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Peptide amphiphiles comprising a class of conjugates of peptide nucleic acid (PNA), natural amino
acids, and n-alkanes were synthesized and studied. These PNA amphiphiles (PNAA) self-assemble at
concentrations between 10 and 50 µM and exhibit water solubilities above 500 µM. The highly specific,
stable DNA binding properties of PNAs are preserved by these modifications, with no significant
differences between the thermodynamics of DNA binding of the PNA peptide and the PNA amphiphile.
Proper solubilization of the PNAA required the attachment of (Lys)2 and (Glu)4 peptides to PNAs,
which affected the PNAA-DNA duplex stability by electrostatic interactions between these charged
amino acids and the negatively charged DNA backbone. These electrostatic effects did not affect the
specificity of DNA binding, however. Electrostatic effects are screened with added salt, in a manner
consistent with previous studies of PNA-DNA duplex stability and predictions from a charged-cylinder
model for the duplex.

INTRODUCTION

Peptide nucleic acid (PNA) is a structural mimic of
DNA that replaces the negatively charged sugar-
phosphate backbone of DNA with an uncharged N-(2-
aminoethyl)glycine backbone with attached nucleobases
(1, 2). PNA oligomers bind DNA oligomers in an anti-
parallel orientation, following Watson-Crick base pairing
rules (3), but PNA-DNA duplexes are significantly more
stable than the corresponding DNA-DNA duplex. The
added stability of PNA-DNA duplexes has a largely
electrostatic origin and is highest at low ionic strength
conditions that destabilize DNA-DNA duplexes (4).
PNA-DNA duplex stabilities are highly sensitive to
sequence mismatches at the single-base level (5, 6). PNA
can also bind specific dsDNA targets by triplex formation,
even in biological buffers that suppress triplex formation
between ssDNA and dsDNA (7, 8). Leveraging these
unique DNA-binding properties, PNAs have been imple-
mented in platforms for DNA sensing (9-17) and separa-
tion (18-21), primarily by linking PNAs to solid surfaces
or fluorophores.

The attachment of peptides to lipophilic materials to
form “peptide amphiphiles” is a convenient means to
functionalize surfaces for cell attachment and prolifera-
tion (22, 23) and for the measurement of molecular-level
interactions between biomolecules using the atomic force
microscope (AFM) (24) or surface force apparatus (SFA)
(25-27). Surface functionalization generally requires
water-insoluble peptide amphiphiles to enable Lang-
muir-Blodgett deposition or vesicle formation. Depend-
ing on the exact design, water-soluble peptide am-
phiphiles may self-assemble in solution to form disklike
micelles (28), rodlike micelles (29), or helical ribbons (30)
above their critical micelle concentration (cmc). Stupp
and co-workers have shown that peptide amphiphiles can
micellize with pH-dependent reversibility and that the
micelles can be formed irreversibly by cross-linking of the

peptide headgroups (31). We are working on the respon-
sive, controlled self-assembly of peptide amphiphiles for
implementation in DNA sensing and separation modali-
ties such as liquid chromatography and capillary zone
electrophoresis. With that goal in mind, we have attached
n-alkanes and natural amino acids to form water-soluble
PNA amphiphiles (PNAA). Recently, we have demon-
strated that PNAA-DNA duplexes are easily separated
from unbound DNA oligomers in hydrophobic interaction
chromatography (32). The PNAA acts as a nonpolar
sequence tag that helps separate target DNA from
mixtures of DNA oligomers of up to 60 bases in length.
Separation of longer DNA oligomers and dsDNA might
be achieved with a better understanding of the binding
and micellization properties of PNAA.

Because PNA is uncharged, it is sparingly soluble in
water without the attachment of charged groups (1, 2).
For biophysical studies, either PNA oligomers are used
at low concentration or a single lysine group is attached
to confer greater water solubility. We expect that the
attachment of n-alkane chains will exacerbate the poor
water solubility of PNAA. For the design of PNAA, we
wish to provide a moderate water solubility while main-
taining sequence-specific DNA binding properties. One
might expect that both the n-alkane and the requisite
charged groups would also affect the PNAA-DNA duplex
stability. For example, attachment of n-alkanes to col-
lagen peptides has resulted in the stabilization of their
triplexes (33), and the attachment of n-alkanes to anti-
microbial peptides has been shown to promote their
antimicrobial activity (34).

