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The information content of natural DNA is limited by its
construction from four nucleotide building blocks, which form
just two pairs (A:T and G:C). Considerable effort has been
directed towards increasing this content by developing addi-
tional nucleotides that might form additional pairs.[1, 2] One
way that this can be done is by rearranging hydrogen bond
donor and acceptor groups in the nucleobases to allow them
to form pairs having the same geometry as A:Tand G:C pairs,
but that are joined by different hydrogen-bond patterns
(Figure 1). This strategy can yield an artificially expanded
genetic information system (AEGIS) that has as many as
twelve nucleotides and as many as six base pairs.[3]

AEGIS nucleotides are already being applied as orthog-
onal binding elements in human diagnostic tools, including in
FDA-approved assays for HIV, hepatitis B, and hepatitis C
viruses.[4] AEGIS oligonucleotides bind to each other and not
to natural DNA, thus lowering background noise in blood and
other complex biological assay mixtures.

To date, however, no practical tools have exploited
additional nucleotides as components of dynamic assays in
which artificial nucleotides are copied by polymerases in, for
example, a polymerase chain reaction (PCR). Successful
academic PCRs using expanded genetic alphabets either
require a mesophilic reverse transcriptase,[5] lose the nucle-
obase owing to unfavorable tautomeric equilibria,[6] generate

highly sulfurated amplicons,[7] or disfavor incorporation of
adjacent nonstandard bases.[8]

If it could be implemented in a fully flexible form, “six-
letter PCR” should offer new approaches to analyze DNA.
One challenge that has long avoided solution is multiplexed
PCR, which is often complicated by off-target priming by
primers presented at high concentrations in standard PCR
architectures and the resulting undesired amplicons.[9] Clever
approaches to minimize such complications include various
kinds of nested PCR[10] and MegaPlex PCR.[11] These
architectures use composite primers having 3’-segments
specific for their target and 5’-tags common to all primers
(Figure 2a), in which PCR is initiated with composite primers
in low concentration and continued using high concentrations
of the common external primers that, if designed carefully,
bind nothing in the assay environment. If built from A, T, G,
and C, however, this design is often difficult to achieve.
Essentially every 11 mer is present in the human genome, for
example, meaning that essentially any sequence built from
standard nucleotides will primer somewhere eventually.

Placing AEGIS nucleotides in the external tags could
solve this problem. Because AEGIS-containing tags do not
pair with DNA in any natural genomic background, they
cannot primer to create amplicons through off-target priming,
regardless of how complex the assay environment becomes.
However, polymerase-AEGIS combinations are required
that support fully flexible nested PCR architectures.

To develop a fully flexible nested PCR with an artificially
expanded genetic alphabet, a pyrimidine analogue (6-amino-
5-nitro-3-(1’-b-d-2’-deoxyribofuranosyl)-2(1H)-pyridone, Z)
and its complementary purine analogue (2-amino-8-(1’-b-d-
2’-deoxyribofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-4(8H)-one,
P ; Figure 1),[16] were examined as extra nucleotide genetic
letters. Incorporated into DNA strands, these form Z :P pairs
that contribute to duplex thermostability more than C:G
pairs.[12] Furthermore, Z and P discriminate against mis-
matches to the same extent as standard nucleobases,[13] and
are accepted by many polymerases.[14]

To develop flexible nested PCR, we first addressed a
concern that arises because many polymerases hold primers
and templates together in their active sites sufficiently to
extend the primers even when the primer–template duplex
melts below the temperature used for primer extension. We
deliberately designed two primers that might form dimers by
Z :G and P :C mismatches (5’-CAGGAAGGAGCGATCGC-3’, 5’-
CAGGAAGGAGCPATCPC-3’, and 5’-CAGGAAGGAGZGATZGC-
3’). We then incubated these with Taq polymerase to see if
they generated primer dimer products (Supporting Informa-
tion, Figure S1, S2). They did not, laying this concern to rest.

