!
Commonly, the repeat unit must be able to form an internal
loop for slippage to occur, limiting the number of reiterated
polymers that can be prepared.'®! The level of control over
the length of the DNA produced by the slippage approach
relies on the quenching of the polymerase enzyme at a chosen
time. These limitations prompted our investigations into an
alternative method that affords DNA that consists of more
complex repeat units, with lengths that can be controlled by
the cyclical approach, common to the polymerase chain
reaction (PCR).

PCR is routinely used in the biosciences to amplify long
tracts of DNA.['"l However, products are usually limited to
copies of naturally occurring DNA, and therefore, it is
difficult to prepare polymers with repeating units. A general
method that is capable of accurately extending short starting
oligodeoxynucleotide repeat elements would be a valuable
addition to the toolbox of DNA nanoengineers; such a pro-
tocol is outlined in Scheme 1. The starting materials are two
short fully complementary oligodeoxynucleotides (ca.
20 bases). These oligoseeds encode the repeat element to be
extended; in Scheme 1, the initial duplex has the sequence

5-AAAGAAAGAAAGAAAG Heat to Key
95°C — T,C strand — dCTP
— — A,G strand — dGTP
FITTCTTTCTTTCTTITC (1) — New strand — dTTP
— dATP

Cool to 55°C
(maxunum anneal shift)

Cool to 55°C
(minimum anneal shift)

3) Heat to 72°C 3) Heat to 72°C

PRy ARRAY

(4) Repeat steps 1-3 for desired number of cycles

Scheme 1. PCR-derived heat—cool cycles to extend a short oligoseed
containing a repetitive element. Step 1: Melting of the duplex at 95°C
to form two single strands. Step 2: Annealing of complementary
regions at 55°C to give “shifted” duplexes with 5" single-stranded
extensions. Both a small (left) and a large (right) shift are illustrated;
for the large shift, eight base pairs are considered as the minimum for
stable duplex formation. Step 3: Incubation at 72°C for the poly-
merase-catalyzed extension of the 5" overhangs. Step 4: Repetition of
steps 1 to 3 until the desired length of DNA is obtained.
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Table 1: Theoretical minimum and maximum DNA extension products by repeat unit length (n=2-10).

No. of cycles [AG]10/[TCho (n=2) [AG],/[TC]; (n=3)

[AGL/[T5Cs (n=4)

[AGL/[TLC], (n=5) [Asclz/ [TsCL, (n=10)

min.k max.®! min.1 max.! min.® max.®! min .k max.®! min.1 max.P!

0 20 20 21 21 20 20 20 20 20 20
5 30 392 36 393 40 392 45 330 70 330
10 40 11152 51 11151 60 11152 70 10130 120 10130
15 50 36152 66 36141 80 36152 95 35130 170 35130
20 60 61152 81 61131 100 61152 120 60130 220 60130

The algorithm used to determine the theoretical minimum and maximum product lengths assumes that 1) at least eight base pairs must exist to give
a duplex stable enough for elongation, that is, the minimal stable overlap is eight for [AG],o/[TC];o, nine for [A,G];/[T,Cl;, eight for [A;G]s/[T5C]s, and ten
for [A,Gl4/[T4Cl,, and that 2) the polymerase completely fills any single-stranded regions. [a] Minimum theoretical length (base pairs) =original

length+(yx n). [b] Maximum theoretical length (base pairs) = original length x 2"—[(min. stable overlap x 2')—min. stable overlap], where n=number

of base pairs in the repeat unit and y=number of cycles.

[A;G]s/[T5C]s, that is, a repeat of four base pairs (n=4).
Heating denatures the duplex, and cooling allows for re-
hybridization. Although the most stable duplex will be the
starting 20-mer, structures displaced by an integral value of
the repeat length are possible. For the example given in
Scheme 1, the minimum possible shift is four bases (1 x repeat
length). The maximum displacement cannot be rigorously
stated; however, assuming that at least eight base pairs are
needed for stable duplex formation, a shift of eight bases (2 x
repeat length) is a possibility. All shifted structures possess 5’
single-strand overhangs and, as such, are DNA polymerase
substrates. Filling in by the polymerase extends the original
seeds while exactly maintaining the repeat unit. Repeating
the heat—cool cycles, akin to PCR, rapidly elongates the seeds.
The theoretical lengths attainable are shown in Table 1,
assuming that an overlap of at least eight base pairs is
required to generate an elongation-competent duplex and
that the polymerase is fully capable of filling the overlaps
produced. If only a minimal shift takes place, the seeds grow
in a slow linear fashion; however, with maximal displacement,
rapid expansion is possible. The greatest theoretical length is
unlikely to be achieved as maximal displacement at each stage
is improbable and the polymerase may lack the capacity to fill
the large gaps present in later cycles. Furthermore, selecting
more than eight base pairs for stable duplex formation also
reduces the lengths that may be realizable. Nevertheless,
Table 1 clearly illustrates the potential of this method to
generate long DNA segments with multiple repeat units. The
heat—cool cycles that are necessary for oligoseed extension
demand a thermostable DNA polymerase, and a Thermococ-
cus gorgonarius family B polymerase (Tgo-Pol) mutant, Z3,
was used."™”) Z3 is disabled in the 3'—5 proof-reading
exonuclease (exo—) and has an insertion in the fingers
domain—mutations that confer the ability to read non-
standard bases in the template strand.

