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ABSTRACT: We report herein the structuring of single-
stranded thymine-rich DNA sequences into peptide−DNA
hairpin triplex structures via designed melamine−thymine
nucleobase recognition. Melamine-displaying α-peptides were
synthesized with the general form (EM*)n, where M* denotes
a lysine residue side chain derivatized with melamine, a bifacial
hydrogen bond complement for thymine. We have found that
(EM*)n peptides, which we term bifacial peptide nucleic acid
(bPNA), function as a noncovalent template for thymine-rich
DNA tracts. Unstructured DNA of the general form dTnCmTn
are bound to (EM*)n peptides and fold into cooperatively melting 1:1 bPNA−DNA hairpin complexes with dissociation
constants in the submicromolar to low nanomolar range for n = 4−10. As the length of the interface (n) is decreased, the melting
temperature of the bPNA−DNA complex drops significantly, though Kd increases are less substantial, suggestive of strong
enthalpy−entropy compensation. This is borne out by differential scanning calorimetry analysis, which indicates enthalpically
driven bPNA−DNA base-stacking that becomes markedly less exothermic as the recognition surface n decreases in size. The
recognition interface tolerates a high number of “mismatches” and indicates half-site, or monofacial, recognition between
melamine and thymine may occur if only 1 complementary nucleobase is available. Association correlates directly with fractional
thymine content, with optimal binding when the number of T−T sites match the number of melamine units. Interestingly, when
a DNA host has more T−T sites than melamine sites on bPNA, two or three bPNAs can bind to a single DNA, resulting in
ternary and quaternary complexes that have higher thermal stability than the binary (1:1) bPNA−DNA complex, suggestive of
cooperative multisite binding. In contrast, when two bPNAs of different lengths bind to the same DNA host, a ternary complex is
formed with two melting transitions, corresponding to independent melting of each bPNA component from the complex. These
data demonstrate that melamine-displaying bPNA recognize thymine-rich DNA in predictable and multifaceted ways that allow
binding affinity, structure stability, and stoichiometry to be tuned through simple bPNA length modification and matching with
DNA length. Synthetic bPNA structuring elements may be useful tools for biotechnology.

Nucleic acid triplex formation commonly involves
Hoogsteen base-pairing of single-stranded oligonucleo-

tides to preformed duplex structures, often under non-
physiological pH and salt conditions. The discovery of triplex
DNA structures1 has inspired decades of research aimed at
understanding triplex formation2,3 as well as chemical methods
for targeting4−8 the information presented in duplex DNA. We
recently reported9 an alternative strategy for a new class of
heterotriplex formed from synthetic peptides and homopyr-
imidine DNA that does not require any prior secondary
structure. Two noninteracting, unstructured thymine-rich DNA
strands are brought together on a bridging bifacial melamine-
displaying peptide nucleic acid (bPNA) template strand to form
a cooperatively folded 1:2 bPNA−DNA triplex via melamine−
thymine recognition. This concept is similar to the targeting of
short, single-stranded oligopurines with pyrimidine “clamps” or
cyclic DNA reported by Heĺeǹe and Kool,10 intramolecular
DNA triplexes,3 and synthetic “Janus-wedge” bifacial nucleo-
base mimics,2,11−13 with the distinction that no prior secondary
structure, covalent cyclization, or high concentration of Mg2+ is