We then screened for polymerases that might accept PCR
primers that contained multiple Z and P bases, including Z
and P bases at adjacent positions. Most polymerases tested

Figure 1. Comparison of the standard C:G base pair with the non-
standard Z :P pair that forms an extra two genetic letters in an
artificially expanded genetic information system (AEGIS).
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amplified oligonucleotides containing multiple Z and P bases
(Supporting Information, Figure S3). In incubation mixtures
lacking dZTP and dPTP, many of these paused or stopped
entirely rather than misincorporate standard triphosphates
opposite Z or P ; others failed to elongate efficiently following
such misincorporation.

These experiments identified several polymerases that
incorporated dZTP and dPTP opposite their nonstandard
complements especially well and were also good at rejecting
mismatches. These included Deep Vent (both exo+ and exo�),
Vent (both exo+ and exo�), and Taq DNA polymerases
(Supporting Information, Figure S3). Other polymerases,
such as Phusion (a high-fidelity DNA polymerase), 98N,
Herculase, and many Taq mutants also efficiently incorporate
dZTP and dPTP opposite multiple template P and Z bases
(data not shown).

We then investigated whether oligonucleotides containing
P or Z might serve as external tags in an uniplexed nested
PCR using a synthetic target and Taq polymerases (Fig-
ure 2a). To this end, two types of experiments were designed.
The first (type A) had standard nucleotides in the external
tags of the composite primers (F-External-Std, R-External-
Std, F-Composite-Std, and R-Composite-Std; Table 1). The
second (type B) had four P bases in the external tags and
composite primers replacing four G bases (F-External-4P, R-
External-4P, F-Composite-4P, and R-Composite-4P; Table 1).
Initial PCR amplicons obtained with these composite primers
in low concentration (2.5 nm) were then further amplified
with external primers in high concentration (250 nm), where
the external primers were either matched to the tags used in
the composition primers (the A-Std and B-AEGIS experi-
ments) or were mismatched to the tags (the A-AEGIS and B-
Std experiments). Both the A-Std (standard nested PCR,
lanes 1–4) and B-AEGIS (P-containing nested PCR, lanes
13–16) experiments gave desired PCR amplicons (Figure 2b),
thus showing that P-containing external and composite
primers support nested PCR. In contrast, nested PCR experi-
ments that mismatched the external primers (standard or P-
containing) with the incorrect composite primers (P-contain-
ing and standard, respectively) gave no PCR products (A-
AEGIS, lanes 5–8; B-Std, lanes 9–12; Figure 2b), which
demonstrated the orthogonality of priming.

To further show that the P-containing external primers
could not anneal and amplify standard mismatch semi-
complementary sequences, we monitored the amplification
in A-Std and A-AEGIS experiments using real-time PCR
(Roche LightCycler 480). The A-Std experiments showed
significant enhancement of fluorescence signal (SYBR green)
after ten PCR cycles. In contrast, the A-AEGIS experiment
gave no PCR amplicon under all annealing temperatures
tested (50.4 8C, 54.2 8C, 58.9 8C, and 63.9 8C) even after 40
PCR cycles (data not shown). This clearly shows that four P :C
mismatches in both forward and reverse external primers (F-
External-4P and R-External-4P) prevent P-containing pri-
mers from annealing to semi-complementary C-containing
sequences.

To show that nested PCR with Z- and P-containing
primers can produce long amplicons, composite primers with
and without P in their external tags were designed to amplify