To gain an idea of the maximum DNA lengths that could
be achieved, extension was initially investigated with Tgo-
Pol Z3 (exo—) and [A;G]s/[T;C]s as the starting oligoseed.
DNA of escalating size builds up as the number of heat—cool
cycles increases, with products of over 20000 bases (20 kb)
visible after 15 cycles. The maximum size range was generated
after around 20-25 cycles, and further rounds of up to
40 cycles did not lead to longer products (Figure 1; see also
the Supporting Information, Figures S1 and S2). The addition
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Figure 1. The extension products produced from an [A;G]s/[T5C]s seed
duplex during heat—cool cycling were analyzed on 0.3% SeaKem Gold
Agarose gel. Lane 1: DNA ladder; lane 2: 5 cycles; lane 3: 10 cycles;
lane 4: 15 cycles; lane 5: 20 cycles; lane 6: 25 cycles; lane 7: 30 cycles;
lane 8: no polymerase (control).

of a fresh aliquot of 2’-deoxyribonucleoside triphosphates
(dNTPs) also failed to increase product size, showing that the
depletion or degradation of the dNTPs is not limiting the
attainable length (Figure S3). An Image J analysis plot shows
that the mean DNA product size increases between cycles 2
and 20 (Figures S4 and S5). Therefore, the ability to stop the
reaction after any number of rounds affords some control
over the length of the DNA produced. In all instances, the
extension products appeared as an elongated smeared band
covering a size range of approximately 0.5 to 20 kb. This
dispersion undoubtedly arises from the multiple modes in
which intermediate fragments can anneal, giving differently
sized single-stranded extensions and, consequently, products
of various lengths. The smallest size after 15 cycles, approx-
imately 0.5 kb, is greater than the theoretical minimum, and
as expected, the longest DNA segment (20 kb) did not reach
the theoretical limit of 36 kb, but it is still of a suitable length
for nanomaterial applications. However, access to DNA
products with a narrower size distribution is required, and
so a further gel-purification step was employed.
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Figure 2. a) Lonza FlashGel DNA system depicting the DNA extraction
process of samples A, B, and C and the unextracted DNA (D).

b) Lonza gel analysis of the extracted DNA products A-C. c) Image )
analysis of lane 4, Figure 1, showing the product length distribution as
a percentage of the highest level of intensity in the lane.

The Lonza FlashGel DNA system enables the simple
purification of DNA according to length® and was used to
enrich products to a more limited size range. DNA with a size
distribution of 0.5-20 kb was applied to multiple lanes of the
Lonza gel, and selected aliquots of DNA were removed from
the extraction wells (Figure 2). As an illustration, regions
corresponding to DNA of 0.5kb (sample A), 1.5kb (sam-
ple B), and 7 kb (sample C; based on comparison with the
standard ladder) were extracted from the gel. The successful
removal of samples A and B is confirmed by the gaps in the
elongated smeared band running beyond the extraction wells
(Figure 2a). Sample C has just entered the extraction wells,
and DNA at position D (>10 kb) is pre-purification, still to
reach the wells. The three samples were subsequently
analyzed on a second Lonza gel, showing much tighter
bands (Figure 2b). Before purification, the total amount of all
extended DNA products from a typical starting oligoseed
concentration of 6 nguL.~! was estimated from the electronic
absorption at 260 nm®"! and was typically 200 nguL". The
amounts in the purified samples varied in line with the
Image J analysis plot (0.5 kb, sample A: 9ngulL™'; 1.5kb,
sample B: 34 ngul'; and 7 kb, sample C: 11 nguL'; see
Table S2). In each instance, the DNA products A, B, and C
were characterized by atomic force microscopy (AFM) and
fluorescence microscopy.

AFM confirmed the presence of ds DNA in samples A
and B. A 5 pL drop of each sample was spotted onto a freshly
cleaved mica surface, and the DNA was immobilized by
molecular combing. Typical AFM images are shown in
Figure 3a and b. The mean height of the DNA across all
observed images was 0.7 £+ 0.2 nm, which is in agreement with
previous AFM reports of DNA duplex dimensions.”>%! A
length analysis was performed on each sample and indicated
that the mean observed lengths, 175+18 nm (0.5 kb) and
420+ 55 nm (1.2 kb), were close to the DNA lengths expected
for samples A and B, respectively (for details, see the
Supporting Information).

Labelling of sample C with YOYO-1, a fluorescent inter-
calator,” allowed for spectroscopic characterization of the
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Figure 3. a) AFM image of an enriched sample A (500 bp) on mica.

b) AFM image of an enriched sample B (1500 bp) on mica. c) Fluores-
cence microscopy image of an enriched sample C (7000 bp) on a glass
slide.

enriched 7 kb band. The fluorescence micrograph in Fig-
ure 3¢ shows DNA strands that are 2.5-4 um long, which
corresponds to 7-12 kb. In, similar studies, other YOYO-1-
labelled samples also appeared to be longer than expected
owing to limitations of the optics of the fluorescence micro-
scope (see Figure S9 and Table S5),%! but in each case, the
lengths of the observed DNA strands were in good agreement
(£1.6 pm) with the targeted extraction lengths.

