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One process that chemists have aimed to incorporate into
artificial systems is self-replication.l'! Synthetic self-replicat-
ing systems use self-assembly or molecular recognition to
initiate and propagate replication, which also gives insights
into the origins of life.l'! For these synthetic processes to be
functional as biomimetic models, they should demonstrate
sigmoidal amplification at a constant temperature.'**! How-
ever, synthetic replication processes based on biomolecules
(like DNA) are plagued by product inhibition and competing
background reactions, preventing these systems from exhibit-
ing the sigmoidal growth characteristic of self-replication.*?
One way that product inhibition has been avoided and
exponential amplification achieved involved using stepwise
procedures, whereby the composition of the system was
physically modulated to facilitate replication.”! This mechan-
ical intervention, once every catalytic cycle, is similar to the
need for thermal cycling in DNA replication strategies like
the polymerase chain reaction, where heating is required to
destabilize the product complex and turn over the reaction.”!

For a system to be autonomous, the replication process
must proceed with only one external intervention, the initial
introduction of the target. Recently, Lincoln and Joyce
reported the development of an autonomous, non-enzymatic
self-replicating RNA system using a catalytic 100-base
RNAzyme that exhibited sigmoidal replication.”! The cata-

had to be conserved to maintain the catalytic properties
necessary for ligation.”

Our aim has been to develop a general isothermal DNA-
amplification system based on a ligase chain reaction
(LCR)," similar to strategies for DNAP*<d and RNAP>!
amplification in non-enzymatic systems, as shown in the
previous example, which would be useful in understanding the
requirements for prebiotic oligonucleotide replication and
have potential in DNA-based diagnostics of infectious
diseases.””! Herein, we report a rapid sigmoidal amplification
of DNA while circumventing the need for destabilizing
enzymes or mechanical or thermal intervention using a desta-
bilizing abasic lesion. The simplicity and generality of our
method suggests that this strategy will be accessible to many
laboratories. Moreover, although an enzyme is used to ligate
the two strands in our strategy, turnover is a consequence of
the destabilized DNA duplex. Hence, this work can aid the
development of non-enzymatic nucleic acid self-replication
systems using chemical-ligation methods.?><*]

Similar to the RNAzyme system, cross-catalytic replica-
tion of DNA strands involves two coupled catalytic cycles
where the product strand of one cycle is the template for the
other cycle (Figure 1).* In the first step of our isothermal

fragments DNA-I DNA-II fragments
lytic activity of the RNAzyme allowed it to ligate two ~ —
fragments that contained regions complementary to the i —
RNAzyme as well as fragments of the catalytically active a a'
domain. After ligation, this new catalytically active RNA - Left Cycle Right Cycle
strand ligated another set of fragment RNA to generate 9
a copy of the original RNAzyme. Lincoln and Joyce found T At
that the most active system contained a wobble G-U pair = y &
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the product complex allowing for sigmoidal amplification
with a doubling rate of once per hour. However, for this
ligation chain reaction to operate a majority of the sequence
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Figure 1. Cross-catalytic amplification of DNA-I using an abasic desta-
bilizing group in an LCR. Left cycle: A DNA-I strand templates the
formation of DNA-II (see text for details). Right cycle: The DNA-II
formed in situ catalyzes the formation of a new DNA-I strand, which
feeds back into the left cycle.

LCR, a sequence (DNA-I) initiates the formation of its
complement by hybridizing with two complementary frag-
ments, one of which contains a destabilizing abasic group in
place of the complementary nucleotide at the 5’phosphate
terminus, to form a nicked duplex (Figure 1a). After ligation
of the two fragments by T4 DNA ligase a new strand results,
DNA-II, that is complementary to DNA-I with the exception
of the central abasic nucleotide (Figure 1b). Owing to the
destabilizing effects of the abasic group on the product
duplex, the product DNA-II will dissociate from DNA-I at
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the same temperature in which it was formed (Figure 1c). The
presence of a large excess of fragments prevents the
reannealing of DNA-I and DNA-II. DNA-I is then free to
serve as a template for the formation of more DNA-II
destabilizing strands. This approach for using destabilizing
groups to achieve turnover in DNA-templated ligations was
first shown by Lynn and co-workers” and has now been
demonstrated in several non-enzymatic single-cycle sys-
tems.#>1%1