Figure 2. Nested PCR with standard and AEGIS components using Taq
DNA polymerase at four annealing temperatures (50.4, 54.2, 58.9, and
63.9 8C). The initial concentration of template DNA is 0.25 nm.
a) Nested PCR with different combinations of external and composite
primers. Type A nested PCR: Target first amplified by standard
composite primers at low concentrations, and then standard external
primers (A-Std) or AEGIS external primers (A-AEGIS) at high concen-
trations. Type B nested PCR: Target first amplified by AEGIS composite
primers at low concentrations and then standard (B-Std) or AEGIS
external primers (B-AEGIS). b) Autoradiograph of a PAGE gel that
resolves nested PCR products. Lanes 1–4 (A-Std): Products from
composite primers and external primers, both without AEGIS. Lanes
5–8 (A-AEGIS): Absence of products with standard composite primers
and AEGIS external primers. Lanes 9–12 (B-Std): Absence of products
with AEGIS composite primers and standard external primers. Lanes
13–16 (B-AEGIS): Products from composite and external primers both
with AEGIS.
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the 2.5 kb gene for Taq DNA polymerase itself. Standard
nested PCR (Figure 3, lane 3) generated the desired amplicon
(2.5 kb), but with significant amounts of an undesired
amplicon (750 bp, lane 4). The undesired amplicon was
unassigned, but may have arisen from off-target priming
involving five or six 3’-terminal matches. In contrast, nested
PCR exploiting P-containing primers (lane 6) produced clean
products without undesired amplicons.

We then investigated which polymerases amplified targets
most efficiently in a nested PCR architecture with composite
primers and P or Z in the external tags. As a metric for
evaluating real-time PCR, the polymerase generating higher
fluorescence (SYBR green) at an earlier cycle was awarded a
higher efficiency score, the number of cycles required to reach
50% of the end point fluorescence. The efficiency of each
polymerase was further confirmed using the intensity of PCR
amplicon stained by ethidium bromide on agarose gel. Taq,
Deep Vent (both exo+ and exo�), Vent (both exo+ and exo�),
Phusion, 98N, and Herculase were tested.

For both P- and Z-containing nested PCR, Deep Vent
(exo�) was the most efficient polymerase lacking exonuclease
activity (data not shown). Phusion, however, had the highest
efficiency among polymerases having proofreading activity.
P-containing primers gave higher nested PCR yields than Z-
containing tags and primers with these polymerases (data not
shown). Therefore, we further developed the nested PCR
system using P-containing primers and Phusion (Supporting
Information, Figure S4).

To demonstrate the possibility of downstream cloning of
amplicons obtained with external primers containing P, an 81-
nucleotide segment within the Taq gene was amplified with P-
containing primers and Phusion. PCR products were cloned
at the polylinker site of Vector pSC-B-amp/kan, and trans-
formed (StrataClone Blunt PCR Cloning Kit) into E. coli.
Blue-white screening gave 50 colonies that were submitted for
sequencing (BioBasic, Canada); 33 sequences were returned.
No point mutation errors were found in the 1377 sites
sequenced, placing an upper limit on the error in this PCR
(<0.1%).

PCR artifacts increase in multiplexed PCR as the number
of amplicons and primers increases. We therefore tested
whether nested multiplexed PCR with P-containing external
primers might give cleaner products than with standard
primers when applied to human genomic DNA (Promega,

Table 1: Oligonucleotides used in Figure 2 and Figure 3.

F-External-Std 5’-CTAGGACGACGGACTGC-3’
F-Composite-Std 5’-CTAGGACGACGGACTGCCCATGGGAGACCGCGGT-3’
R-Template aaaaaaaaaaaaaaaaa3’-GGTACCCTCTGGCGCCACCCGGGCCGGCCCATGGTAGCTATGCGCAA-5’
F-Template aaaaaaaaaaaaaaaaa5’-CCATGGGAGACCGCGGTGGGCCCGGCCGGGTACCATCGATACGCGTT-3’
R-Composite-Std aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa3’-CCATGGTAGCTATGCGCAACGCTAGCGAGGAAGGAC-5’
R-External-Std aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa3’-CGCTAGCGAGGAAGGAC-5’
F-External-4P 5’-CTAPGACPACGPACTPC-3’
F-Composite-4P 5’-CTAPGACPACGPACTPCCCATGGGAGACCGCGGT-3’
R-Composite-4P aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa3’-CCATGGTAGCTATGCGCAACPCTAPCGAPGAAPGAC-5’
R-External-4P aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa3’-CPCTAPCGAPGAAPGAC-5’

Figure 3. Products from nested PCR amplification of Taq gene using
standard or AEGIS-containing primers. Lane 1: Hi-LOTM DNA marker
50 bp–10000 pb (Bionexus). Lane 2: Control without target; composite
and external primers without AEGIS. Lane 3: Standard nested PCR
with standard primers. Lane 4: Control lacking composite primers, but
with standard external primers and target. Lane 5: Control without
target; composite and external primers with AEGIS. Lane 6: Standard
nested PCR with AEGIS primers. Lane 7: Control lacking composite
primers, but with AEGIS external primers and target.