required. Unlike conventional PNA with a non-native
polypeptide backbone and native nucleobase content, bPNA
has an α-peptide structure derived from native amino acids and
a non-native bifacial melamine nucleobase mimic. Bifacial PNA
may also be operationally distinguished from conventional PNA
in that bPNA is an associative agent that brings noninteracting
oligothymidine DNA strands together in 1:2 bPNA−DNA
triplex, whereas PNA is often used as a dissociative agent that
invades existing nucleic acid (NA) duplexes to produce 2:1
PNA−NA triplex hybrids.14−17 Bifacial PNA is an artificial
peptide strand that binds and folds a DNA partner through the
use of melamine as a synthetic nucleobase-mimic that hydrogen
bonds with two thymine bases on their Watson−Crick faces
(Figure 1). Bifacial guanine−guanine nucleobase interactions
exist natively in G-quadruplexes;18 accordingly, guanine-rich
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PNA can bind to two G-rich DNA strands to form 1:1
heteromeric PNA−DNA G-quadruplex structures19 as well as
PNA-only quadruplex structures.20 Unlike G-quartets and DNA
triplexes, melamine bPNA does not self-assemble, utilize
Hoogsteen base-pairing, or require direct interactions between
DNA strands and instead targets unstructured T-tracts for
binding. It is anticipated that this artificial recognition strategy
could be a general method for triggered folding of
oligothymidine containing nucleic acids into synthetic stem-
loops. As is well documented by studies on native and designed
riboswitches, chemically triggered structuring of nucleic acid
tracts may be utilized to control biological functions when
coupled to gene regulatory elements.21−23 The melamine
bPNAs are easily prepared via reaction of the ε-amino group of
lysine with diaminochlorotriazine to yield an amino acid
derivative for standard solid-phase peptide synthesis.24 The
facility of direct amino substitution on chlorotriazine rings has
led to considerable investigation of melamine as a diversity
platform for combinatorial chemistry and dendrimer syn-
thesis,25,26 and triazines themselves have been suggested as
products of prebiotic chemistry,27−30 forming readily from
cyano derivatives.31−35 Indeed, Eschenmoser and Krishnamur-
thy prepared peptide/peptoid displayed triazines32,33 that
interface with native DNA/RNA to form duplexes, and facile
synthesis of triazine-derived nucleosides was shown by Siegel
and Tor.31 A detailed study is presented on the biophysical
underpinnings and scope of melamine-displaying peptides that
can cooperatively bind and structure single-stranded thymine-
rich DNA into higher order triplex structures.
The synthetic triaminotriazine (melamine) provides a

divalent site for thymine recognition when monoderivatized
on an exocyclic nitrogen. Melamine and its derivatives have
been extensively studied in organic solvents and the solid-state
as an assembly partner for cyanuric acid derivatives,36−38 and
more recently in aqueous-phase assemblies.39−51 Heterocycle

recognition of melamine and cyanurates is directed by
hydrogen bond recognition, but driven by exothermic base-
stacking akin to DNA-recognition.48 Co-crystallization of
melamine with thymine, uracil, and 5-fluorouracil46 from
aqueous solution provided structural evidence of the expected
multifacial hydrogen bonding patterns between triazine and
nucleobase in the solid state, whereas Baranger and Zimmer-
man had established the ability of melamine−acridine
conjugates to selectively intercalate into T−T and U−U
mismatch sites in solution,52,53 indicative of bifacial melamine
recognition. Robust exothermic binding of 5-fluorouracil to
polyacrylate-displayed melamine was found to trigger con-
densation of soluble polymer into 5-FU loaded nanoparticles,
suggesting that melamine−cyanurate type recognition may be
generally extended to include interactions with thymine/
uracil.46 In addition, Eschenmoser and Krishnamurthy have
demonstrated that diaminotriazine-displaying α-peptides func-
tion as novel PNAs that form stable peptide−DNA and RNA
duplexes.32,33 We speculated that replacement of the aliphatic
CH2 linkage to the heterocycle in diaminotriazine with an NH
to yield a triaminotriazine (melamine) side chain derivative
would create a bifacial recognition nucleus for thymine and
switch the assembly to triplex structures. This was borne out by
our studies on the binding of melamine-derivatized peptides
with dT10 tracts.9 We found that α-peptides presenting ten
melamine-derivatized lysine (M*) and glutamic acid (E)
residues at alternate positions recognize unstructured single-
stranded decathymidine tracts and induce cooperative folding
into (EM*)10−DNA triplex structures of 1:2 peptide−DNA
stoichiometry. Glutamic acid residues provide solubility and
create a repulsive electrostatic interaction with DNA upon
ionization, thus minimizing potential nonspecific binding.
Connection of dT10 tracts with a noninteracting dC10 linker
yielded a peptide−DNA complex of 1:1 ratio, consistent with
the formation of a DNA hairpin structure with a peptide−dT10

Figure 1. Illustration of melamine−thymine interaction directing DNA and bPNA assembly. (Top) The structure of the (EM*)n peptides (bPNA)
with N- and C−Terminating groups is shown. Cbf = 5(6)-carboxyfluorescein, ABA = 4-acetamidobenzamide. (Bottom) A schematic of a 1:1 hairpin
triplex structure formed from unstructured 10 and dT10C4T10.
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triplex stem and dC10 single-stranded loop. Herein, we focus
our examination on melamine−thymine driven assembly of
peptide−DNA complexes as a function of interface length in
the context of the hairpin-triplex stem motif. The dependence
of peptide−DNA binding on the length of the interface was
investigated by synthesis of (EM*)n peptides, which we term
herein as bifacial peptide nucleic acid (bPNA), with n = 4−6, 8,
and 10 (Figure 2). These peptides bound to their dTnC4Tn

partners with the expected 1:1 hairpin triplex stoichiometry,
and complex stability decreased with n. Notably, length
matching of the DNA and peptide was critical in determining
stoichiometry; longer DNA strands were found to host more
than one peptide, supporting the notion that a single melamine
repeat unit (EM*) is required to interact with each T−T pair.