In this work, we have synthesized a series of PNAAs
and measured their micellization properties and the
stability of their duplexes with DNA oligomers. It should
be noted that others have synthesized PNAs linked to
lipophilic materials, including attachment of rhodamine
and fluoroscein for thermodynamic studies (35) and the
nonpolar group adamantane for improved cellular uptake
of PNA (36). The distinction here is that our water-
soluble PNA peptide amphiphiles have been designed for
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a controlled, tunable self-assembly applicable to next-
generation bioanalytical devices.

MATERIALS AND METHODS

PNAA Synthesis. All solvents (sequencing grade)
were purchased from Fisher Scientific (Pittsburgh, PA),
and buffers and salts were purchased from Sigma-Aldrich
(St. Louis, MO). PNAAs were synthesized by solid-phase
peptide synthesis using Fmoc/Bhoc-protected PNA mono-
mers (Applied Biosystems) (37) and Fmoc-protected PAL-
PEG-PS resin (Peptides International, Louisville, KY)
with a 0.25 mmol/g loading capacity. One hundred
milligrams of resin was shaken gently in dichloromethane
(DCM) for several hours to expose reactive sites on the
resin prior to peptide coupling. The resin was then
deprotected three times with 20% piperidine in N,N-
dimethylformamide (DMF) for 5 min to remove the Fmoc
protecting group. A 5-fold excess of PNA monomer (based
on manufacturer’s reported loading capacity) in base
solution (Applied Biosystems) and activator solution
(Applied Biosystems) was then prepared (38), The base
solutionconsistsofamixtureof2,6-lutidineandN,N-diisopropyl-
ethylamine in DMF. The activator is a solution of O-(7-
azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HATU) in DMF. Following a 2-min
activation step, the solution was added to the resin. The
initial monomer coupling to resin was allowed to proceed
for at least 1 h to ensure complete coupling on the optimal
number of resin sites. We found that the longer coupling
time was required for high yields. The resin was washed
with DCM and DMF following the coupling step and a
small fraction collected for a ninhydrin test. Unreacted
sites were then capped by a 10-min incubation of the
resin with the acetic anhydride. The resin was washed
with DCM and DMF, and the process was repeated with
20-min coupling steps until the desired PNA peptide was
synthesized. Lauric acid (Sigma-Aldrich) was then coupled
to the N terminus of the PNA peptide, also in a 5-fold
excess.

The resin was soaked in a mixture of 4:1 trifluoroacetic
acid (TFA)/m-cresol (total volume ) 2 mL) for 2 h to
cleave the PNAA from the resin and remove Bhoc side
protecting groups. Once cleaved from the support, the
PNAA was precipitated by the addition of dry ether (∼10-
fold excess over PNAA). The precipitated PNAA was
cooled for 5 min in a -80 °C freezer to ensure complete
precipitation. The solid was separated from the ether by

centrifugation (1000g) for 5 min. The top phase was
decanted off and the pellet resuspended with another
addition of dry ether. The cooling and centrifugation
process was done in triplicate. Upon completion, the
PNAA pellet was dried within a stream of nitrogen and
dissolved in deionized water. In many cases, yields of
PNAA were improved substantially by foregoing the
ether precipitation step and injecting the cleavage cock-
tail directly into the HPLC for purification.

Semipreparative-scale PNAA purification was per-
formed on a Waters Delta 600 HPLC using a Sym-
metry300 C4 column with a particle size of 5 µm. Elution
of the PNAA product was achieved using a 30-min linear
gradient (0.1% TFA in acetonitrile to 0.1% TFA in water)
and a 20 mL/min flow rate. The product eluted as a single
peak and following collection was lyophilized to a powder.
The yield of the reaction was ∼30% (based on the
manufacturer’s reported resin loading), or 0.0075 mmol
of PNAA product. The following [M + H]+ values for PNA
peptides and PNAA amphiphiles were obtained: C12-
tttccg-(Lys)2, 2050 Da (theoretical: 2049.96); NH2-tttccg-
(Lys)2, 1865.91 Da (theoretical: 1866.71); C12-agtgatctac-
(Glu)4, 3425.8 Da (theoretical: 3425.52); NH2-agtgatctac-
(Glu)4, 3242.52 Da (theoretical: 3241.59).

