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Introduction

Synthetic ligands that recognize and bind to double-stranded 
DNA (dsDNA) in a sequence-specific manner are of significant 
interest due to their potential use as gene therapeutics, and as 
molecular tools in DNA diagnostics, genomics and biotechnol-
ogy.1 One strategy to obtain such ligands exploits the chemical 
landscape in the minor and major groove of dsDNA that features 
sequence-dependent hydrogen-bond donor and acceptor patterns. 
Examples of this type of ligands designed to associate to dsDNA 
without disrupting Watson-Crick (WC) pairing within dsDNA 
include triplex-forming oligonucleotides consisting of natural 
(reviewed in refs. 2 and 3) or artificial4 bases, polyamides,2,5,6 and 
zinc-finger peptides.7-10 Notwithstanding considerable advance-
ment in this area, the developed ligands still require major 
improvements to target selected DNA sites of appropriate length 
with high affinity and good sequence specificity.10-12

Another strategy to target specific sites in dsDNA aims at 
developing artificial nucleic acid mimics that disrupt WC pairs 
in dsDNA by displacing one of the DNA strands at the target 
site. Homopyrimidine peptide nucleic acids (PNAs), synthetic 

γ-PNA, a new class of peptide nucleic acids, promises to overcome previous sequence limitations of double-stranded 
DNA (dsDNA) targeting with PNA. To check the potential of γ-PNA, we have synthesized a biotinylated, pentadecameric 
γ-PNA of mixed sequence carrying three guanidinium G-clamp nucleobases. We have found that strand invasion 
reactions of the γ-PNA oligomer to its fully complementary target within dsDNA occurs with significantly higher binding 
rates than to targets containing single mismatches. Association of the PNA oligomer to mismatched targets does not go 
to completion but instead reaches a stationary level at or below 60%, even at conditions of very low ionic strength. Initial 
binding rates to both matched and mismatched targets experience a steep decrease with increasing salt concentration. 
We demonstrate that a linear DNA target fragment with the correct target sequence can be purified from DNA mixtures 
containing mismatched target or unrelated genomic DNA by affinity capture with streptavidin-coated magnetic beads. 
Similarly, supercoiled plasmid DNA is obtained with high purity from an initial sample mixture that included a linear DNA 
fragment with the fully complementary sequence. Based on the results obtained in this study we believe that γ-PNA has 
a great potential for specific targeting of chosen duplex DNA sites in a sequence-unrestricted fashion.
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oligomers comprised of a peptide-like backbone to which DNA 
nucleobases are attached, have been shown to possess this remark-
able property in invading dsDNA.13-15 The main advantage of 
this approach over approaches leaving the WC pairs intact is that 
strand-invasion obeys the WC base pairing principle, thus greatly 
simplifying the ligand design for the chosen target sequence. 
However, unless homopurine PNA oligomers are employed16 or 
certain sites are targeted in supercoiled DNA17,18 or at the duplex 
termini,19 invasion of dsDNA by PNA generally requires PNA

2
/

DNA triplex formation, thus limiting target sites to homopurine-
homopyrimidine stretches.15 The reason is that binding of the 
regular, mixed-sequence PNA oligomer to its DNA complement 
is not associated with sufficient free energy gain to compensate 
the free energy loss due to opening of the binding site within 
linear dsDNA. Because the strand-invasive mode of homopy-
rimidine PNAs requires two PNA oligomers for complex for-
mation, so-called bis-PNAs have been developed, which consist 
of two PNA oligomers joined by a flexible linker.20 It has been 
shown that bis-PNAs with few lysine residues at their termini 
result in improved association kinetics to duplex DNA, yet dis-
play excellent specificity of sequence recognition.21,22 Despite 
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necessary binding free energy to invade dsDNA and with 
sufficient stability of formed invasion complexes (see Fig. 
1C for a schematic illustration).

The goal of the present study consists in exploring the 
potential of γ-PNA as a tool for sequence-unrestricted and 
sequence-specific dsDNA targeting. We report here kinetic 
measurements of targeting correct and mismatched DNA 
sites by a γ-PNA oligomer modified with guanidinium 
G-clamp nucleobases, providing, for the first time, an anal-
ysis of sequence discrimination for this new variety of PNA. 
We further demonstrate that γ-PNA in combination with 
streptavidin-coated magnetic beads can be used to enrich 
DNA samples for PNA-complementary targets. We show 
that both linear DNA fragments and supercoiled plasmid 
DNA can be selectively captured by and released from 
the beads under certain experimental conditions. Because 
essentially any mixed DNA sequence can be targeted by 
γ-PNA, we envision broad utility of this new class of PNAs.