■ EXPERIMENTAL SECTION

General Information. All DNA was purchased from
Sigma-Aldrich and used as provided. Peptides were synthesized
using standard solid phase peptide synthesis (SPPS) with Fmoc
chemistry and purified to homogeneity on HPLC, and their
identity was verified by MALDI-MS. Melamine-derivatized
lysine (Fmoc−Lys(melamine)−OH) was synthesized as
previously reported and used in SPPS without side chain
protection. All measurements were carried out in triplicate
using Dulbecco’s phosphate buffered saline (DPBS) at pH 7.4
without additional salt. Each peptide−DNA sample was
incubated at 37 °C for one hour then cooled to 25 °C over
one hour prior to measurement except where noted. Peptides
and DNA concentrations were calculated from stock solutions
using UV absorbance derived from melamine, ninhydrin test,
ABA, Cbf, or nucleobases as appropriate.

Peptide−DNA Titration and Binding Isotherms.
Fluorescence quenching experiments were performed on a
Perkin-Elmer luminescence spectrometer (LS-50B) equipped
with a PTP-1 temperature programmer. Concentration of all
peptides in fluorescence quenching titration experiments to
determine binding stoichiometry was 1 μM. Fluorescence
anisotropy (from Cbf−(EM*)n) based binding isotherms were
measured on a Molecular Devices Spectramax M5. All binding
isotherms were carried out at 25 nM peptide at 25 °C with the
exception of Cbf-4 binding to dT4C4T4, which was carried out
at 400 nM peptide at 8 °C on the LS-50B; samples were
incubated in an ice bath for 1 h prior to measurement.

Figure 2. Structures of 1:1 binary hairpin complexes between (EM*)n
bPNA and their corresponding TnC4Tn DNA partners.

Figure 3. CD spectra of single-stranded dTnC4Tn DNA (---) and the corresponding Cbf−(EM*)n bPNA complex, as labeled (). All DNA and
bPNA−DNA complexes are at 5 μM concentration; all bPNAs exhibit a neglible CD signal under these conditions.
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Melting Experiments. All measurements were carried out
with a temperature change rate of 1 °C per minute. Peptide−
DNA complex melting was followed by UV absorbance changes
on a Cary-100 UV−vis spectrophotometer equipped with an
air-circulating temperature controller. Peptide−DNA complex
concentration was 5 μM for all UV samples. All DSC samples
were measured on a Microcalorimeter VP-DSC at 25 μM
peptide/DNA concentration with exceptions as noted. The
average of at least three upscans is presented; the average of
three downscans is also presented for selected complexes.

■ RESULTS AND DISCUSSION
1:1 bPNA−DNA Complexes. Melamine-derivatized α-

peptides of varying length were prepared as previously
reported.9 Briefly, the ε-amine of Boc-lysine was reacted with
diaminochlorotriazine to form a side chain coupled melamine
ring following chloride displacement. Conversion of the Boc
group to Fmoc furnished an Fmoc−Lys(melamine)−OH
amino acid derivative for use in standard solid phase peptide
synthesis. The melamine side chain did not require protection
from coupling and resin cleavage conditions. Peptides (bPNA)
were prepared with the general form (EM*)n, wherein M*
represents the melamino−lysine residue and E represents
glutamic acid. Glutamic acid was chosen to occupy alternate
positions to achieve the pattern shown by Eschenmoser32,33

and Ghadiri30 to yield duplex DNA/RNA structures with α-
peptides. Furthermore, the acidic side chains are expected to be
largely ionized at neutral pH, minimizing nonspecific electro-
static binding effects to DNA and mimicking the electrostati-
cally repulsive backbone strand interactions found in native
DNA duplexes and triplexes. Peptides with 4−10 repeat units
were prepared and were N-terminally acylated with carboxy-
fluorescein dye or acetamidobenzoic acid (ABA) or left with a
free N-terminus. If capped, then a β-alanine residue was used as
a linker between the chromophore and the recognition
interface.
Formation of TnC4Tn:(EM)n Complexes. The fluorescent