The naming convention we use lists the PNA peptide
sequence in the N to C direction from left to right (Figure
1). PNA sequences listed in the N to C direction follow
the same Watson-Crick base pairing rules as the cor-
responding DNA sequence listed in the 5′ to 3′ direction.
Note that the resin used here leaves a terminal amine
group at the C terminus. PNA nucleobases are in lower
case to distinguish them from DNA nucleobases (upper
case). The three-letter abbreviation is used for the
natural amino acids, and the length of n-alkane is the
subscript under “C.”

Solubility Measurements. PNAA solubilities were
measured by centrifugation of saturated PNAA solutions
in buffer. A large (>1 mM) amount of PNAA was
dissolved in 20 mM sodium phosphate buffer (pH 7.0)
and cooled to 4 °C. Samples were then warmed to room
temperature and centrifuged (Eppendorf 5415C micro-
centrifuge) to sediment aggregated or precipitated mate-
rial. The PNAA concentration in the supernatant was
measured spectrophotometrically on a Varian Cary 3
spectrophotometer at 260 nm. PNAA concentrations were
calculated from the measured absorbance by Beer’s law.
Extinction coefficients for the PNAA were calculated by

Figure 1. Structures of the PNA amphiphiles (PNAA) C12-agtgatctac-(Glu)4 and C12-tttccg-(Lys)2 used in this study. PNAA names
are listed from the N to the C terminus from left to right (same binding properties as the 5′ f 3′ DNA sequence). PNAA nucleobases
are in lower case.
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summing the extinction coefficients for each monomer on
the PNA peptide (ε260 ) 13700, 11700, 8600, and 6600
L/mol-cm for A, G, T, and C, respectively.) Absorbance
measurements were made at 80 °C to ensure that the
nucleobases were completely destacked and that hypo-
chromicity could be neglected.

cmc Measurements. Critical micelle concentrations
for the PNAA were obtained by light scattering using a
Malvern Zetasizer 3000 system (Malvern Instruments).
Solutions of PNAA in 20 mM sodium phosphate buffer
(pH 7.0) were prepared and filtered to remove dust or
large PNAA aggregates using 0.2-µm syringe filters
(Fisher). UV absorbance measurements were made on
the filtrate to account for any losses of PNAA during
filtration. The filtered solutions were then placed in a
1-mL cuvette and installed in the Zetasizer instrument.
The intensity of laser light (532 nm) scattered 90° from
incidence was measured using an internal photomulti-
plier and recorded by the Zetasizer software. Disposable
cuvettes were used to obviate any carry-over of PNAA
from sample to sample. The cmc was taken to be the
PNAA concentration at which the intensity versus [PNAA]
plot had a pronounced slope discontinuity.

UV Melting Curves and Circular Dichroism (CD).
DNA oligomers were purchased from Integrated DNA
Technologies (Coralville, IA) and used as received. DNA
purity was assessed using anion-exchange chromatogra-
phy (Waters Spherisorb S5 SAX column, 80-Å pore size
and 5-µm particle size), with a 30-min linear gradient
from 20 mM Tris-HCl (pH 8.0) to 20 mM Tris-HCl in 1
M NaCl (pH 8.0). Samples with purity of <95% were
rejected. Stock solutions of DNA oligomers were prepared
in 20 mM phosphate buffer (pH 7.0) for UV melting
analysis.

CD spectra were run on a Jasco J-715 spectropolarim-
eter equipped with a thermoelectrically controlled single-
cell holder. CD spectra for PNAA-DNA mixtures were
obtained in 5 mM sodium phosphate buffer (pH 7.0) with
100 mM NaCl and 1 mM EDTA.

UV melting curves were obtained at 260 nm for
PNAA-DNA solutions in 20 mM sodium phosphate
buffer (pH 7.0) using a Varian Cary 3 spectrophotometer
equipped with a thermoelectrically controlled multicell
holder using 1-cm quartz cuvettes (Starna, Atascadero,
CA). PNAA-DNA mixtures were initially heated to 90
°C and held there for 2 min to equilibrate. The temper-
ature was then lowered at 1.0 °C/min to a lower target
value (5-20 °C) and cycled between the upper and lower
temperature limits several times.