Results

PNA1 binding to the fully complementary and single-
mismatched dsDNA targets. Until now, no detailed analy-
sis concerning the sequence specificity of targeting dsDNA 
by γ-PNA has been carried out. To determine optimal con-
ditions for the use of γ-PNA, we measured the association 
of a pentadecameric γ-PNA oligomer carrying G-clamp 
(X) bases (see Fig. 1D) to the perfectly matched (PM) tar-
get and to three targets containing single mismatches (SM-

1, SM-2 and SM-3; see Fig. 1D) under different conditions. The 
sequence of the PNA oligomer corresponds to a randomly selected 
sequence present in the genome of Herpes simplex virus type 2. 
To test whether the backbone modification and/or incorporation 
of G-clamp bases are required for strand-invasion into the chosen 
target site, we synthesized the analogous γ-PNA oligomer with-
out modified bases and the corresponding two PNA oligomers 
with the regular, N-(2-aminoethyl) glycine backbone. However, 
among the four PNA oligomers, only the oligomer carrying both 
the modified backbone and G-clamp bases (designated as PNA1 
throughout this paper) showed strand invasion ability (see Suppl. 
Fig. 1). Initially, we varied PNA concentration, temperature and 
ionic strength in incubations of PM with PNA1. We observed 
relatively slow binding at low temperature (20–30°C) and at 
PNA concentrations ≤0.5 µM. In addition, we noticed signifi-
cant PNA-DNA aggregation at concentrations of PNA >3 µM. 
Thus, we performed all further reactions at optimized conditions 
(42°C and 1–2 µM of PNA1).

We performed kinetic measurements at various ionic strengths 
ranging from 15 to 55 mM Na+ by gel-mobility shift assay. Figure 
2 shows the time-dependent strand invasion of PNA1 to the 
complementary target at different concentrations of added NaCl. 
PNA binding to the PM target was virtually irreversible (see Fig. 
2A and B) and the data obeyed pseudo-first-order kinetics (see 
inset in Fig. 2B):

ln (1 - C) = -k•t,		  [Eq. 1]

sequence limitations associated with bis-PNAs, several innova-
tive approaches for specific DNA detection have been developed 
that employ this class of PNAs.23-31 To overcome the sequence 
restrictions at targeting dsDNA, a double-duplex invasion strat-
egy employing pairs of pseudo-complementary PNAs (pcPNAs) 
has been developed.32-34 However, this approach, although lift-
ing the sequence-limitation restrictions, causes new problems for 
some of PNA applications. Since both separated strands end up 
forming hybrids with pcPNAs, the hybridization of DNA oli-
gonucleotides with displaced DNA strand cannot be achieved, 
as in case of some of bis-PNA applications.24,25,28,29,35,36 It would 
be most desirable to have a PNA variety, which binds to dsDNA 
without sequence limitation leaving one of the two DNA strands 
accessible for further hybridization.

Such new class of PNA, termed γ-PNA (Fig. 1A), has been 
recently devised to contain a simple modification at the γ-position 
of the N-(2-aminoethyl) glycine backbone, thus generating a chi-
ral center.37-39 Further modifications incorporated into the syn-
thesis of γ-PNA that increase its capability to invade dsDNA are 
a terminal acridine moiety and replacement of cytosine with the 
modified nucleobase guanidinium G-clamp40 at some oligomer 
positions (X in Fig. 1A and B). Whereas the introduced stereo-
center results in preorganization of the single-stranded γ-PNA 
into a right-handed helix,41 the modified base results in enhanced 
stability of PNA-DNA hybrids due to formation of five hydrogen 
bonds and extra base-stacking as a result of the tricylic phenoxa-
zine moiety. Together, these modifications afford γ-PNA with the 

Figure 1. (A) Chemical structure of γ-PNA. The oligomer contains regular 
nucleobases and the modified nucleobase, guanidinium G-clamp (X) replacing 
cytosine. (B) The G-clamp results in increased thermal stablility of matched 
duplexes due to formation of five hydrogen bonds with guanine. (C) Strand-
invasion complex at binding of γ-PNA to a target sequence in duplex DNA. 
(D) Sequences of γ-PNA (PNA1) and DNA targets (only the displaced strand is 
shown) used in this study.
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strength and at long incubation times, but instead are saturated at 
some stationary level of PNA/DNA complex formation (Fig. 3A 
and B). Similar to reactions with the fully complementary tar-
get, the experimental data obeyed pseudo-first-order kinetics. 
Assuming a simple reversible reaction, the following pseudo- 
first-order kinetic equation is obtained:22