To achieve amplification of DNA-I, however, another
catalytic cycle must be coupled to this first ligation process
(Figure 1, right cycle). In this cycle, the DNA-II that was
generated is complementary to two other fragments that are
present leading to hybridization and the formation of another
nicked duplex (Figure 1a’). This nicked duplex is ligated, and
then dissociates once again owing to the destabilizing abasic
site (Figure 1b',¢’). The ligated product of the right cycle
contains a sequence identical to DNA-I but with the addition
of a fluorescent label (F-DNA-I). Our previous work
indicated that 1',2’-dideoxyribose-5"-phosphate, a model
abasic lesion (Ab), was an ideal destabilizing group that
promoted isothermal replication and was compatible with
ligation by T4 DNA ligase."!! Unfortunately, our first efforts
at cross-catalytic DNA self-replication by destabilization
were extremely slow, requiring 20 hours to achieve 31
replication cycles when one Weiss unit of enzyme!™® was
used per 15 pL reaction.!']

Our previous work indicated that the concentration of the
enzyme had a large impact on the turnover frequency for
single-cycle experiments involving various destabilizing
groups.'!!' Therefore, to increase the replication rate we
examined higher concentrations of T4 DNA ligase based on
2000 cohesive end units (or approximately seven Weiss units)
per 15 pL experiment.'¥ With this commercially available
high concentration of enzyme, we monitored the kinetics of
the replication process for a reaction mixture containing all
four fragments (1.4 um and 2.8 um, fluorescently labeled and
unlabeled, respectively) and either 14 nm or 0 nm DNA-I at
time zero (Figure 2a; Supporting Information, Figure S1).
Remarkably, self-replication occurred rapidly and consumed
all of the fragments for the reaction initiated with 14 nm
DNA-I, as determined by gel electrophoresis (Figure 2a,
solid circles). The amount of F-DNA-I generated represented
a 100-fold increase within 40 minutes, significantly faster than
the reaction with low ligase concentration (31 copies in
20 hours). In contrast, decoupling the right cycle from the left
cycle led to much slower DNA-II strand production and
linear growth consistent with cross-catalysis being responsible
for the rapid amplification (Figure 2b; Figure S2).

In our cross-catalytic system, we also observed that the
reaction without any initial DNA-I exhibited sigmoidal
growth after an induction period of about 40 minutes (Fig-
ure 2a, open circles), in contrast to the single-cycle experi-
ment, where no reaction occurred without some initial DNA-I
(Figure 2b, open circles). We reasoned that small quantities of
DNA-I or DNA-II were synthesized in the cross-catalytic
system through pseudo-blunt-end ligation of the fragments, as
the fragments present in each cycle were complementary to
those in the opposite cycle. Such blunt-end ligation is known
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Figure 2. a) Cross-catalytic replication of F-DNA-I at 30°C initiated by
14 nm or 0 nm DNA-I using destabilizing fragments. b) Single (left)
cycle amplification at 30°C initiated by 14 nm and 0 nm DNA-I using
destabilizing fragments, one with a fluorescein, leading to the forma-
tion of the fluorescently labeled complement (F-DNA-II). c) Production
of F-DNA-I at 30°C initiated by 14 nm or 0 nm DNA-I using native
DNA fragments. d) Fluorescent images of polyacrylamide gels after
electrophoretic separation. F-DNA-I formed at 30°C: after 40 min (1,2)
or 180 min (3,4). Gray box: P=phosphate and T =fluorescein-modi-
fied thymine.

to occur in the presence of high concentrations of T4 DNA
ligase.'¥! (This reaction would be pseudo-blunt ended as there
is a non-complementary one-base overhang, where the
adenine is across from the abasic group.) The small quantities
of F-DNA-I or DNA-II generated in this slow background
process could then trigger cross-catalytic replication. Fitting
the sigmoidal logistic growth function f(¢) = a/(1+be ) to the
data plotted in Figure 2a allowed us to quantify the rate of
replication, where a is the maximum concentration of F-
DNA-I formed, b is the extent of sigmoidicity, and c is the
exponential rate.’] We observed that the rates were the same
within error for the target-initiated and background-triggered
reactions (0.22 4 0.05 min~' versus 0.20 & 0.01 min~', respec-
tively), which indicated that the exponential growth came
from the cross-catalysis and not the blunt-end reaction.

