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Folding Topology of a Short Coiled Coil Peptide Structure
Templated by an Oligonucleotide Triplex
Chenguang Lou,‡[a] Niels Johan Christensen,‡[b] Manuel C. Martos-Maldonado,[b] Søren Roi
Midtgaard,[c] Maria Ejlersen,[a] Peter W. Thulstrup,[d] Kasper K. Sørensen,[b] Knud J. Jensen,*[b] and
Jesper Wengel*[a]
Abstract: The rational design of a well-defined protein-like tertiary
structure formed by small peptide building blocks is still a formidable
challenge. Using peptide-oligonucleotide conjugates (POC) as
building blocks, we here present the self-assembly of miniature
coiled coil -helical peptides guided by oligonucleotide duplex and
triplex formation. POC synthesis was achieved by copper-free
alkyne-azide cycloaddition between three oligonucleotides and a 23mer peptide, which by itself exhibited multiple oligomeric states in
solution. The oligonucleotide domain was designed to furnish a
stable parallel triplex under physiological pH capable of templating
the three peptide sequences to constitute a small coiled coil motif
displaying remarkable -helicity. The formed trimeric complex was
characterized by ultraviolet thermal denaturation, gel electrophoresis,
circular dichroism (CD) spectroscopy, small-angle X-ray scattering
(SAXS), and molecular modeling. Stabilizing cooperativity was
observed between the trimeric peptide and the oligonucleotide triplex
domains, and an overall molecular size (~12 nm) was revealed in
solution, independent of concentration. The topological folding of the
peptide moiety differed strongly from those of the individual POC
strands and the unconjugated peptide, exclusively adopting the
designed triple helical structure.

Introduction
Nature has evolved complex biomolecules that play essential
roles in organisms and that assemble into biomolecular
nanostructures with remarkable precision.[1,2] Proteins constitute
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one family of large biomolecules with vast diversity and
complexity.[3] They are composed of covalently linked amino
acids to give primary sequences, which are further folded to
form unique secondary, tertiary and quaternary structures
through non-covalent interactions.[4] However, in living systems,
usually only few of the many residues participate directly in
enzyme catalysis and molecular recognition processes, and a
limited number of the involved peptide strands partake in
protein-protein recognition. In contrast, a relatively large portion
of most proteins is responsible for conformational stability.[5-8]
Inspired by Nature, de novo construction of functional manmade protein mimics from protein subunits and peptide
sequences through non-covalent interactions is a research area
of strong interest.[9-17]
Nucleic acids can form diverse secondary structures via
intra- and intermolecular Watson-Crick base pairing and have
been widely utilized to constitute elaborate nanostructures with
high programmability and adaptability,[18-21] including protein
assemblies.[13,22-34] Recently, we have demonstrated that selfassembly of three oligonucleotides (ONs), designed to form a
triplex, each conjugated with a 30-mer peptide fragment known
to form an inherently stable coiled coil structure, can lead to the
formation in solution of a stable trimer with synergistic
stabilization of both the ON triplex and the trimeric coiled coil
moieties.[35] Herein, we advance this concept by studying the
tendency of shorter peptides to form coiled coil structures
templated by nucleic acid hybridization. In short, we
demonstrate the assembly of a short (three heptad) coiled coil
motif driven by ON hybridization to give a trimeric complex with
a remarkable high degree of -helicity (Figure 1). A combination
of interstrand hydrophobic, electrostatic, and hydrogen bond
interactions drive the formation of such -helical coiled coils, one
of the fundamental protein tertiary structures present in 5-10% of
all known protein motifs.[36] With three heptad units along the
sequence, two or more -helical peptide strands wind around
each other to generate right- or left-handed helical structures in
various morphologies.[37] The length of the involved peptides
influences the stability of the formed coiled coil structures.
Herein, a 23-mer peptide sequence, derived from coil-VaLd[38]
with an additional azidohexanoyl-Tyr residue at the N-terminal,
was chosen as a model unit. In contrast to the full-length fourheptad coil-VaLd that has been reported to self-assemble into a
stable trimeric coiled coil, this truncated version of coil-VaLd is
not capable of forming a monodisperse trimeric coiled coil but
appears as a mixture of monomeric, dimeric, and trimeric
structures in solution.[39] Nucleic acid triple helical structures can
be assembled with a triplex-forming oligonucleotide (TFO)
binding within the major groove of a target duplex through
Hoogsteen hydrogen-bonds.[40] Triple helices with a
polypyrimidine-based TFO bound in a parallel orientation relative
to the purine strand are usually more stable than
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Figure 1. Self-assembly of a short coiled-coil motif by ON triplex formation involving three POCs formed via copper-free azide-alkyne coupling. BCN =
bicyclo[6.1.0]nonyne.