Cbf−(EM*)n bPNA were well suited for determination of
stoichiometry of interaction and dissociation constant with
their dTnC4Tn partners. As previously reported,9 DNA
complexation of labeled bPNA resulted in both fluorescence
quenching as well as increased fluorescence anisotropy. These
measurements were applied at high (saturating, micromolar)
and low (low to midnanomolar) concentration regimes to
determine stoichiometry and binding constants, respectively.
Clear 1:1 complexation with dTnC4Tn DNA is observed within
the Cbf−(EM*)n series (n = 4−6, 8, 10) with the exception of
Cbf-4. This shortest bPNA exhibits the weakest binding,
making it difficult to obtain saturating conditions and clear
stoichiometry determination (Supporting Information). All
bPNA induce a structural change in the DNA, as qualitatively
judged by circular dichroism (Figure 3, Supporting Informa-
tion). CD spectral changes upon bPNA binding were similar for
all peptides, though longer DNA exhibited more intense signals.
As previously reported with bPNA complexation of dT10C10T10,
a large positive Cotton effect at ∼280 nm corresponding to
unstructured DNA was transformed into a strong negative CD
peak at 260 nm. All bPNA−DNA complexes exhibited a
cooperative thermal melting curve by UV absorbance or
fluorescence quenching analysis (Figure 4), with the melting
temperatures (Tm) correlated with repeat unit (n).
Binding Affinity and Enthalpy of bPNA−DNA Com-

plexes. Fluorescence anisotropy derived binding isotherms

were produced from the treatment of Cbf−(EM*)n bPNA with
DNA (dTnCmTn) and fit to a 1:1 binding model to acquire
dissociation constants (Kd). As expected on the basis of
qualitative inspection and Tm trends, longer recognition
interfaces yielded tighter DNA binding and lower Kd. The
longest bPNA (n = 10) yielded a Kd of ∼2.6 nM on binding
dT10C4T10, exhibiting similar affinity as previously reported
with a longer dC loop (dT10C10T10). Although the Kd trend
(Table 1) showed incremental loss in affinity with reduction of
recognition interface, heat of binding and Tm decreased
drastically as the complexes were shortened, with Tm ranging
from 57 °C for Cbf−(EM*)10 to below room temperature (19
°C) for Cbf−(EM*)4. Although the heat required to dissociate
bPNA 10 from dT10C4T10 (294 kcal/mol) indicates a binding
interaction that is roughly 50% more enthalpically favorable per
triplex layer than found in the formation of an intramolecular
TAT DNA triplex,3 ΔHd steadily decreases with interface size

Figure 4. (Top) Normalized first derivatives of thermal melts (UV) of
the 1:1 (EM*)n bPNA complexes with the matching dTnC4Tn DNA,
with n as indicated at 5 μM bPNA concentration. (Bottom) Binding
isotherms of complex formation fit to a 1:1 binding model (R2 ≥ 0.96),
with n as indicated. bPNA concentration is 25 nM.
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until it can no longer be detected when 4 binds to dT4C4T4
(Figure 5, Table 1). As with the PNA−DNA, DNA−DNA, and

melamine−cyanurate assemblies, bPNA−DNA recognition9 is
enthalpically driven.3,10,54,55 Near perfect enthalpy−entropy
compensation is observed as the length of the interface is
varied, with both heat of binding and entropic cost of assembly
sharply decreasing with the number of (EM*) repeat units
(Figure 5).56,57 The enthalpic benefit of peptide−DNA binding

vanishes with an (EM*) repeat of four, as reflected in
significant loss of DNA affinity (Figure 4) as bPNA length is
decreased from 5 to 4. A plot of ΔHd vs Tm for the (EM*)n
peptides binding to their dTnC4Tn DNA partners reveals a
linear relationship (Figure 6) that predicts that complex
assembly with Tm around room temperature should be
enthalpically neutral (ΔHd = 0), as is observed for [4·
dT4C4T4] with Tm = 19 °C. The association of the peptide−
DNA complex [4·dT4C4T4] has a weak enthalpic signature
below DSC detection limits, but may be readily observed by
thermal melt (UV) and fluorescence anisotropy measurements.