To determine the importance of the destabilizing group,
we also examined replication in a native DNA system that
contained the complementary thymidine rather than the
abasic group (Figure 2 c; Figure S3). The DNA-I-initiated and
background-triggered reactions exhibited the same kinetic
profile, which did not have the sigmoidal shape characteristic
of cross-catalytic replication (Figure 2c¢). In this case, the
background reaction was quite facile because it involved
ligation of a one-base overhang between the native DNA

Angew. Chem. 2013, 125, 1077110775


http://www.angewandte.de

fragments (Figure 2, gray box, M=T). This native DNA
ligation system failed to exhibit sigmoidal amplification at any
temperature tested, indicating that the destabilizing group
was essential to overcome product inhibition in the replica-
tion of an 18-base sequence (Figure S4).

Next, we attempted to use a mismatched base-pair (A:G)
rather than the abasic group to destabilize the product duplex
and facilitate turnover (Figure 2, gray box, M = G). However,
this mismatched system also did not exhibit a significant
difference between the template-initiated and background-
triggered reactions (Figure2d and Figure S5). Thermal
denaturation experiments indicated that the mismatch did
not destabilize the product duplex as much as the presence of
the abasic group, which explained the lack of cross-catalysis in
the mismatched system (Figure S6). Specifically, the native
DNA-II:DNA-I product duplex exhibited a dissociation, or
melting, temperature (7,,) of 49.2°C, whereas the abasic-
containing product duplex had a T, of 34.0°C. In contrast, the
mismatch-containing product duplex had a T, of 41.1°C,
consistent with less destabilization (Table S2).

To test whether the presence of one abasic group for an
18 bp replicating system was a general method for self-
replication, we prepared destabilizing fragments complemen-
tary to a sequence associated with the hepatitis B virus,!"”
which has a higher G:C content than our original DNA-
I:DNA-II system (Figure 3). Despite the increase in the
stability of the corresponding H-DNA-I:H-DNA-II product
duplex, we still observed facile self-replication by simply
increasing the replication temperature from 30°C to 34°C
(Figure 3a; Figure S7). The exponential rate determined for
this system was slightly slower than that of the DNA-I
sequence (0.10 £ 0.02 min™' corresponding to a doubling rate
of seven minutes). Temperature variation studies indicated
that the ideal replication temperature was 10 °C below the T;,
of the product duplex and 8°C above the T, of the
fragment:template nicked duplexes for the H-DNA-I
system (7, values correspond to 1.3 um per sequence; Fig-
ure 3b; Figures S8,S89). For the DNA-I system the same
relative temperature dependence was observed with the
optimal replication temperature lying 4°C below the T, of
the product duplex and approximately 15°C above the
melting temperature of the corresponding fragment:template
nicked duplexes (Figure 3b; Figure S10). We conclude that
the ideal temperature was great enough to facilitate product
duplex dissociation yet still resulted in the formation of some
nicked duplexes. Importantly, the more concentrated T4
DNA ligase compensated for the small amount of nicked
duplexes present at this temperature.

To verify that the template was primarily free during
replication, not bound in the product duplex, the reaction
order was determined from the rate law: initial rate oc
k[template]’, where k is the rate constant for the templated
reaction, [template], is the initial template concentration, and
p is the reaction order of the template.'>'® We observed
a linear dependence of the initial rate on the initial DNA-I
concentration, indicating that p was close to one, which is
a hallmark of exponential replicating systems (Figure S11).1!
A reaction order of one rather than 0.5 also suggested that the
template strand present was primarily single-stranded or in
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Figure 3. a) Cross-catalytic replication of F-H-DNA-I at 34°C initiated
by 14 nm or 0 nm H-DNA-I using destabilizing fragments. b) Melting
temperatures (T,,) of the product (white) and nicked (striped) duplexes
for the DNA-I and H-DNA-I systems compared with the optimized
replication temperature (black). c) Difference in the concentration of F-
H-DNA-I formed between the reaction initiated with 14 nm and 0 nm
H-DNA-I. d) Number of template-initiated replication cycles as a func-
tion of initial template concentration (DNA-I=white; H-DNA-l = gray).
*=The fragment concentrations were used at a fourfold dilution
compared with the typical replication conditions.

the nicked rather than product duplex, which supported that
product inhibition has been minimized in our system.!'!