Having established that the heat—cool cycling can extend
the duplex [A;G]s/[T;C]s (repeat length n=4), alternative
seeds were explored. The extension products observed with
[AG]W/[TCly  (n=2), [AG]/[T,C], (n=3), and
[A,G]/[T,C], (n=5) as the primer templates are compared
in Figures 4 and S10. These two-, three-, and five-base repeat
units all gave extension products of comparable lengths to the
four-base oligoseed and again showed efficient extension to
more than 20 kb after 20 cycles. The products from the
extension of the [A,G]/[T,C], seed after five cycles were
sequenced (Figure 4b, for more details see Figures S11 and
S12), and 305 bases of AAAAG repeat units were identified,
which correlates well with the 330 bp product expected after
five cycles (see Table 1).

7 8 9 10 11 12 13 14 15

a) 1 2 3 4 5 6

20kb

5 ki

2 kb

1k

0.5 kb—>|

110 120 130 140 150
b)

Figure 4. a) DNA extension products from [AG],o/[TC];, (lanes 3-5),
[AG]5/[T2Cl; (lanes 6-8), [A;Gls/[T5Cls (lanes 9-11), and [A,Gl/[T,Cls
(lanes 12-14) after 5, 10, and 20 cycles, respectively, were analyzed on
0.3% SeaKem Gold Agarose gel. Lanes 1, 2, and 15 show DNA
ladders. b) A segment of the DNA sequencing data of the DNA
extension product of [A,G],/[T,C], after 5 cycles (Figure 4a, lane 12).
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To increase potential applications, the diversity in the
DNA repeat sequences was expanded. The simplest seed, the
repeating polymer of [A],y/[T],, (n=1), could be extended to
give very long polymers (Figure S13) comparable to the
equivalent product obtained by the slippage reaction.!” The
20 bp oligoseed [AyG],/[TyC], (n=10) could also be elon-
gated, but yielded shorter products of up to approximately
2 kb. The ability to extend repeats of the sequence type
[A,G]/[T,C], where x =1 to 10, affords control over the base-
pair density, that is, the ability to locate individual G:C pairs
at defined distances from each other. Thermal cycling also
succeeds with sequences that contain all four bases as shown
with [GATC]y/[CTAG];, (n=4) and [ACTGATCAGC],/
[TGACTAGTCG], (n=10; see Figure S14). Analysis of the
DNA melting temperature outlined the expected increase in
melting temperature from the oligoseed to the product
(Figure S15).

The experiments described thus far have been carried out
with Tgo-Pol Z3 (exo—), a mutated version with improved
ability to copy non-standard bases.'¥ Therefore, this poly-
merase is potentially useful for a longer-term aim, namely the
incorporation of modified bases into repeating oligodeoxy-
nucleotides for the preparation of future hybrid DNA nano-
materials. Nevertheless, all extensions described in this
publication, which involve only the four standard bases, can
be efficiently executed with a standard, commercially avail-
able archaeal DNA polymerase, and the method is not
dependent on an exotic enzyme. This was demonstrated by
comparing the extension efficiencies of the wild-type Tgo-
Pol Z3 (exo—) DNA polymerase and the Pyrococcus furiosus
DNA polymerase (Pfu-Pol exo—). After 10 cycles, the wild-
type Pfu-Pol exo— polymerase was slightly more efficient
than the Z3 mutant (Figure S16). However, the difference in
efficiency between the DNA polymerases is minimal, and as
73 is more accepting of modified bases, it shows promise for
further applications. In a second comparison between the
exo— and exo + variants of Pfu-Pol, the exo + variant was
unable to extend the oligoseeds by the heat—cool method
described here (Figure S17). Finally, this heat—cool cycling
method was compared with the previously described isother-
mal slippage approach.!®! For oligoseeds of n=2 to 5, the
length of the product produced was consistently higher when
our cycling procedure was applied (Figure S18-S20), suggest-
ing that this method, at least with archaeal exo— polymerases,
is more suitable for the assembly of long repeating DNA
sequences.

In summary, the elongation procedure described here
provides a flexible method for preparing long DNA sequen-
ces with multiple repeating units, and is compatible with very
many oligoseed sequences. This offers an alternative tech-
nique to the established isothermal slippage route towards
long DNA. With both the cycling and slippage methods, the
DNA product size distribution necessitates further gel enrich-
ment. However, especially with the Tgo-Pol Z3 (exo—)

polymerase, our method affords a route towards the intro-
duction of multiple, uniformly spaced modified bases to give
DNA with properties useful in nanomaterial fabrication, that
could be used as metal-binding sites for the assembly of
conducting nanowires.

Keywords: DNA - DNA structures - nanotechnology -
polymerase chain reaction
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