ln (1 - C/C
e
) = -k•t/C

e
,		  [Eq. 2]

where C
e
 and C denote the yields of PNA/DNA complexes 

at equilibrium and at time t, respectively, and constant k 

where C is the fraction of PNA/DNA complexes formed at time t 
and k is the pseudo-first-order rate constant corresponding to the 
initial PNA binding rate for the non-equilibrium case of PNA 
binding. At 15 mM Na+, almost complete binding of PNA1 to 
the target DNA occurred within ∼45 min with k = 0.095 min‑1. 
Analogous to strand invasion by homopyrimidine PNAs, an 
increase in ionic strength leads to a steep decrease of the initial 
binding rates (see Table 1 and Fig. 2C).

In contrast to the reactions with the perfectly matched target, 
strand invasion reactions with each of the three targets contain-
ing single mismatches do not go to completion, even at low ionic 

Figure 2. Kinetics of PNA1 binding to the perfectly matched (PM) sequence. (A) The NcoI-AvrII fragment of plasmid pPM (374 bp) was incubated at 
42°C with γ-PNA in the presence of 35 mM Na+ at various times, indicated above each lane. Lane c is a control without PNA. The PNA concentration was 
1.5 µM and the dsDNA concentration was 6 nM. (B) Plots of fraction of complexes as a function of the time of incubation at 15 (circles), 25 (triangles) 
or 35 mM Na+ (diamonds). Inset: Semilogarithmic plots of the kinetics of strand invasion reactions. The initial binding rates were obtained from the 
slopes of lines in plots of -ln (1 - C) versus time t, where C is the fraction of DNA fragments bound to PNA. (C) Dependence of PNA1 association on ionic 
strength. Plot of initial binding rates of PNA1 to the PM target as a function of NaCl concentration. The line is drawn to guide the eye.

Table 1. Kinetics of dsDNA invasion by PNA1

[Na+]/mMa Target k/min-1 Target k/min-1 kMatch/kMismatch

SM-1 (1.45 ± 0.12)·10-2 6.5 

15 PM (9.46 ± 0.41)·10-2 SM-2 (2.61 ± 0.09)·10-2 3.6

SM-3 (3.33 ± 0.23)·10-2 2.8

SM-1 (6.40 ± 0.66)·10-3 7.8

25 PM (4.96 ± 0.26)·10-2 SM-2 (1.11 ± 0.08)·10-2 4.5

SM-3 (1.32 ± 0.09)·10-2 3.8

SM-1 (1.29 ± 0.09)·10-3 18.1

35 PM (2.34 ± 0.09)·10-2 SM-2 (2.75 ± 0.08)·10-3 8.5

SM-3 (4.76 ± 0.42)·10-3 4.9

45 PM (7.93 ± 0.59)·10-3

55 PM (4.03 ± 0.19)·10-3

aAll reactions were performed in triplicate at 42°C in Na-phosphate buffer solutions (pH 7.0) with the indicated total concentration of Na+.
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(55 mM Na+), no PNA-DNA complex could be observed with 
mismatched targets SM-1 and SM-2, while complex formation 
with SM-3 reached about 5% during incubation for 10 h (data 
not shown). Thus, kinetic measurements with the mismatched 
targets were only possible in the range of 15 mM to 35 mM Na+. 
Of note, while only a single band could be observed for the PNA/
DNA complex with targets SM-1 and SM-2, two distinct bands 
were visible for association of PNA1 to SM-3, indicating the pres-
ence of two different complexes or conformations in this case.

Sequence specificity of γ-PNA binding to dsDNA. 
Comparison of the obtained data for the initial rates k of PNA1 
binding to PM and mismatched targets shows that in some cases 
the difference of initial rates is significant, whereas in other cases 
it is modest (see Table 1). As expected, sequence discrimination 
is better for the more internally located mismatch SM-1. For this 
single mismatch target, the initial rate of PNA1 association at 35 
mM Na+ is 0.0013 min-1, and thus about 18 times lower than for 
the PM target. In addition, the final fraction of complex is only 
15% with SM-1 under these conditions. The specificity at bind-
ing of PNA1 to the PM and mismatched target SM-3, on the 
other hand, is much lower with initial rates differing by 3–5-fold 
at the measured ionic strength. Similarly to strand invasion of 
dsDNA by bis-PNAs,22 sequence discrimination of PNA1 bind-
ing to DNA increases with increasing salt concentration.