Tolerance of “Mismatch” Sites in (EM*)10 DNA
Complexation. Although selectivity of (EM*)10 bPNA for
thymine-rich DNA relative to the other native DNA
nucleobases has been previously established, the tolerance of
nonthymine nucleobases at the recognition interface was
unknown. We tested the affinity of Cbf-10 for a series of 24
nucleotide DNAs based on dT10C4T10, as a function of thymine
content, systematically punctuating the dT10 tracts with cytidine
nucleotides. Eighteen DNA binding partners for Cbf-10 with
thymine content decreasing relative to dT10C4T10 were
evaluated by Tm measurement to assay the effect of a melamine
“mismatch,” or non-T site (Table 2). Notably, complex
formation was detectable even with 40% replacement of T
for C, though thermal stability dropped to ∼19 °C with this
high number of mismatches. Thermal stability of the complexes
showed good linear correlation with thymine content (Figure
6). Selected low melting complexes were studied by
fluorescence quenching titration to confirm that the 1:1
peptide:DNA stoichiometry of a hairpin triplex, despite the
high number of mismatches (Supporting Information).
Inspection of complex Tm as a function of T → C substitution
strongly support the notion that the melamine side chains of
Cbf-10 prefer binding to antiparallel T−T sites but can bind to
single thymine half-sites, presented as T−C or C−T mismatch
sites formed when the 24-nt DNA is folded into a hairpin
structure. Indeed, two T → C substitutions that yield half-sites
(entry 3, Tm = 54.1 °C) are more thermally stable than
substitutions that do not (entry 5, Tm = 49.8 °C). This effect
may also be observed when comparing entries 6 and 11, which
have identical thymine fraction (67%) yet are separated by 6 °C
in melting temperature. Again, the higher melting complex
formed in entry 6 distributes the T → C substitutions
exclusively into half-sites (T−C, C−T pairs), whereas entry 11
presents two contiguous C−C mismatch sites, effectively
dividing the original dT10 tract into two T4 tracts separated
by CC linkers. Similarly, the favorable presence of T−C, C−T
half-sites is seen when comparing entries 12 and 14, both of
which are 58% T. Thus, it appears that clustered T → C
substitutions are more damaging to bPNA recognition than
distributed substitutions; the latter pattern allows the entire
peptide to participate in full site (T−T) or T−C and C−T half-
site recognition. An exception is found at 50% thymine content
(entries 16−18), where a block of four C−C mismatch sites is
preferred (Tm = 25.6 °C) over a system with eight distributed
half-sites (entry 17, Tm = 19.6 °C) or four distributed C−C
mismatches (entry 18, Tm = 18.7 °C.) This observation may be
understood if one considers that a cluster of mismatch sites also
yields flanking clusters of uninterrupted T3 tracts, allowing a
preferred binding mode to operate. With a total of six T−T
sites, Cbf-10 binding to entry 16 is analogous to the [Cbf-6·
dT6C4T6] complex (Table 1), which in fact has much higher
thermal stability (Tm = 38 °C). Lower thermal stability relative

Table 1. Thermodynamic Data for [(EM*)n·dTnC4Tn]
a

bPNA−DNA 1:1 complex Kd (nM) Tm (°C) ΔGd ΔHd ΔSd
10·dT10C4T10 2.6 ± 0.4 57 11.7 293 946
8·dT8C4T8 18.7 ± 1.7 49 10.4 247 793
6·dT6C4T6 32.1 ± 3.8 38 10.2 127 392
5·dT5C4T5 49.9 ± 4.6 29 9.9 60 167
4·dT4C4T4 ∼1000 19 7.8

aData for dissociation are shown. ΔGd and ΔHd of dissociation are
shown in kcal/mol and ΔSd of dissociation is shown in cal/(mol K).
Apparent Kd based on mass balance for 4 is shown.

Figure 5. (Top) DSC upscans of 1:1 complexes of (EM*)n·dTnC4Tn,
with n as labeled. (Bottom) Thermodynamic parameters for complex
dissociation (as labeled) and Tm (●) on the right axis as a function of
repeat unit.
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to [6·dT6C4T6] may be a result of the greater entropic cost of
complexing larger macromolecules with more degrees of
freedom, as well as a “dangling end” effect in which the
terminal bases are not buried on both sides of the T-tract in
entry 16.54

Interface Length Mismatch and Higher Order
Assembly. The clear dependence of complex stability on the
melamine−thymine interface length coupled with our studies
on mismatch tolerance suggested that it might be possible to
select assembly order on the basis of length matching. We set
out to test this notion through the study of bPNA−DNA

complexes in which the melamine repeat unit was not identical
to the number of T−T pairs. The DNA sequence dT18C4T18
was studied as a host for the Cbf−(EM*)n series of peptides
where it was expected that 1:1 bPNA−DNA complexes would
not result in saturation of the 18 available T−T sites (Figure 7).