To quantify the amount of self-replication, we measured
the difference in fluorescent template formed between the
target-initiated and background-triggered reactions (AF-H-
DNA-I, Figure3c); the maximum difference was then
divided by the initial template concentration to yield the net
number of target-initiated self-replication cycles. For exam-
ple, the 14 nm H-DNA-I template-initiated reaction exhibited
a maximum AF-H-DNA-I value of 1.184+0.04 pm, which
corresponded to 85+ 3 replication cycles (Figure 3d). Reac-
tions initiated with 1.4 nm template led to net replication
cycles of 780 +40 and 310 &+ 50 for the DNA-I and H-DNA-I
systems, respectively (Figure 3d).

To further increase the number of self-replication cycles
required, we initiate the reaction with less template, but at
template concentrations less than 1.4nwm the replication
profile was the same as the background-triggered reaction.
Therefore, we sought to delay the background reaction. We
found that decreasing the fragment concentration fourfold
decreased the rate of the background blunt-end reaction,
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more so than its effect on the template-initiated reaction
(Figure S12-S14; Table S3,S4). Consequently the time
window increased allowing us to initiate the reaction with
0.14 nm template and observe 650+70 and 920+ 50 self-
replication cycles for the DNA-I and H-DNA-I systems,
respectively (Figure 3d, 0.14 nm). For the H-DNA-I system,
we were also able to achieve an even lower detection limit and
observed 6000 £ 600 replication cycles with 14 pMm initial H-
DNA-I template.

It seemed likely that further reduction of the fragment
concentration would increase the observed replication cycles
for our system. However, at fragment concentrations below
0.35 um the replication process was difficult to monitor by
fluorescent imaging after PAGE separation. Consequently,
we attempted a step-wise serial ligation strategy, whereby
DNA-I (140 fmM) was combined with a low concentration of
fragments (0.14 um or tenfold more dilute than typical
conditions). We also performed a control reaction lacking
any initial DNA-I. After three hours, aliquots from the DNA-
I-initiated and control experiment were added to two
separate vessels containing the typical concentration of
fragments and more T4 DNA ligase. After approximately
40 minutes, we observed a difference in F-DNA-I concen-
tration (AF-DNA-I) of 0.10+0.03 pm between the DNA-I-
initiated and the control (background) reaction, which
corresponded to 2.7+ 0.9 million replication cycles for the
former in less than four hours (Figure S15; Table S3).
Although the sensitivity achieved is quite promising, other
parameters like the sequence length and composition as well
as the reaction conditions need to be optimized for use in
biodiagnostics.

In conclusion, we have shown that replacing one nucleo-
tide with an abasic group in an 18-base sequence can alter the
recognition properties of DNA allowing it to self-replicate in
a ligase chain reaction. This general and simple strategy hints
at the possibility that early replicating systems combined
molecular recognition with destabilizing interactions to
achieve turnover without temperature variation. This idea
of structural destabilization being important in early replicat-
ing systems has also been proposed and demonstrated for the
polymerization, rather than ligation, of non-enzymatically
synthesized oligonucleotides, although these methods have
yet to be extended to cross-catalytic replication.'*'" Regard-
ing the abasic modification, it is the most common lesion
formed in DNA, because it can spontaneously occur through
hydrolysis at the anomeric position of deoxyribose.'¥! In
RNA, abasic sites are less common owing to their slower
formation."” Nevertheless, it is reasonable to expect this
lesion must have coexisted with the first replicating nucleo-
tides. Finally, the strong dependence of the replication rates
on the concentration of the enzyme reveals that the ligation
step must be very rapid to achieve appreciable replication.
Future work will examine fidelity and selection in this lesion-
induced replication process.

Experimental Section
Detailed information regarding DNA synthesis, determination of
reaction yields based on gel electrophoresis, and determination of net

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

replication cycles is given in the Supporting Information. For ligation
experiments, fragments and template were first combined in water in
a 600 pL. mini-centrifuge tube to a final volume of 10.00 pL, at 1.5
times their final concentration, and incubated at the desired reaction
temperature while preparing the ligase master mix. Typically, T4
DNA ligase (8.00 uL) was mixed with ligation buffer (12.00 pL, 10 x
concentrated) and water (20.00 pL). A portion of this master mix
(5.00 pL) was immediately added to each DNA mixture resulting in
2000 cohesive end units per 15 pL reaction, and the reactions were
placed in a covered thermal incubator. To stop ligation, aliquots
(3.00 pL) were removed at different times and immediately combined
with aqueous EDTA (1 pL, 0.5M).
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