Sequence-specific capture of linear DNA target fragments. 
The enrichment of samples comprised of complex DNA mixtures 
for selected DNA targets is important for numerous diagnostic 
applications. Thus, we performed some model affinity capture 
experiments based on well-established streptavidin-biotin affin-
ity binding to investigate the performance of γ-PNA in such a 
procedure. Initial experiments were conducted with a double 
restriction digest of plasmid pPM, which consists of DNA frag-
ment F-PM (4.0 kb) containing the PM target sequence and frag-
ment F-NT (1.4 kb) lacking any target sequence for PNA1, to 
establish optimal conditions for incubation of samples with the 
streptavidin-coupled beads and for the release of bound DNA 
molecules.

In one set of experiments we have found that the superna-
tant subsequent to incubation with the magnetic beads contained 
only a small fraction of both F-PM and F-NT, when the incuba-
tion was carried out with binding buffer lacking any salt (Suppl. 
Fig. 2A, lane SN). In other words, even the non-target fragment 
was almost entirely captured. Co-captured F-NT, however, was 
essentially completely released during the first wash of beads with 
buffer containing 100 mM NaCl (lane W1), whereas efficient 
release of F-PM required high ionic strength (500 mM NaCl) and 
heating at 60°C (lane MB). Thus, we assumed that nonspecific 
electrostatic binding of the positively charged PNA to dsDNA 
accounted for the co-capture of F-NT, taking into account 
results of prior experiments, which verified that strand-invasion 
by PNA1 only occurred with F-PM but not F-NT (Suppl. Fig. 
2B). Indeed, addition of 20 mM NaCl to the binding buffer con-
siderably reduced co-capture of F-NT, since the main portion 
of this fragment was detected in the supernatant (Suppl. Fig. 
2C, lane SN). Although in both capture experiments F-PM was 
obtained with high purity and in very similar yield (52–58%), 

corresponds to the initial PNA binding rate for equilibrium case 
of PNA binding. By plotting the experimental data in coordi-
nates -C

e
•ln (1 - C/C

e
) versus time t, we obtained the experimen-

tal points lying on a straight line (Fig. 3B). This demonstrates 
that the above assumption is a good approximation and gives the 
initial binding rates for mismatched PNA association as a slope in 
semilogarithmic coordinates according to Eq. 2.

At 35 mM Na+, initial binding rates ranged from 0.0013 min-1 
to 0.0048 min-1 for the three mismatched targets, and equilib-
rium was reached after approximately 4 h of incubation with 
PNA1. Similar to the results with the PM DNA target, the ini-
tial binding rate for PNA association with a mismatched target 
steeply decreases with increasing ionic strength. In addition, the 
percentage of mismatched strand displacement at equilibrium 
decreases with increasing salt concentration. Maximum complex 
formation is observed with SM-3, reaching ∼60% at very low 
ionic strength (15 mM Na+), whereas only approximately 30% 
of complex is formed at 45 mM Na+. At moderate ionic strength 

Figure 3. Kinetics of PNA1 binding to three target sequences contain-
ing a single mismatch. The PvuII-PvuII fragment of plasmid pSM-1, pSM-
2 or pSM-3 (312 bp) was incubated at 42°C with γ-PNA in the presence 
of 35 mM Na+ at various times. The PNA concentration was 1.5 µM and 
the dsDNA concentration was 10 nM. (A) Plots of fraction of complexes 
as a function of time with targets SM-1 (squares), SM-2 (triangles) or 
SM-3 (circles). Inset: A representative kinetic experiment with SM-3. (B) 
Semilogarithmic plots of the kinetics of strand displacement reactions. 
The initial binding rates were obtained from the slopes of lines in plots 
of -Ce ln (1 - C/Ce) versus time t. Ce and C denote the yield of product at 
equilibrium and at time t, respectively.
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quantity of co-captured DNA could be observed on polyacryl-
amide gels but was not readily detected in the analysis of samples 
on agarose gels (see Suppl. Fig. 3). Incubation of initial mix-
tures with PNA1 overnight resulted in increased co-capture of 
genomic DNA (∼10%).

Selective capture of supercoiled plasmid DNA. Binding of 
homopyrimide PNA to supercoiled DNA (scDNA) is far more 
efficient than to linear dsDNA, with rate constants differing by 
up to two orders of magnitude.42 Since our kinetic measurements 
of dsDNA strand invasion by PNA1 exhibited similar features 
as those observed with homopyrimidine PNAs, we reasoned 

efficient removal of PNA and avoidance of co-capture 
of undesired DNA fragments is likely key for success-
ful purification of selected targets starting with DNA 
samples of higher complexity. Similarly, we per-
formed other series of experiments to establish initial 
quantity of beads per sample, the time of incubation 
with beads, and necessary conditions for complete 
release of bound DNA from the beads.