Melting temperatures and thermodynamic data for all
melting curves were determined by a van’t Hoff analysis
under a two-state model for hybridization

where S denotes single strands and D duplex. The two-
state model is considered to be valid for short sequences
(4-20 base pairs) (39). The absorbance versus temper-
ature plot is converted to a plot of duplex fraction (R)
versus temperature. The total absorbance (A) is assumed
to be the sum of the absorbance of the single strands (AS)
and the double strands (AD):

The melting transition temperature (Tm) is taken to
be the temperature at which R ) 0.5. The absorbance
values of the single- and double-stranded forms of the
DNA and PNA are assumed to vary linearly with tem-

perature and take the form

As nucleotide length increases, the nucleobase stacking
dynamics become more pronounced and the slopes mS
and mD will deviate from zero.

The equilibrium constant for the hybridization process
is

where CT is the total concentration of strands, on a single-
strand basis. The equilibrium constant, K, versus tem-
perature data can be analyzed using the van’t Hoff
equation to obtain the enthalpy of hybridization ∆H

where R is the gas constant.

RESULTS AND DISCUSSION

PNAA Synthesis. Most PNA syntheses have been
accomplished by solid-phase synthesis using Boc/Z-
protected monomers following the protocol of Christensen
et al. (40). In our case, we were interested in attaching
dialkyl chains with ester linkages that are hydrolyzed
under the cleavage conditions required for Boc/Z. The
milder cleavage conditions required by Fmoc/Bhoc pro-
tection have been shown to maintain the ester linkage
(41), and therefore we used the Fmoc/Bhoc approach. The
Fmoc/Bhoc PNA synthesis protocol provided by Egholm
and Casale (42) was developed for automated PNA
synthesis, and it was refined for manual synthesis in our
laboratory. The most significant changes were increasing
the coupling, capping, and deprotection times and the use
of a 5-fold excess of monomer for each coupling. To obtain
high yields, we found it necessary to increase the time
of the initial resin-monomer coupling to 1 h, but
subsequent couplings could be performed for 20 min.
Because the alkane-modified PNAs are more nonpolar
than the PNA peptides, it was often necessary to inject
the cleavage cocktail directly into the HPLC for high-
yield purification. The PNAA structures we are mainly
concerned with in this paper are listed in Figure 1.

Solubility and cmc Measurements. Unmodified
PNAs are sparingly soluble in water and have a tendency
to self-aggregate even when the PNAs are apparently
solubilized (2). A typical approach to improve water
solubility is attachment of a C-terminal lysine residue
to the sequence, which for the PNA peptide NH2-t10-Lys
confers a water solubility of >1.5 mM in 10 mM sodium
phosphate buffer (pH 7.0) (37). For PNAA, additional
charges need to be added to bring the solubility of PNAA
above their cmc, enabling self-assembly. To find an
appropriate combination of alkane substitution and
charging, we synthesized about 12 variants with different
PNA sequences and substitutions. The PNAAs C18-tttccg-
Lys, C16-tttccg-Lys, and C14-tttccg-Lys gave a cloudy
solution at 1-10 µM concentrations in water or 10 mM
sodium phosphate buffer (pH 7.0). C12-tttccg-(Lys)2 had
twice the solubility of C12-Lys-tttccg-Lys and was studied
in more detail (Figure 1A). For longer PNA sequences,
such as C12-t10-(Lys)4 in 20 mM phosphate buffer (pH 7.0),

SPNA + SDNA T DPNA/DNA (1)

A ) RAD + (1 - R)AS (2)

AS ) mST + bS

AD ) mDT + bD (3)

K )
[DPNA/DNA]

[SA][SB]
) 2R

(1 - R)2CT

(4)

d ln K
d(1/T)

) -∆H°
R

(5)
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addition of either complementary or noncomplementary
DNA to 20 mM phosphate buffer clouded the solution.
The clouding was mitigated by the use of glutamic acid
groups to charge the PNAA, the use of a Tris-HCl (pH
7-8) buffer rather than phosphate buffer, or adjusting
the pH to pH ∼2-3. The PNAA C12-agtgatctac-(Glu)4
(Figure 1B) has a solubility of 1000 µM in 20 mM sodium
phosphate buffer and >1400 µM in 10 mM Tris-HCl (pH
7.0).