antiparallel triple helices.[41] Favoring the former, we introduced
5-methyl-2’-deoxycytidine and locked nucleic acid (LNA)
nucleotides into a TFO designed to furnish a parallel triple helix
stable under physiological pH.[42,43] Conjugation of the 23-mer
peptide to each strand of the oligonucleotide triple helix via
copper-free azido-alkyne cycloaddition reactions yielded three
peptide-oligonucleotide conjugates (POCs) which were used as
building blocks for self-assembly of a short but stable trimeric
coiled coil structure (Figure 1).

BCN building blocks was challenging on ion-exchange HPLC,
but reversed-phase HPLC purification afforded the three desired
POCs in overall yields of ~70% taking advantage of the higher
lipophilicity of the POCs relative to that of the unconjugated ONs.
In this way, an efficient and high-yielding synthesis protocol was
established for water-soluble POCs using only 1.25 equivalents
of azido-functionalized peptide relative to BCN-labelled ONs
(further details are included in the Experimental section and in
Figure S3 and Figure S4).

Results and Discussion

Ultraviolet thermal denaturation and gel electrophoresis
studies

POC synthesis
Due to their high efficiency and functional group orthogonality,
copper-free ring-strain promoted alkyne-azide cycloaddition
reactions were employed to conjugate the 23-mer peptide to the
three ONs (Figure 2a).[44] For ease of synthesis, the alkyne
function was introduced on the 3’- or 5’-end of the ONs, while its
azide reaction partner was introduced as azidohexanoyl-Tyr on
the N-terminus of the peptide. Among commercially available
strained
cyclooctyne
phosphoramidite
monomers,
bicyclo[6.1.0]nonyne (BCN) was chosen owing to its symmetric
chemical structure and high reactivity (Figure 2b).[45] Further
details on ON and peptide synthesis are included in the
Supporting information. For the POC synthesis we have refined
the method described in our previous work.[35] Therefore, with
the desired ONs and peptide (ON1-BCN, ON2-BCN or ON3BCN, and azidopeptide, Figure 2b and Figure S2) at hand, the
copper-free azide-alkyne coupling reactions were carried out
under microwave heating at micromolar concentrations using
one equivalent of BCN-bearing ON and 1.25 equivalent
azidopeptide in a solvent system of DMSO and Milli-Q water
(1:1, v/v). As expected, crude POC1 was water-soluble.
Interestingly, unlike the corresponding crude POCs containing
the 30-mer peptide[35] (insoluble in Milli-Q water), POC2 and the
majority of POC3 (~80%) were easily dissolved in Milli-Q water,
though a minor portion of POC3 (~20%) still required assisted
solvation from a buffer solution (0.025 M Tris-HCl, 0.01 M
sodium perchlorate, pH 7.6). The remaining azidopeptide was
removed upon repeated precipitation from acetonitrile/ethanol
(1:1, v/v). The separation of POCs from their corresponding ON-