We then proceeded to investigate whether DNA 
samples could be purified with good sequence speci-
ficity. To this end, we added a linear fragment F-SM 
(2.7 kb) containing single mismatch sequence SM-1 
to the sample containing F-PM and F-NT, and 
performed capture experiments following differ-
ent conditions at incubation with PNA1. As shown 
exemplary in Figure 4A, the desired fragment F1 
was virtually completely captured after incubation of 
the DNA mixture with PNA1 at low ionic strength 
(see lane SN). However, the yield of recovered F1 
was only moderate (60–65%, lane MB). We believe 
that the main reason for loss of DNA in these experi-
ments is the occurrence of some PNA-DNA aggrega-
tion, as we observed this effect in kinetic experiments 
that were carried out at very low ionic strength. 
Interestingly, under those experimental conditions, 
the final eluate contained fractions of F-NT (9%) 
and F-SM (23%). We should point out that we did 
not observe small quantities of F-NT in the eluates of 
our preliminary experiments, which were performed 
at higher salt concentration. The quantity of F-SM 
in the eluate is higher than expected based on the 
kinetic experiments and therefore likely a combina-
tion of both nonspecific and sequence-specific cap-
ture. Incubations of DNA samples with PNA1 at 
increased salt concentration led to capture of F-PM 
with enhanced selectivity (Fig. 4B and C). At best, 
the purity of recovered F-PM (45% yield) was about 
90% (Fig. 4C, lane MB). For this sample, no non-
specific capture was detected. It should be noted that 
sample eluates from the beads contain high salt and 
therefore appear slightly shifted in agarose gels and 
enlarged with unusual shape in polyacrylamide gels.

Next, we performed capture experiments with a 
short DNA fragment containing the PM site on the 
background of human genomic DNA to check both 
the efficiency of capturing and whether co-capture would con-
stitute a problem in the presence of higher quantity of unrelated 
DNA with larger average length compared to F-NT. We have 
found that the capture efficiency is not impeded by the presence 
of genomic DNA. Typically, ∼60% of initial input of fragment 
PM was recovered as eluate from the magnetic beads at the end 
of our procedure (Fig. 4D, lane MB). Nearly all genomic DNA 
remained in the supernatant, and some co-captured DNA was 
released during the first washing step of beads with buffer con-
taining moderate salt (lane W3). The purified sample with PM 
contained approximately 2–3% of genomic DNA. The small 

Figure 4. Purification of linear dsDNA containing the PNA-complementary sequence 
by affinity capture. (A–C) A mixture of three DNA fragments (lane mix) containing 
either the perfectly matched target (F-PM), single mismatch target SM-1 (F-SM), or no 
target sequence (F-NT) was incubated under different conditions with PNA1 (1.5 µM). 
Following removal of excess PNA, samples were incubated with streptavidin-coupled 
magnetic beads for 1 h at ambient temperature followed by collection of superna-
tant (lanes SN, uncaptured DNA fraction). Captured DNA was released by incubation 
of sample at 60°C in buffer containing 500 mM NaCl (lanes MB). Conditions of PNA1 
binding: (A) 1 h at 42°C with 15 mM NaCl added; (B) 2 h at 42°C with 30 mM NaCl 
added; (C) 4 h at 42°C at with 45 mM NaCl added. M: 1 kb DNA ladder. (D) Capture 
of a short, perfectly matched target (PM) in the presence of human genomic DNA. 
Samples were analyzed on 8% native PAGE. Incubation with PNA1 was carried out for 
4 h at 42°C with 35 mM NaCl. Lane Con is a control sample lacking incubation with 
beads. Lanes W1-W4 are samples obtained at washing of beads with buffer contain-
ing 0 mM, 5 mM, 50 mM and 100 mM NaCl, respectively, following the collection of 
supernatant. PM, unbound fragment; PM + PNA, strand-invasion complex. M: 2-log 
DNA ladder.
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prolonged incubation with PNA1, with different quantities of the 
longest DNA fragment (lin PM) present in the captured fractions 
(Fig. 5B and C, lanes MB). In all experiments, no capture of the 
DNA fragments that lack the PNA target site was observed.