Although the effect of tail length, charge amount and
type, and length of PNA sequence have not been exhaus-
tively studied, some rules of thumb have emerged.
Generally, 6-mer sequences require two charged groups
and 10-mer sequences require four charged groups for
solubilities on the order of 500-1000 µM. Charged groups
placed at the N terminus of the PNA peptide were more
effective than those placed between the alkane and the
PNA peptide.

cmc measurements were made by a light-scattering
method using a laser Doppler velocimetry system in static
mode. The cmc is marked by a large increase in scattered
intensity as shown in Figure 2 (43). The shorter PNAA
sequence of C12-tttccg-(Lys)2 gave a slightly higher cmc
than C12-agtgatctac-(Glu)4 (Table 1). cmc values for C14-
tttccg-(Lys)2 and C18-tttccg-(Lys)2 were similar to that of
C12-tttccg-(Lys)2, indicating that the primary driving force

for micellization is attractive interactions between the
PNA peptides. Accordingly, longer sequences tend to
lower the cmc. To avoid complications, the measurements
presented below were made at concentrations below the
cmc for both PNAA.

Hybridization of PNA Amphiphiles with DNA.
The substitutions made on the PNA peptide to form
PNAA include the n-alkane tail and the charged amino
acids, and both could potentially affect the specificity of
binding to DNA oligomers and the stability of the
resulting PNAA-DNA duplex. Figure 3A shows UV
melting curves for the PNAA C12-tttccg-(Lys)2 with an
equimolar amount of its 6-mer DNA complement (5′-
CGGAAA-3′), a noncomplementary 6-mer (5′-ATAGCC-
3′), and the PNAA on its own. Significant hypochromicity
was observed only for the PNAA/complementary DNA
mixture (Tm ) 27.6 °C), indicating sequence specificity
is preserved. Figure 3B shows UV melting curves for the
PNAA C12-agtgatctac-(Glu)4 with an equimolar amount
of its 10-mer DNA complement (5′-GTAGATCACT-3′), a
noncomplementary 10-mer (5′-TGTACGACTC-3′), and
the PNAA on its own. In this case, each of the three
curves shows hypochromicity. A van’t Hoff analysis of the
PNAA/complementary DNA curve gave Tm ) 42.0 °C.
Other hypochromicities are likely due to self-melt char-
acteristics for the longer DNA and PNAAs of Figure 3B.
Self-melts are generally larger for PNAs compared to

Figure 2. Scattered intensity versus [PNAA] for (A) C12-tttccg-
(Lys)2 and (B) C12-agtgatctac-(Glu)4 in 20 mM sodium phosphate
buffer (pH 7.0). The cmc is marked by an abrupt increase in
scattered intensity (43).

Table 1. Solubilities and Critical Micelle Concentrations
for PNA Amphiphiles in 20 mM Phosphate Buffer (pH
7.0)

solubility, 25 °C (µM) cmc, 25 °C (µM)

C12-tttccg-(Lys)2 1000 40
C12-agtgatctac-(Glu)4 650 15

Figure 3. UV melting curves for PNAA with and without
DNA: (A) C12-tttccg-(Lys)2 alone, with noncomplementary DNA
(5′-ATAGCC-3′), and with complementary DNA (5′-CGGAAA-
3′); (B) C12-agtgatctac-(Glu)4 alone, with noncomplementary
DNA (5′-TGTACGACTC-3′), and with complementary DNA (5′-
GTAGATCACT-3′). For (A) and (B), a ramp rate of 1.0 °C/min
and a total strand concentration of 20 µM in 20 mM sodium
phosphate at pH 7.0 were used. In each case, the self-melt was
shifted up by 0.4 AU and the PNAA/noncompDNA was shifted
down by 0.1 AU for clarity.
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DNAs as the more flexible PNA backbone allows the
nucleobases to stack to a greater degree. Because the
hypochromicity is comparable for the PNAA and the
PNAA with noncomplementary DNA, we conclude that
the mixture does not form a duplex or other intermo-
lecular association. This self-structured nature of the C12-
agtgatctac-(Glu)4 can be considered a small potential
source of error when the melting curve for thermody-
namic parameters is analyzed. Note that the self-melt is
not evident in the case of the shorter PNAA and DNA
6-mers (Figure 3A). A small hysteresis between the
melting and cooling curves was observed in each case.
For the C12-agtgatctac-(Glu)4 PNAA-DNA melting curve,
the hysteresis decreased from 1.54 to 0.41 °C when the
scan rate was slowed from 1 to 0.5 °C/min.