With POC1, POC2, POC3 and their corresponding ON controls
(ON1-ON3) in hand, the thermal stability of duplex and triplex
domains was evaluated to validate the fidelity of Watson-Crick
and Hoogsteen recognition for 12 different assemblies with
varying numbers of peptide strands attached (Table 1). Whereas
a cooperative stabilizing effect was noticed when we employed
the 30-mer four-heptad peptide strands due to the inherent
stability of the corresponding three-stranded coiled coil
structures,[35] the 23-mer peptide used herein is too short to
assemble into stable, monodisperse two- or three-stranded
helical coiled coil structures by itself.[39] Therefore, one aim was
to investigate whether the confinement of two or three of such
shorter peptide strands to the terminals of hybridized ON
domains would lead to a stabilizing effect on duplex and triple
helical assemblies. For duplex denaturation studies, the
wavelength 260 nm of maximum ultraviolet absorbance was
used (Figure S5) whereas for triplex denaturation studies 275
nm was chosen, which is near the maximal ultraviolet
absorbance difference between the triple helix and the
underlying duplex while still being separated from the duplex
maximum absorbance wavelength (Figure S5). Relative to ONs,
the ultraviolet absorption of the peptide units and coiled coil
structures were considered negligible at these two wavelengths
(Figure S5 and Figure S6).
In the case of duplex systems, the attached peptide strands
had no significant influence on the thermal stability, regardless if
one or two peptide strands were anchored (Table 1, entry 1-4).
This is in stark contrast to the significant duplex stabilizing effect
observed earlier by the conjugation of two 30-mer peptide
strands.[35] We ascribe the loss of stabilizing cooperativity to
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Figure 2. Synthesis of three peptide-ON conjugates (POCs). A) The click reactions occurred between azidopeptide and BCN-functionalized ONs. B) Sequences
of azidopeptide and ON1-BCN, ON2-BCN and ON3-BCN, T = LNA-T monomer; c = 5-methyl-2’-deoxycytidine monomer; A, G, C and T = DNA monomers.

the reduced intermolecular affinity between the truncated
peptide sequences. This indicates that the length of the peptide
segment can be used to control the dynamics of these protein
mimics. All four duplex systems studied gave almost identical
melting (Tm) and annealing (Ta) temperature values, and
furthermore almost superimposable dissociation and association
curves (Figure S7). This demonstrates thermal reversibility of
Watson-Crick interactions for all duplexes, and furthermore
highlights the dominance of the nucleic acid fragment with
respect to formation of the bimolecular assemblies.
ON1 or POC1 was used as TFO to bind to the major groove of
the above mentioned four duplexes in construction of eight
parallel triplexes. In comparison with ON1+ON2+ON3 (Table 1,
entry 5), substantial increase in triplex melting temperature was
exclusively observed when the peptide unit was simultaneously
present on all three ON strands (Table 1, entry 6), clearly
reflecting formation of a three-stranded coiled coil peptide
structure and a cooperative stabilization between this trimeric
peptide bundle and the ON triplex domain. This supports that the
stable tertiary structure of the peptide domain is promoted by the
hybridization of the ON-parts of the three POC units employed.
Notably, the non-conjugated peptide[39] was incapable of forming
a stable coiled coil structure under similar conditions. This
cooperativity, i.e. synergistic stabilization between the ON and
peptide structural elements, was further substantiated by the fact
that POC1+POC2+POC3 produced a clear triplex annealing
transition not observed for the ON1+ON2+ON3 triple helix
(Table 1, entry 6). There was no significant stabilizing effect
observed for any of the other six triplex structures containing
only one or two peptide strands (Table 1, entry 7-12; Figure S8),
accentuating that all parts of the triple-stranded peptide bundle
are necessary for formation of a stable coiled coil structure.
Intriguingly, reassembly of the ON triplex was still accelerated
during the annealing process with only two peptide units being