Discussion

The obtained results show that binding of PNA1 to the comple-
mentary dsDNA target occurs markedly faster than to targets 
containing a single mismatch. However, the sequence discrimi-
nation upon binding of PNA1 is about one order of magnitude 
lower in comparison to values measured for targeting of dsDNA 
by homopyrimidine PNAs. Furthermore, single-mismatch dis-
crimination by homopyrimidine PNAs is predominantly kineti-
cally controlled for decameric or longer oligomers at low ionic 
strength, whereas discrimination by the pentameric γ-PNA 
appears to be controlled by both a kinetic and a thermodynamic 
equilibrium component. However, binding of other γ-PNA con-
structs with different lengths and/or composition needs to be 
investigated in order to make general conclusions. For instance, 
in this study we did not observe strand invasion of the pen-
tadecameric γ-PNA (PNA1) at NaCl concentrations of 60 mM 
or above. By contrast, one dodecameric γ-PNA efficiently bound 
to its target in the presence of 2 mM MgCl

2
 and even formed 

invasion complex, albeit with low efficiency, in a buffer of simu-
lated physiological salt concentration containing 150 mM KCl 
and 2 mM MgCl

2
.39

Interestingly, for the chosen pentadecameric target site, neither 
modification of only the backbone of regular aminoethyl glycine 
PNA (aegPNA) nor modification of the aegPNA oligomer with 
G-clamp bases proved sufficient to afford such oligomers strand-
invasion capability, despite the fact that such modified oligo-
mers yielded extremely stable duplexes with DNA (Tm >90°C) 
in comparison with the corresponding duplex with unmodified 
aegPNA (Tm = 77°C).

The sequence specificity of nucleic acid hybridization must 
be significantly lower for mismatches located close to or at the 
very terminus of a target sequence. This is also true for bis-PNAs 
where significant binding to single end mismatch sites has been 
observed.26 It is therefore surprising that the rates of PNA1 bind-
ing to single mismatch target SM-3, for which the mismatch 
is located one nucleotide away from the terminus (penultimate 
mismatch), are only slightly higher than the binding rates to tar-
get SM-2, for which the mismatch is positioned five nucleotides 
from the end. We assume that the relatively good sequence dis-
crimination against SM-3 is based on the fact that the mismatch 
involves a guanidinium G-clamp nucleobase (X), and that the 
formation of a X:C base pair is more destabilizing than the for-
mation of mismatch base pairs by any two natural nucleobases. 
If this assumption is correct, improved sequence specificity of 
dsDNA strand invasion by γ-PNAs may be achieved by design-
ing PNA probes accordingly. To this end, a systematic analysis 
of the stability of PNA-DNA duplexes with matched X:G and 
mismatched X:A, X:C and X:T base pairing and of duplexes with 
a correct X:G bp adjacent to a matched/mismatched bp would 
be necessary.

that binding of the biotinylated PNA1 followed by capture on 
streptavidin-coupled paramagnetic beads may yield a means to 
efficiently purify plasmid DNA.

To check this possibility experimentally, we prepared and 
used a mixture of scDNA with three linear dsDNA fragments. 
Both the scDNA and the longest fragment contained the PM 
target sequence for PNA1, whereas the two shorter DNA frag-
ments did not have the PNA target site. As shown in Figure 5A, 
we obtained highly pure scDNA (∼95%), when the mixture was 
incubated for 1 h with PNA1 at a somewhat elevated salt concen-
tration of 60 mM Na+. The yield of the obtained plasmid DNA 
was about 50% (lane MB). Interestingly, the fraction of plasmid 
dimers that can be clearly observed in the initial sample (upper 
band in lane sc and lane mix) apparently did not bind to the 
beads, since it remained in the collected supernatant subsequent 
to incubation with the magnetic beads (lane SN). Similarly, the 
faint band corresponding to open circular plasmid (arrowhead) 
is retained in the supernatant. As expected, less selective capture 
of scDNA was obtained at lowered salt concentration and/or 

Figure 5. Purification of supercoiled plasmid PM by affinity capture. The 
initial DNA mixture comprised DNA with the perfectly matched target 
in supercoiled (sc PM) and linear form (lin PM), as well as two DNA frag-
ments not containing any target sequence (NT1 and NT2). Conditions of 
PNA1 binding: (A) [PNA]: 1 µM, 1 h at 42°C with 60 mM NaCl added, (B) 
[PNA]: 1 µM, 3 h at 42°C with 50 mM NaCl added, (C) [PNA]: 3 µM, 3 h at 
42°C with 30 mM NaCl added. M: 1 kb DNA ladder.
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obtained from EMD Biosciences (Gibbstown, NJ). Streptavidin-
coupled paramagnetic polymer beads (Dynal® kilobaseBIND-
ERTM Kit) and the 1 kb DNA ladder were purchased from 
Invitrogen (Carlsbad, CA). Human genomic DNA, Sephadex 
G-50, and Sephadex G-200 were obtained from Sigma (St. Louis, 
MO).