To verify duplex formation, the secondary structure of
the PNAA-DNA duplex was confirmed using CD (Figure
4). Hybridization of C12-agtgatctac-(Glu)4 with comple-
mentary DNA 5′-GTAGATCACT-3′ shows the formation
of a right-handed helix with maxima at 260 and 280 nm
and a minimum at 240 nm. These features compare well
with those measured by Ratilainen (35) for a PNA peptide
with a single lysine group attached. CD spectra were not
obtained for the duplex of C12-tttccg-(Lys)2 and its 6-mer
DNA complement, since the duplex is marginally stable
in phosphate buffer at room temperature.

UV melting curves were also obtained for the corre-
sponding PNA peptides without alkylation and are sum-
marized in Table 2. For both PNAAs studied here, the
corresponding peptide shows about the same Tm. Similar
observations have been made by Griffin and Smith (44)
for PNAs with attached 8-amino-3,6-dioxaoctadecanoic
acid groups and by Ørum et al. (18) for PNAs with
attached (His)6 peptides. Although alkylation appears to
have little effect on the binding, the substantial amount
of charged amino acids required for solubilization does.

Giesen et al. (45) provided an extension to the nearest-
neighbor model of SantaLucia (46) for PNA-DNA du-
plexes. The model claims to be valid over a wide range
of ionic strengths and does not include the effects of
amino acids or lipids and, hence, serves as a useful
reference. Table 2 includes a comparison of the model
predictions and the observed Tm and shows that Tm is
underpredicted in the case of C12-tttccg-(Lys)2 and over-
predicted in the case of C12-agtgatctac-(Glu)4, pointing to
an electrostatic contribution to the duplex stability.

To verify the electrostatic nature of the stabilization
in the case of C12-tttccg-(Lys)2 and destabilization in the
case of C12-agtgatctac-(Glu)4, the effect of added salt on
PNAA-DNA duplex stability was determined for C12-
agtgatctac-(Glu)4 (Table 3). As the ionic strength was
increased (pH 7.0), Tm increased and ∆G decreased as
expected. Additionally, the duplex was stabilized by
decreasing the pH to 4.0 (no added salt), likely due to
the lowering state of charging for the Glu residues, the
side-chain carboxylic acid of which has a pKa of 4.07.
Below pH 4.0, UV spectra were excessively noisy due to
light scattering from insoluble aggregates of PNAA.

The effect of ionic screening on PNAA-DNA duplex
stability can be predicted by a Poisson-Boltzmann-type
model (47, 48) that considers the oligomers to behave as
charged cylinders with a higher charge density in duplex
form than as a single-stranded coil. An increase in bulk
cation concentration acts to stabilize the high charge
density state, resulting in a higher thermal stability. The
change in melting temperature with changing salt con-
centration can be related to the thermodynamic dif-
ferential counterion association parameter per phosphate
group (∆ψ) by (4, 49)

where ∆H is the helix-to-coil transition enthalpy, R is
the gas constant with units of cal/(mol K), and Nu is the
number of charged groups (phosphate, in the case of
DNA) per cooperative melting unit. The data of Table 3
have dTm/d log [Na+] for C12-agtgatctac-(Glu)4 of 3.8 K,
indicating that counterion association takes place upon
PNA-DNA helix formation. From ∆H and Tm values
taken from the van’t Hoff analysis of the melting curves,
the thermodynamic differential counterion association
parameter (∆ψ) was calculated to be 0.059.

Table 4 summarizes these results and compares them
to literature values. Because the PNAA C12-tttccg-(Lys)2
has a low Tm, it was difficult to obtain the full sigmoidal
curve required for accurate thermodynamic data in the
presence of added salt. Instead, we measured melting

Figure 4. CD spectrum for C12-agtgatctac-(Glu)4 with 5′-
GTAGATCACT-3′ at a total strand concentration of 5 µM
(averaged over 10 scans) 20 mM sodium phosphate at pH 7.0
(T ) 25 °C).