Fluorescence quenching experiments indicated higher order
peptide−DNA complexes were formed for all peptides Cbf-4 to
Cbf-10 (Table 3 and Supporting Information). Gratifyingly, the
altered stoichiometry correlated closely with a 1:1 match of
melamine groups with T−T pairs; peptides Cbf-10, Cbf-8, and
Cbf-6 formed ternary complexes with dT18C4T18 at a 2:1
bPNA−DNA ratio. Size selection was demonstrated by

Figure 6. (Left) Tm dependence of bPNA−DNA complexes [(EM*)n·TnC4Tn] as labeled on heat of dissociation (from DSC). A linear fit (R2 =
0.99) is shown with Tm = 21.5 °C + 0.11ΔH. (Right) Tm dependence on thymine content of (○) Cbf-10 complexes with DNA shown in Table 2
and of (●) [(EM*)n·TnC4Tn] complexes as labeled.

Table 2. Tm of Cbf-10 complexes with T-rich 24 nt DNA

Figure 7. Proposed hairpin multiplex structures formed from
complexation of 2 or more Cbf−(EM*)n peptides to a dT18C4T18
template. Stoichiometries were determined by fluorescence quenching
titration experiments.

Table 3. Tm’s of Higher Order Peptide−DNA Complexesa

bPNA DNA bPNA:DNA transition Tm (°C)

10 dT18C4T18 2:1 single 60
8 dT18C4T18 2:1 single 55
6 dT18C4T18 2:1 single 48
5 dT18C4T18 3:1 single 39
4 dT18C4T18 3:1 single 30
4 dT10C4T10 2:1 single 25

aUV melting experiments were performed at 5 μM DNA at the
specified bPNA−DNA stoichiometry with Cbf−bPNA.
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formation of 3:1 bPNA−DNA quaternary complexes with Cbf-
5 and Cbf-4. This pattern suggests that at least two melamine
sites are not bound in the Cbf-10 2:1 complex with dT18C4T18
and that the remaining multimeric complexes do not saturate
all possible T−T sites on the DNA template. It is expected that
two equivalents of Cbf-8, with eight melamine repeat units
each, would leave two melamine binding sites unsaturated in a
2:1 bPNA−DNA complex, whereas a 3:1 complex would leave
six melamine units unbound. It appears that the enthalpic gain
of binding two melamine units likely does not outweigh the
entropic cost of forming a quaternary complex, and thus, a
ternary [(Cbf-8)2·dT18C4T18] is observed instead. This
calculation similarly favors the formation of a [(Cbf-10)2·
dT18C4T18] ternary complex rather than a 1:1 assembly,
because eight additional melamine repeats can be bound to
offset the entropic cost of a higher order assembly. It is notable
that Cbf-6 binds at a 2:1 rather than a 3:1 peptide−DNA ratio
as the number of melamine repeats in three Cbf-6 peptides
matches exactly the number of T−T sites available. This is
possibly due to steric clash caused by carboxyfluorescein N-
termination at a DNA-binding position; there may not be
enough space along the DNA template to accommodate three
fluorescent dyes as well as melamine/T−T binding site
saturation, thus favoring formation of a 2:1 peptide−DNA
complex instead. All of these higher order bPNA−DNA
complexes melt cooperatively with a single transition and a
significant increase in Tm is observed relative to the 1:1
complexes. The effect is strongest for the more weakly binding
shorter bPNA: Cbf-4, Cbf-5, and Cbf-6 exhibit a ∼10 °C
increase in thermal stability, whereas smaller increases of 6 and
3 °C are observed for the 2:1 ternary complexes with Cbf-8 and
Cbf-10. These stability increases are indicative of strongly
cooperative multiplex binding, wherein the ternary or
quaternary complex melts in a single transition that releases
all bound peptides at once without detectable intermediate
complexes.
Length Matching Directs Heterotriplex Formation.

Length matching recognition selectivity was tested using a
slightly shorter DNA template, dT15C4T15. This DNA template
was designed to be too short to accommodate more than a
single Cbf-10 peptide but long enough to display unoccupied
T−T sites. Notably, although CD measurements of the [Cbf-4·
dT4C4T4] complex yielded weak signals of secondary structural
changes in the DNA, titration of the peptide to form the
quaternary complex [(Cbf-4)3·dT15C4T15] was accompanied by
obvious DNA folding with an isodichroic point indicative of a
single transition, as observed on thermal melt (Figures 9 and
10). Fluorescence quenching titration confirmed that the T15
tracts were not long enough to permit a 2:1 peptide−DNA
complex with Cbf-10, yielding a 1:1 stoichiometry instead. A
similar titration with Cbf-4 and dT15C4T15 indicated that a 3:1
peptide−DNA binding was maintained even after reduction of
T−T sites. Replacement of the fluorophore with ABA on
peptide 10 permitted the formation of a 1:1 complex between
ABA-10 and dT15C4T15 that would be spectroscopically
invisible in a fluorescence quenching based titration with Cbf-
4. The [ABA-10·dT15C4T15] complex would thus be preor-
ganized to accept an additional peptide binding partner in the
five unbound T−T sites. Gratifyingly, fluorescence quenching
titration of Cbf-4 against preformed [ABA-10·dT15C4T15]
revealed a clear transition to a 1:1 stoichiometry of interaction
with the complex, providing evidence for formation of a 1:1:1
complex of [ABA-10·Cbf-4·dT15C4T15] (Figures 8 and 9). This