present, one on the TFO strand and the other on either strand of
the underlying duplex. Both POC1+POC2+ON3 and
POC1+ON2+POC3 thus exhibited clear annealing transitions,
though their triplex annealing temperatures were lower than the
one observed for the POC1+POC2+POC3 complex (Table 1,
entry 10 and 11; Figure S8). Compared to POC1+POC2+POC3
where the triplex annealing profile nicely matched the
corresponding melting transition, the kinetically slower triplex
reassembly for POC1+POC2+ON3 and POC1+ON2+POC3 is
explained by the absence of the third peptide unit leading to less
synergy during the assembly process. It is noteworthy that there
were no obvious changes in melting and annealing temperature
for the underlying duplexes, which indicates that the binding of
ON1 or POC1 did not significantly perturb the duplex stability as
also reported earlier for the corresponding duplexes containing
the 30-mer peptide strand.[35]
The thermal stability of the parallel ON triplex is dependent
on both pH and ionic strength.[46,47] An increase in pH would lead
to the deprotonation at N3 of cytosine nucleobases in the TFO
and subsequent destabilization of the C+•GC triplet, and a
decrease in ionic strength would lead to increased electrostatic
repulsion between three negatively charged phosphate
backbones and a destabilized triplex. An experiment was
performed with the fully conjugated POC1+POC2+POC3
complex and the ON1+ON2+ON3 triple helix control at pH 8
under two different ionic strengths (5.8 mM phosphate buffer
containing 100 mM NaCl and 0.1 mM EDTA or 6.7 mM
phosphate buffer containing 0.1 mM EDTA but without NaCl)
(Figure S9). As expected the increase in pH severely
destabilized the ON1+ON2+ON3 triplex, but both triplex melting
and annealing transitions were clearly noticed for
POC1+POC2+POC3 (pH 8; 5.8 mM phosphate buffer containing
100 mM NaCl and 0.1 mM EDTA). Further decrease in
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Table 1. UV-melting studies*

A

B
Entry

Duplex/Triplex

Melting

Annealing

1

ON2+ON3

65.2 ± 0.2 °C

65.3 ± 0.2 °C

2

POC2+ON3

65.1 ± 0.2 °C

65.4 ± 0.2 °C

3

ON2+POC3

65.1 ± 0.3 °C

65.3 ± 0.2 °C

4

POC2+POC3

65.4 ± 0.1 °C

65.6 ± 0.2 °C

5

ON1+ON2+ON3

39.6 ± 0.3 °C
(65.9 ± 0.4 °C)

n.d.
(65.8 ± 0.2 °C)

6

POC1+POC2+POC3

50.3 ± 0.2 °C
(66.5 ± 0.1 °C)

50.4 ± 0.1 °C
(66.3 ± 0.2 °C)

7

ON1+POC2+ON3

40.9 ± 0.1 °C
(65.3 ± 0.2 °C)

n.d.
(65.4 ± 0.2 °C)

8

ON1+ON2+POC3

40.8 ± 0.1 °C
(66.2 ± 0.3 °C)

n.d.
(66.3 ± 0.2 °C)

9

ON1+POC2+POC3

40.9 ± 0.2 °C
(66.4 ± 0.3 °C)

n.d.
(66.5 ± 0.3 °C)

10

POC1+POC2+ON3

41.2 ± 0.2 °C
(64.8 ± 0.2 °C)

30.9 ± 0.6 °C
(65.2 ± 0.1 °C)

11

POC1+ON2+POC3

41.1 ± 0.4 °C
(65.0 ± 0.3 °C)

35.3 ± 0.4 °C
(65.1 ± 0.1 °C)

12

POC1+ON2+ON3

40.4 ± 0.1 °C
(65.5 ± 0.1 °C)

n.d.
(65.5 ± 0.2 °C)