Table 2. Melting Temperatures for PNAA with
Complementary DNA Targets (5′-CGGAAA-3′ and
5′-GTAGATCACT-3′) in 20 mM Phosphate Buffer (pH 7.0),
along with Tm Predictions from a Nearest-Neighbor
Model (45)

Tm (°C),a exptl Tm (°C), theor

NH2-tttccg-(Lys)2 27.4 24.3
C12-tttccg-(Lys)2 27.6 24.3
NH2-agtgatctac-(Glu)4 38.9 53.7
C12-agtgatctac-(Glu)4 42.0 53.7
a Tm had an associated error of 0.5 °C.

Table 3. Thermodynamic Parameters for Hybridization
of PNAA C12-agtgatctac-(Glu)4 with Complementary DNA
(5′-GTAGATCACT-3′) in 10 mM Tris Buffer (pH 7.0, unless
Otherwise Indicated) with Increasing Concentrations of
NaCla

[NaCl] (mM) Tm (°C) ∆H (kJ/mol) ∆G298 (kJ/mol)

0 (pH 4.0) 41.7 -256 -45.7
0 39.7 -274 -45.0

20 42.7 -254 -46.2
40 43.8 -265 -47.8
60 44.5 -277 -49.2
80 45.0 -270 -49.1

100 45.3 -286 -50.3
1000 47.2 -300 -52.9

a Tm had an associated error of 0.5 °C, ∆H had an error of 10
kJ/mol, and ∆G had an error of 0.5 kJ/mol.

dTm

d log [Na+]
) 0.9{2.03RTm

2

∆H }(Nu∆ψ) (6)
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curves in pure water (deemed to have an effective [Na+]
) 10-5 M) and compared them to the buffer case (effective
[Na+] ) 2 × 10-2 M). In this case, ∆ψ ) -0.17, indicating
that counterions are released on duplex formation owing
to the complexation of positively charged lysine and
negatively charged phosphates. Tomac et al. (4) made
similar measurements and obtained a value of ∆ψ )
-0.05 for an unmodified PNA 10-mer with fully comple-
mentary DNA and ∆ψ ) 0.15 for the corresponding
DNA-DNA duplex. This indicates that the addition of 4
Glu residues has the same destabilizing effect as about
2.5 phosphate groups. Although each group carries a
negative charge, in principle, this result is reasonable
considering the separation between the distal Glu groups
and DNA phosphate groups and the possibility of incom-
plete dissociation of the side-group carboxylic acids at pH
7.0. Figure 5 is a plot of Tm and ∆G with added salt,
showing a semilog dependence. Griffin and Smith ob-
tained a value of d∆G/d log [Na+] ) -1.82 kJ/mol for fully
complementary PNA (unmodified) and DNA 9-mers. The
PNA-DNA duplex is stabilized by added salt, because

the helix carries a greater charge density than the coil,
as described above. We obtained a value of d∆G/d log
[Na+] ) -5.58 kJ/mol, indicating a much greater free
energy penalty for the introduction of (Glu)4 to the duplex
than the closer proximity of phosphate charges required
for helix formation.

Datta and Armitage have reported a stabilizing effect
of overhanging, unbound DNA bases on PNA-DNA
duplexes with length asymmetries (50). The overhang
effect was ascribed to an enthalpic gain provided by
stacking of the overhanging DNA bases with those in the
PNA-DNA duplex. The effect is more evident in PNA-
DNA duplexes than in DNA-DNA duplexes, presumably
due to the wider pitch of the PNA-DNA helix that leaves
bases more exposed to solvent. To determine if the alkane
tail would have any impact on overhang-induced stabi-
lization, we also collected UV-melting data using longer
DNA strands, those with overhanging C bases surround-
ing a 10-mer binding site (Table 5; Figure 6). The first
conclusion we draw is that, for overhangs on both sides
of the PNAA binding sequence of the DNA, there appears
to be no difference for the PNA peptide compared to the
PNA amphiphile. Additionally, DNA overhangs on the
3′ end of the binding sequence (closest to the PNAA
alkane, Figure 6) stabilize the duplex while those on the
5′ end (closest to the (Glu)4 group, Figure 6) destabilize
the PNAA-DNA duplex. Because the thermodynamic
data for PNAA-DNA duplexes mirror those for PNA-
DNA duplexes, we must presume that the stabilization
afforded by the 3′ overhangs is due to the same effect
reported by Datta and Armitage, whereas the destabili-
zation by the 5′ overhangs has an electrostatic origin that