assembly, wherein peptides of two different lengths are bound
to a single DNA template, exhibits two distinct melting
transitions that may be assigned to the separate thermally
driven dissociations of the two peptides (Figure 9). This finding
stands in contrast to the bPNA−DNA multiplexes formed
when two or more copies of the same peptide are bound to one
DNA molecule, which melt cooperatively in a single transition
with elevated Tm. Analysis of the thermal melt reveals transition
temperatures that are similar to the Tm’s observed with the
heterodimeric peptide−DNA mixtures. It appears that the Cbf-
4 peptide is thermally dissociated first at about 29 °C, and the
remaining [ABA-10·dT15C4T15] complex melts at 60 °C. It is
not clear why the first transition temperature is elevated in a
manner similar to the cooperative melting of [(Cbf-4)3·
dT15C4T15] because Cbf-4 melts independently of the ABA-
10 in the heterotrimer. It is possible that DNA template
preorganization by ABA-10 binding reduces the entropic cost
of docking the shorter Cbf-4 peptide, thus increasing thermal
stability. Further investigation by DSC revealed the expected
enthalpically favorable assembly signatures previously observed
in the length-matched [(EM*)n·dTnC4Tn] systems, with some
remarkable differences. Dissociation of [ABA-10·dT15C4T15]
required 281 kcal/mol, similar to what was observed on analysis
of [Cbf-10·dT10C4T10] by DSC (293 kcal/mol). The
heterotrimer [ABA-10·Cbf-4·dT15C4T15] exhibited two melting
transitions with absorption of 6 kcal/mol in the first transition,
followed by 294 kcal/mol in the second transition (Figure 9).
These findings are again consistent with the binary, length-
matched [(EM*)n·dTnC4Tn] systems, wherein [Cbf-4·
dT4C4T4] melting did not yield detectable heat transfer; thus,
a modest but detectable improvement in Cbf-4 binding could
account for the 6 kcal/mol absorbance in the DSC spectrum.
DNA folding and triplex formation with a tightly binding
peptide ligand such as 10 generates a preformed site for a
shorter peptide. Although there is enthalpic benefit to
complexation of the shorter peptide 4, it is decoupled from
the binding of the longer peptide ligand 10, as the structure can
be independently folded with 10 alone. The interaction of the
weakly binding peptide 4 with the dT15C4T15 scaffold reveals
strong avidity effects, exhibiting half-saturation of peptide
binding (apparent Kd by mass balance) at 250 nM DNA as
compared to 1150 nM DNA for the dT4C4T4 system (Figure
10). Calorimetric analysis of [(Cbf-4)3·dT15C4T15] yielded the
most striking finding: 330 kcal heat per mole of DNA was
absorbed on complex dissociation! Thus, although the
enthalpic benefit of base-stacking 4 triplex layers only weakly

Figure 8. bPNA−DNA hairpin structures formed from complexation
of dT15C4T15 to 1 equiv of Cbf-10 alone and to 3 equiv of Cbf-4 alone
and a 1:1:1 complex formed from ABA-10, Cbf-4, and dT15C4T15.
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drives assembly in a 1:1 (EM*)4 complex with dT4C4T4, the
quaternary 3:1 complex [(Cbf-4)3·dT15C4T15], which can bury
12 triplex stacks, exhibits strongly exothermic assembly. The
DSC experiments were all run with the same concentration of
dT15C4T15 (25 μM), but the quaternary complex of
[((EM*)4)3·dT15C4T15] was analyzed with 75 μM peptide.
DSC analysis of the binary, lengthmatched (EM*)4·dT4C4T4 at
similar higher concentrations did not yield detectable heats of
assembly. Formation of the quaternary complex comes at a
considerable entropic cost, exhibiting a Tm much lower than
that of complexes with comparable dissociation enthalpy
(Table 4). An estimation of 341 kcal/mol for the dissociation

enthalpy of a dT15C4T15 template fully saturated by melamine
peptide binding could be obtained by summing ΔHd for [ABA-
10·dT15C4T15] and [Cbf-5·dT5C4T5], which is reasonably close
to the measured ΔHd for [(Cbf-4)3·dT15C4T15] of 330 kcal/
mol DNA. Overall, cooperative assembly of ternary and
quaternary bPNA−DNA complexes exhibit enthalpy and
thermal stability gains relative to the length-matched bPNA−
DNA heterodimers.