Structure

*[a] POC and ON sequences: T = thymine LNA monomer; c = 5-methyl-2’-deoxycytidine DNA monomer; A, C, G and T are DNA monomers. [b] Thermal
denaturation and annealing temperatures (Tm and Ta values) of POC-including and ON-reference duplexes (entries 1-4) and triple helixes (entries 5-12) at pH 7.0
measured as an average of three independent melting temperature determinations shown with the corresponding standard deviations. For entries 5-12, the
values in brackets are Tm and Ta values measured for the corresponding underlying duplexes. n.d. = not detected. The experiments were recorded at 260 nm or
275 nm in 5.8 mM NaH2PO4/Na2HPO4 buffer (pH 7.0) containing 100 mM NaCl and 0.10 mM EDTA. The concentration of the individual duplex components was
1.0 µM, while the TFO component was used in 1.5 µM concentration. The peptide moiety is marked alternating yellow and red, the TFO moiety in blue, and the
DNA duplex moiety in red.

ionic strength (6.7 mM phosphate buffer containing 0.1 mM
EDTA but without NaCl) abolished the triplex annealing
transition, though the melting transition was preserved. Again,

we attribute this extraordinary stability to the cooperativity
between the ON triplex and the peptide bundle. In comparison,
only a very weak triplex melting transition was detected for
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ON1+ON2+ON3 at pH 8 (5.8 mM phosphate buffer containing
100 mM NaCl and 0.1 mM EDTA). Notably, these results are
consistent with gel electrophoresis and circular dichroism
experiments (vide infra).
Duplex and triplex assembly was also characterized using
non-denaturing polyacrylamide gel electrophoresis (nativePAGE) for ON2+ON3, POC2+POC3, ON1+ON2+ON3 and
POC1+POC2+POC3 (Figure 3) carried out at low temperature
and relatively low voltage to minimize possible dissociations of
the triple helical structures. As expected, the ON duplex control
ON2+ON3 (Figure 3, lane 1) was located close to the 20-mer
DNA marker. When both strands were conjugated to the peptide,
significant mobility retardation was noticed (POC2+POC3;
Figure 3, lane 2), which is attributed to the higher mass-tocharge ratio and increased molecular size. The binding of ON1
to the major groove of ON2+ON3 slightly reduced the on-gel
mobility, showing ON1+ON2+ON3 (Figure 3, lane 3) as a major
band with an electrophoretic mobility close to that of the 25-mer
DNA marker. The smearing region in front may be caused by
minor dissociation of ON1 from the triple helix. With
POC1+POC2+POC3 (Figure 3, lane 4) a single and clean band
was observed displaying the least mobility among the
complexes
studied.
In
a
concentration
array,
POC1+POC2+POC3 uniformly appeared as one single band
(even up to 25 µM, 1:1:1 stoichiometric ratio), signifying a
monodisperse assembled trimeric complex in solution in all
concentrations tested (Figure S10). This behavior is in sharp
contrast to our previous work where the attachment of the 30mer peptide to the corresponding duplexes and triplexes
induced dimerization or aggregation, in a concentration
dependent manner.[35]

This implies that the propensity of oligomerization for such
nanoscale assemblies can be modulated by fine-tuning structure
and composition of the peptide motif. Unsurprisingly, an
increase to pH 8 led to a full decomposition of
POC1+POC2+POC3 on the gel, which is ascribed to the lower
triplex stability and a higher propensity of POC1 of being
dissociated from the triple helical structure during the
electrophoresis (Figure S11).
Circular dichroism spectroscopy
As can be seen from Figure 4, POC1+POC2+POC3 exhibited a
very intense -helical signal at a total peptide concentration of 9
µM. In contrast, this intense -helical signal was not observed
for the azidopeptide and the individual POCs at the same
concentration. This is clear evidence of the efficiency of the
triplex ON scaffold for the assembly of the coiled coil motif. The
magnitude of the -helical signal of POC1+POC2+POC3 was
extraordinarily high. The mean residue ellipticity values were
similar to those reported for the triplex POC assembly containing
the 30-mer peptide strands which as unconjugated peptides are
much more prone to coiled coil formation.[35] To the best of our
knowledge, there are no precedents of such high α-helical value
in purely aqueous solvents at room temperature, but Walliman et
al have reported similar observations for an N-terminally
templated lysine-rich peptide in an ethylene glycol-water mixture
at pH 1 and below 0 °C.[48] Remarkably, in our case the
azidopeptide did not reach similar mean residue ellipticity
values, even at 220 µM (Figure S12).