Table 4. Salt Concentration Dependence on Duplex
Stability for PNAA with Complementary DNA
(5′-CGGAAA-3′ and 5′-GTAGATCACT-3′) in 10 mM Tris
Buffer (pH 7.0)

duplex
d(Tm)/

d(log[Na+]) (K)
RTm

2/
∆H (K)

∆ψ (mol/
mol of
duplex)

C12-tttccg-(Lys)2-DNA -4.2 1.95 -0.17
C12-agtgatctac-(Glu)4-DNA 3.8 3.10 0.059
PNA-DNAa -3.4 3.52 -0.05
DNA-DNAa 15.9 2.74 0.15

a Literature values for PNA and DNA decamers and their
DNA-decamer complements (4).

Figure 5. Dependence of Tm (filled circles) and ∆G (open
circles) on the concentration of NaCl added to 10 mM Tris buffer
for hybridization of PNAA C12-agtgatctac-(Glu)4 with comple-
mentary DNA (5′-GTAGATCACT-3′). The Tm data are fit to the
equation Tm ) 37.8 + 3.77log([Na+]), and the ∆G data are fit to
the equation ∆G ) -38.9 - 5.58log([Na+]). Regression coef-
ficients are >98% in both cases.

Table 5. Effect of Overhang Position on Thermodynamic Parameters for Duplexes of Various DNA Oligomers and the
PNA Amphiphile C12-agtgatctac-(Glu)4 or the PNA Peptide NH2-agtgatctac-(Glu)4

a

DNA target (3′f5′)
Tm (°C),
amph

Tm (°C),
peptide

∆H (kJ/mol),
amph

∆H (kJ/mol),
peptide

∆G298 (kJ/mol),
amph

∆G298 (kJ/mol),
peptide

TCACTAGATG 42.0 38.9 -287 -264 -47.7 -43.7
TCACTAGATGCCCC 37.3 38.7 -181 -163 -37.3 -38.7
CCCCTCACTAGATG 47.8 47.7 -298 -292 -53.1 -52.7
CCCCTCACTAGATGCCCC 45.0 45.4 -281 -287 -49.8 -50.6
CCCCCCTCACTAGATGCCCCCC 50.1 -328 -57.6
CCCCCCCCTCACTAGATGCCCCCCCC 50.4 -329 -58.0

a Overhanging DNA bases are in bold (see Figure 6).

Figure 6. Orientation of the PNAA/DNA duplex with over-
hanging DNA bases on the 3′, 5′, and 3′ and 5′ ends.
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either exists along with an overhang stabilization (but
outweighing it) or prevents the molecular arrangements
required for overhang stabilization from occurring. Fi-
nally, we note that the overhang-induced stabilization
appears to saturate with six cytosine bases on each end
of the binding sequence, because the stability is not
improved with eight bases on each end. This appears to
agree with results from Datta and Armitage, who found
a significant added stabilization of PNA-DNA duplexes
with eight overhanging bases rather than four.

CONCLUSIONS

We have provided details concerning the synthesis
and characterization of PNA amphiphiles (PNAA), self-
assembling compounds that bind DNA with high selec-
tivity. We have found that the addition of the alkane tail
makes self-assembly possible, but does not affect the
binding selectivity or the stability of the resulting
PNAA-DNA duplex. The incorporation of about four
charged amino acids per 10-mer (or two per 6-mer) was
required for adequate water solubility. Addition of a
(Glu)4 peptide destabilized the duplex, whereas addition
of a (Lys)2 peptide stabilized it. Both effects were attenu-
ated with increased ionic strength, indicating an elec-
trostatic mechanism. This electrostatic control over the
stability could be useful for the tuning of the duplex
melting temperature for future applications of these
materials in bioanalytical devices. Stabilization of the
PNAA-DNA duplex was also observed when using DNAs
with overhanging bases, but this overhang stabilization
was not affected by the PNAA alkane.
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