PNA1, H-biotin-(eg1)
2
-Lys-TXGTAAATGXCGCXC-

Lys-NH
2
 and analogous PNA oligomers (see Suppl. Fig. 1) were 

synthesized and purified as described.37,39 PNA and DNA con-
centrations were determined on a NanoDrop ND-1000 spec-
trophotometer at 260 nm. Recombinant plasmids carrying the 
perfectly matched (pPM) or single mismatched (pSM-1, pSM-2 
and pSM-3) binding sites for PNA1 were constructed by clon-
ing appropriate oligonucleotide duplexes into the EcoRI/HindIII 
site of plasmid pUC19 or pETDuet1, respectively, using standard 
methods.48 Constructs were incorporated and amplified using 
XL10-Gold ultracompetent cells (Agilent Technologies, Cedar 
Creek, TX), selected with 100 µg/ml Ampicilin. All plasmids 
were sequenced to verify the desired insert. Plasmids were iso-
lated and purified by using the QIAprep Spin Miniprep Kit or 
the Plasmid Maxi Kit (Qiagen, Valencia, CA).

Gel electrophoresis and quantitation of bands. Binding 
of PNA1 to short DNA fragments (300–400 bp) and affinity 
capture in the presence of hgDNA were monitored by resolving 
samples in 8% native polyacrylamide gels (29:1 w/w acrylam-
ide: N,N’-methylene-bis-acrylamide), run for 4 h at 15 mA in 
1x TBE buffer (90 mM Tris-borate, 2 mM EDTA, pH 8.0). 
PNA binding to long DNA templates (4 kb) was determined 
on 5% native polyacrylamide gels (29:0.5 w/w acrylamide: 
N,N’-methylene-bis-acrylamide), which were run for 7 h at 
20 mA in 1x TBE buffer. For all other capture experiments, 
samples were analyzed on 1% agarose gels. DNA bands were 
visualized by ethidium bromide staining and detected with a 
charge-coupled device camera at UV transillumination (312 
nm). Quantification of DNA bands was performed using the 
IS-1000 digital imaging system and image analysis software 
(Alpha Innotech Corporation).

Kinetic measurements. Target DNA fragments (312 bp or 374 
bp) were obtained by treatment of pPM with NcoI and AvrII and 
of pSM-1, pSM-2 and pSM-3 with PvuII, respectively. Following 
standard phenol/chloroform extraction and ethanol precipita-
tion, DNA was resuspended in TE buffer (10 mM Tris-HCl, 
0.1 mM EDTA, pH 7.4) and desalted by gel filtration through 
Sephadex G-50 MicroSpin columns, which were pre-equilibrated 
with TE buffer. Binding of PNA1 to dsDNA fragments was per-
formed at 42°C in 10 mM Na-phosphate buffer solutions (pH 
7.0) containing 0.1 mM EDTA and up to 45 mM NaCl added 
(the total concentration of Na+ was varied from 15 to 55 mM). 
The reaction was quenched at desired time points by raising the 
NaCl concentration in reaction aliquots to 150 mM and cooling. 
All kinetic measurements were performed in triplicates.

Capture experiments. Linearized DNA plasmid samples were 
obtained by treatment of pSM-1 with ScaI and of pPM with ScaI 
and NdeI, respectively. The latter restriction digest results in 
two fragments of 4.0 kb and 1.4 kb, respectively. For the mix-
ture with scDNA, plasmid pPM was treated with ScaI, NdeI and 

It should be emphasized that γ-PNAs can be designed to only 
strand-invade dsDNA of a size length between 15 bp and 20 bp. 
In this range, unique DNA sequences can be targeted (see Liu et 
al.43 for a calculation of the frequency of DNA sequences with 
lengths n in different genomes). Thus, single mismatch discrimi-
nation by a γ-PNA oligomer may not necessarily be needed for 
some specified targets in certain applications. For the case of 
PNA1, for instance, a BLAST search revealed that the human 
genome does not contain any 15-bp-long fully complementary 
target site, while there are nine sequences present that would 
yield PNA-DNA complexes with single mismatches.