Figure 4. CD spectra (mean residue ellipticity) of POC1+POC2+POC3 (3:3:3
µM, green), ON1+ON2+ON3* (3:3:3 µM, red), azidopeptide (9 µM, black),
Figure 3. Gel electrophoresis. Non-denaturing 13% PAGE at pH 7.0 and 4 °C:

POC1 (9 µM, red dotted line), POC2 (9 µM, black dotted line) and POC3 (9

lane 1, ON2+ON3 (structure shown as ‘A’); lane 2, POC2+POC3 (structure

µM, green dotted line) at 20 °C in 5.8 mM sodium phosphate buffer at pH 7.0

shown as ‘B’); lane 3, ON1+ON2+ON3 (structure shown as ‘C’); lane 4,

with 100 mM NaCl and 0.1 mM EDTA. The corresponding references (buffer

by

solutions) were subtracted from each spectrum. *Mean residue ellipticity for

POC1+POC2+POC3 (structure shown as ‘D’). The gel was visualized

ultraviolet excitation at 260 nm after ethidium bromide staining. The

ON1+ON2+ON3 was calculated as for POC1+POC2+POC3, individual POCs

O’GeneRuler Ultra Low Range DNA Ladder from bottom to top: 10, 15, 20, 25,

and azidopeptide; molar ellipticity (calculated for a total concentration of 9

35, 50 75, 100, 150, 200 and 300 mers. The peptide moiety is marked

µM)

alternating yellow and red, the TFO moiety in blue, and the DNA duplex moiety

azidopeptide/POCs).

was

divided

by

23

in red.
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The triplex ON1+ON2+ON3 was measured to evaluate the
contribution of the ON part of POC1+POC2+POC3 to the
ellipticity in the alpha helix region. The signals at 208 and 222
nm (where the two characteristic -helix minima are observed)
were 9.8% and 18.4% of that of POC1+POC2+POC3,
respectively. In contrast, the same peptide moiety has been
covalently attached to carbohydrate scaffolds via its C-terminal
to give rise to the so-called carboproteins, each molecule
comprising a carbohydrate template and three peptides where
the carbohydrate scaffold induced coiled coil formation.[49]
However, even at a much higher peptide concentration (150 µM),
the reported magnitude of the -helicity for those carboproteins
was still significantly lower than that for POC1+POC2+POC3
(3:3:3 µM).
It was also interesting that at the same total peptide
concentration, duplex POC2+POC3 (4.5:4.5 µM) showed a
conspicuous -helical signal (Figure S13). This reflects that the
ON duplex scaffold may preserve the templating ability to
promote a double-helical coiled coil formation thus providing the
high degree of -helicity, despite a reduced intensity compared
to the corresponding POC1+POC2+POC3. The Tm value for the
peptide unfolding of POC1+POC2+POC3 was estimated to
~54 °C from a temperature series at 220 nm (Figure S14), which
was also notable since the non-conjugated azidopeptide did not
show any secondary structure even at 20 °C at the same
concentration. Compared to the Tm value of 50.3 °C obtained
from ultraviolet melting measurements (Table 1 and Figure S8),
the peptide transition obtained by CD gave a slightly higher Tm
value, possibly indicating that the dissociation of TFO started
from 3’-end due to the cooperative stabilization between the ON
triplex and coiled coil domains.