Figure 4. Seven parallel nested PCR amplifications of three genes
(TOP1, HBEGF, and MYC) from human genomic DNA (Phusion high
fidelity DNA polymerase) under seven different indicated annealing
temperatures. Left: Amplification with standard external and compo-
site primers. Right: Amplification using P-containing external and
composite primers. Controls A (for standard nested PCR) and B (for P-
containing nested PCR) were performed at 58.8 8C without genomic
DNA.
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G147A). Composite primers having four P bases in their
external tags were synthesized to target the three cancer-
associated genes examined by Li and Makrigiorgos (TOP1,
HBEGF, and MYC).[15] Sequences of gene-specific primer
segments of these composites were taken from this paper
(Supporting Information, Table S1).

Three-plexed nested PCR with standard primers
(Figure 4, left) gave the desired amplicons, but only with
substantial amounts of undesired amplicons, again presum-
ably from off-target priming with mismatches; a similarity
search suggested candidate regions for this undesired priming.
At lower annealing temperatures (from 53.4 to 58.8 8C),
considerable primer dimer (about 40 bp) also appeared; at
higher annealing temperatures (from 61.5 to 65.5 8C), primer
dimers disappeared, while off-target PCR artifacts did not. In
contrast, three-plexed nested PCR with P-containing primers
produced the desired amplicons with negligible amounts of
undesired products and no primer dimers were detected
under any annealing temperatures tested (Figure 4, right).

Interestingly, in controls lacking genomic DNA, 45 PCR
cycles with standard primers gave primer dimers and consid-
erable amounts of long PCR artifacts, which presumably arise
from further priming from dimers (Figure 4, far left). How-
ever, the same 45 PCR cycles with P in the external and
composite primers gave primer dimer (chimeric product)
without further artifacts (Figure 4, far right). Furthermore,
increasing the number of PCR cycles led, with standard
primers, to a “PCR mess”, which was not seen with P-
containing external primers, even after 55 PCR cycles
(Supporting Information, Figure S5).

Although we expected AEGIS to improve PCR cleanli-
ness, we did not expect improvement to this extent. Interest-
ingly, external tags containing P still produced better results
when the analyte-specific sequences designed by Li and
Makrigiorgos were replaced by external primers carefully
designed by genomic analysis to bind nowhere in the human
genome (Supporting Information, Table S2). Even in this
case, standard external primers gave off-target priming
(Supporting Information, Figure S6).

We believe that nested PCR performs better with P in the
external primers because 1) P-containing external primers
cannot form primer dimers with P :C mismatches, even at high
concentrations; 2) P-containing external primers cannot
touch down elsewhere in genomic DNA to produce off-
target PCR amplicons; and 3) all the PCR amplicons end up
having a P-containing sequence at their 5’-ends and a Z-
containing sequence at 3’-ends; therefore, even when P-
containing composite primers do produce unwanted species,
they do not produce further PCR artifacts by binding to other
components in the assay mixture.

In conclusion, the orthogonality of AEGIS components
should improve the performance of other architectures that
detect DNA in dynamic assays. Furthermore, synthetic
genetic alphabets other than P and Z[16] are now becoming
available in other laboratories.[1, 8] We expect that several of
these alphabets will also eventually be used to clean up
multiplexed PCR. By providing the first example of a fully
flexible nested PCR, however, the work described herein

should encourage their application of all artificial genetic
alphabets to this goal, especially now that it is clear that
AEGIS orthogonality substantially improves the quality of
products produced by multiplexed PCR. This work sets the
stage for the next challenges, which include demonstrating
that multiple AEGIS components can be placed within the
amplicon as well as in PCR tags.
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