Besides for diagnostic assays, γ-PNAs will likely be useful as 
a tool in molecular biology, genomics and biotechnology. One 
potential application is the enrichment of DNA samples consist-
ing of either isolated (i.e., protein-free) DNA, which is important 
for downstream procedures such as selective DNA sequencing,44 
or of cellular DNA under conditions that maintain the integrity 
of DNA-protein complexes, thus potentially enabling the deter-
mination of specific DNA-protein interactions without the need 
for cross-linking, as performed in chromatin immunoprecipita-
tion.45 Affinity purification with γ-PNA may also be useful for 
the purification of plasmid DNA, an application that has gained 
renewed interest for gene therapy and DNA vaccination.46

In the model experiments described herein, we have shown 
that both linear and supercoiled DNA targets can be purified 
by use of the biotin end-labeled γ-PNA and streptavidin-coated 
paramagnetic beads. The selective capture of linear target frag-
ments, however, requires diligent control of experimental condi-
tions. We have found that at low ionic strength some nonspecific 
co-capture of DNA occurs, presumably due to electrostatic bind-
ing of the positively charged γ-PNA to DNA macroanions. Such 
nonspecific interaction has previously been invoked to explain 
the observed reduced binding rates at strand invasion reactions 
by bis-PNAs and pcPNAs carried out at low salt concentrations 
in the presence of excess nontarget DNA.47 Although most co-
captured DNA is released from the beads during simple wash-
ing steps with buffer containing 50–100 mM NaCl, in some 
experiments the purified target DNA still contained some co-
captured material. Thus, the appended lysines on the employed 
γ-PNA seem to be somewhat detrimental for its use as a tool for 
affinity capture, while they are advantageous with regard to PNA 
solubility and binding affinity. PNA constructs that invade more 
efficiently than PNA1 into dsDNA at higher salt concentrations 
should alleviate this issue. Alternatively, simplified user-friendly 
protocols for selective PNA-assisted affinity purification may be 
obtained by modified approaches such as adjacent strand inva-
sion by two γ-PNA oligomers, one positively charged oligomer 
to obtain fast complex formation and one neutral oligomer for 
capturing interaction.

Materials and Methods

Materials. Oligonucleotides were purchased from Integrated 
DNA Technologies (Coralville, IA). Plasmid pUC19, the 2-log 
DNA ladder, and all enzymes used in this study were from 
New England Biolabs (Ipswich, MA). Plasmid pET-Duet1 was 
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min at 60°C while rotating, followed by magnetic separation and 
collection of the eluate.

Conclusion

In this study we have measured binding rates for dsDNA strand 
invasion by a pentadecameric γ-PNA oligomer to matched and 
mismatched targets at different ionic strengths. These measure-
ments provide the first insight into the sequence specificity of 
duplex DNA targeting by γ-PNA. However, further studies with 
γ-PNA oligomers of different sequences and lengths are needed to 
draw general conclusions with regard to the sequence specificity 
by this class of PNA. We have further shown that the synthe-
sized γ-PNA oligomer can be used to selective isolate a dsDNA 
fragment or supercoiled plasmid DNA from DNA mixtures by 
affinity capture. We believe that further development and use of 
this new class of PNA will create important new opportunities in 
various areas of life science research.
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Note

Supplementary materials can be found at:
www.landesbioscience.com/supplement/KuhnADNA1-1-Sup.
pdf

AlwNI, which leads to three fragments of 3.3 kb, 1.4 kb and 0.7 
kb. Fragments were blunt-ended by incubation with T4 DNA 
polymerase in the presence of dNTPs following standard pro-
cedures.48 Human genomic DNA (hgDNA) was digested with 
PvuII before use. The short DNA fragment (309 bp) used for 
capture experiments in the presence of hgDNA was obtained 
by PCR amplification with Taq DNA polymerase. Binding of 
PNA1 to desalted DNA samples was performed at 42°C in 10 
µl buffer containing 10 mM Na-phosphate buffer solutions (pH 
7.0). The final concentration of γ-PNA, time of incubation, 
and concentration of additional NaCl are given in the Figure 
legend for a specific experiment. Surplus unbound γ-PNA was 
removed by gel filtration through Sephadex G-200 MicroSpin 
columns, pre-equilibrated with TE buffer containing 20 mM 
NaCl. Samples were then added to streptavidin-coupled mag-
netic beads. Typically, a 10 µl aliquot of Dynabeads was used 
for capturing and pre-treated twice by washing with 20 µl of TE 
buffer containing 20 mM NaCl. Samples were then incubated 
for 1 h at ambient temperature while rotating (∼25 rpm) on a 
Mini Labroller (Labnet International, Inc.). The microcentri-
fuge tubes were then placed on a magnet (Magnetic separator for 
microcentrifuge tubes, Sigma) and the supernatant (uncaptured 
fraction) was collected. Unless indicated otherwise, beads were 
washed twice for about 2 min at room temperature, once with 
20 µl of TE buffer containing 50 mM NaCl and once with 20 µl 
of TE buffer containing 100 mM NaCl. Beads were then resus-
pended in 20 µl TE buffer containing 500 mM NaCl. Release of 
captured DNA was performed by incubation of samples for 30 
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