Figure 5. CD spectra (Mean residue ellipticity) of POC1+POC2+POC3 (3:3:3
µM, —), ON1+ON2+ON3* (3:3:3 µM, - - -) and azidopeptide (9 µM, ···), at

The CD spectra of azidopeptide, POC1+POC2+POC3 and
ON1+ON2+ON3 were measured at pH 8.0 under two different
ionic strengths (Figure 5). As mentioned previously, the increase
in pH and a decrease in ionic strength destabilize the ON triplex.
When the pH was increased to 8, the maximum for
ON1+ON2+ON3 in the near ultraviolet region was
hypsochromically shifted with a concomitant intensity increase.
We ascribe these changes to the transition from triplex to duplex.
The decrease in the ionic strength led to further changes with
the same tendency, although to a lesser extent. In contrast, for
POC1+POC2+POC3 the pH increase induced limited changes
at higher wavelengths, and only a small decrease in the intensity
of the-helix signal. This indicated that the triplex motif to a
large extent was preserved, thus highlighting the stabilizing
synergy between the peptide and ON motifs in the tri-molecular
assembly. When the ionic strength was simultaneously reduced,
a clear hypsochromic shift and an increase of the intensity of the
maximum at higher wavelength was observed, together with a
more significant decrease of the intensity of the -helical signal.
Nonetheless, the magnitude of the variation at higher
wavelength was lower than that observed for ON1+ON2+ON3
when only the pH was increased. This pointed to only partial
dissociation of the triplex forming strand even under such harsh
condition at 20 °C, which was consistent with the Tm value
(26.4 °C) of POC1+POC2+POC3 measured in low salt buffer
(pH 8.0, 6.7 mM sodium phosphate with 0.1 mM EDTA).
The θ222/θ208 ratio can be calculated from the CD
spectroscopic data. This ratio reflects the degree of helix
association, such that values above unity reflect coiled-coil
formation, whereas values ≤ 0.86 are observed for isolated
helices.[50,51] The obtained θ222/θ208 ratio is concentration
dependent in the current case, where oligomerization is required
to form a coiled-coil structure. For the sample containing POC1,
POC2, POC3 at a concentration of 3 µM each, the θ222/θ208 ratio
is close to unity (0.99) after subtracting the CD contributions
from the corresponding oligonucleotide triplex (ON1, ON2, and
ON3 at a concentration of 3 µM each). At a 9 µM concentration
the azidopeptide did not have any significant α-helical CD
signal, thus the ratio was not calculated. In our recent study on a
POC with a four-heptad repeat in the peptide, θ222/θ208 ratios
equal to 1.03 and 1.05 were observed for the four-heptad
azidopeptide alone and for the POC triplex, respectively.[35]
Also, in a study of the unconjugated four-heptad repeat peptide,
a θ222/θ208 ratio of 1.02 was reported (the CoilVaLd-YG peptide),
while related three-heptad repeat peptides gave much lower
ratios.[39] In both the POC and peptide cases the reported
θ222/θ208 ratios were determined for higher concentrations of
peptide/POCs than in the present study.

20 °C in three different buffers; 5.8 mM sodium phosphate buffer at pH 7.0
with 100 mM NaCl and 0.1 mM EDTA (green), 5.8 mM sodium phosphate at
pH 8.0 with 100 mM NaCl and 0.1 mM EDTA (red) and 6.7 mM sodium

SAXS and molecular modelling of the POC solution
structure.

phosphate at pH 8.0 containing 0.1 mM EDTA but without NaCl (black). The
corresponding references (buffer solutions) were subtracted from each
spectrum. *Mean residue ellipticity for ON1+ON2+ON3 was calculated as for
POC1+POC2+POC3 and azidopeptide; molar ellipticity (calculated for a total
concentration of 9 µM) was divided by 23 (the number of peptide residues in
azidopeptide/POCs).