■ CONCLUSIONS
We find optimal bPNA−DNA complexation when the ratio of
melamine to thymine bases is 1:2, consistent with interface
length-matching selection. Although enthalpy−entropy com-
pensation yielded a slow increase in Kd as the recognition
interface was shortened, dissociation enthalpy and thermal
stability exhibited strongly linear positive correlations with the
number of melamine binding sites in the peptide and thymine

Figure 9. Analysis of binary and ternary complexes of dT15C4T15, with peptides Cbf-4 and ABA-10, labeled as follows: (---) = [(4)3·dT15C4T15], (□)
= [10·dT15C4T15], and () = [10·4·dT15C4T15]. (Left) Normalized fluorescence quenching plots indicating stoichiometry of binding of Cbf-4 as a
function of increasing dT15C4T15 DNA (---) and as a function of increasing preformed [ABA-10· dT15C4T15] complex (). (Center) UV melts of
dT15C4T15 complexes, as labeled. (Right) Differential scanning calorimetry (upscans only) of the binary and ternary complexes of dT15C4T15.

Figure 10. (Top) CD spectra of dT15C4T15 with increasing Cbf-4, as
indicated. Spectra with 0, 0.3, 0.6, 1.2, 2.5, 5, 10, and 20 μM peptide
and 5 μM DNA are shown. (Bottom) Fluorescence anisotropy binding
isotherms of Cbf-4 with (○) dT4C4T4 and (□) dT15C4T15. A
smoothed line is shown for dT15C4T15, and a 1:1 fit to dT4C4T4 is
shown (R2 = 0.96, Kd = 963 ± 129 nM).

Table 4. Dissociation Data for Heterotriplex [10·4·
dT15C4T15]

a

peptide(s) DNA complex Tm (°C) ΔHDSC

10 dT15C4T15 1:1 56 (56) +281/−303
4 dT15C4T15 3:1 35 (27) +110/−93
10 and 4 dT15C4T15 1:1:1 Tm1 =25 (29) +6/−4

Tm2 =56 (60) +294/−313
aDNA concentration was 5 μM and 25 μM for UV and DSC
measurements, respectively, with peptide ratios as indicated.
Enthalpies from DSC are shown for upscan/downscan in kcal/mol.
Tm’s are shown as obtained by DSC and UV, shown in parentheses.
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content of the DNA interface. Complexation may thus be easily
tuned by the length of the designed interface. Maximum
binding efficacy was observed when the number of T−T
hairpin sites and melamine peptide residues was the same,
though a high number of mismatch sites and T−C/C−T half-
sites were tolerated before complex Tm dropped below 37 °C
(Table 2). As both DNA and peptide partner develop
secondary structure on binding, complex formation is generally
cooperative, with the entropic cost of folding paid for by the
enthalpic benefit of base-stacking. A striking feature of this
system is the high degree of cooperative multisite binding
observed in the complexation of long T-tracts with short
melamine peptides. This may be rationalized because the first
peptide to bind folds thymine-rich DNA into a hairpin
structure, aligning additional T−T sites for further melamine
peptide binding, resulting in highly cooperative binding. Similar
to turn nucleation,58−65 the greatest entropic cost is expected to
be associated with the initial formation of the dC4 loop
structure to allow antiparallel presentation of the two T-rich
hairpin strands; base-stacking fails to compensate for this cost
around four triplex repeat units of bPNA−DNA. More
structured synthetic multivalent systems that have decoupled
folding from binding are known to bind monovalent ligands
independently rather than cooperatively.66,67 Overall, the
melamine−thymine recognition motif may be utilized to
predictably prepare stable binary, ternary and quaternary
macromolecular peptide−DNA complexes with thymine-rich
single-stranded DNA. The structural simplicity and synthetic
accessibility of the bPNA strand, coupled with its robust
polythymidine recognition properties, raises the intriguing
possibility that triazine-bearing macromolecules may used as
biotechnology tools to direct the chemistry of native nucleic
acids.
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