Small-angle X-ray scattering (SAXS) was performed to
investigate the structure of POC1+POC2+POC3 in solution, both
in regard to oligomeric state and overall structure. Two
concentrations, 10 µM and 50 µM were measured (Figure S15 17) as our previous study on a POC containing a 30-mer peptide
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indicated concentration-dependent oligomerization.[35] It is
evident from the total scattering that a trimeric assembly is
formed at both concentrations, indicating concentrationindependent self-assembly of POC1+POC2+POC3 above a
certain threshold. This suggests that the oligomeric state of
assembled protein mimics could be fine-tuned by the peptide
length. From overlaying the two datasets and the indirect Fourier
transformations (Figure S16 and S17) it is clear that the data,
and hence the structures, are identical and have an overall
length of around 11 nm. Key parameters are summarized in
Table 2.
To allow a detailed structural interpretation of the SAXS data,
we constructed a molecular model of the POC trimer (Figure
S18-21), see Methods Section for details. The calculated
scattering from the final molecular model fits against SAXS
measurements both at 50 µM (shown in Figure 6) and 10 µM
(shown in Figure S21). The molecular model reproduces the
overall shape of the SAXS measurements at both
concentrations. Taken together with the similarity of
experimental SAXS data at 50 µM and 10 µM (Figure S16 and
17), this supports that the POC system maintains the same
oligomerization state at both concentrations.
Table 2 SAXS parameters for the POC1+POC2+POC3 system at 10 µM and
50 µM.
Conc.
(µM)

Dmax
(Å)

Oligomeric
state

Rg
(Å)

I(0)exp
(cm-1)

I(0)calc
(cm-1)

10

109.93±4.87

trimer

31.16±0.20

0.0126

0.01439

50

117.08±1.69

trimer

33.15±0.11

0.0774

0.07197

Figure 6. Comparison of measured and predicted SAXS data for
POC1+POC2+POC3. Measurements (50 μM POC concentration) are shown
in black. Predictions are shown in blue. Main figure: Measured scattering
curve with grey errorbars against model fit. χ is the FoXS goodness-of-fit
parameter. Left inset: Pair distance distribution functions (p(r)) for measured
and predicted SAXS. Right inset: Molecular model used for SAXS predictions.

A close inspection of the 50 µM data (Figure 6 and Figure
S20) can be justified due to the better signal-to-noise ratio
compared to the 10 µM measurements. The semi-log SAXS plot

(Figure S20) shows a strong agreement between prediction and
measurement for 0 ≤ q ≤ 0.2 Å-1. The model underestimates the
measurements somewhat for 0.2 ≤ q ≤ 0.3 Å-1. For q ≥ 0.3 Å-1,
several factors may account for the discrepancy between model
and measurement, including inherent difficulties in modelling the
solvation layer and subtle structural variations and dynamics.
The larger experimental errors in this region likely reflect the
dynamic nature of the fine-structure of the POC in solution.
These uncertainties are more pronounced at the low (10 µM)
POC concentration (Figure S21). Despite these discrepancies,
the overall good agreement between predicted and measured
SAXS data supports that a single trimeric POC species is
present in both 10 µM and 50 µM solutions with a similar
extended conformation. The molecular model shown in Figure 6
(right inset) is our best prediction of this solution structure.

Conclusions
We designed peptide-oligonucleotide constructs to assemble
into a very short hetero-trimeric coiled coil motif by nucleic acid
hybridization. A convenient and highly efficient method was
developed for synthesis of water-soluble peptide-oligonucleotide
conjugates via copper-free azide-alkyne cycloaddition reactions
using only 1.25 equivalents of azidopeptide relative to the
appropriate BCN-labelled oligonucleotides. Self-assembly of the
three conjugates gave the desired trimeric complex. Ultraviolet
thermal denaturing studies showed that the simultaneous
presence of three peptides cooperatively stabilized the
oligonucleotide triplex domain and that the peptide attachment
was fully compatible with Watson-Crick and Hoogsteen basepairing. Native non-denaturing gel electrophoresis provided
further evidence for the formation of the designed trimeric
assembly. CD spectroscopy demonstrated an extraordinarily
high degree of -helicity for the peptide domain of the complex.
SAXS structural analysis showed that the assembly of the three
oligonucleotide-peptide conjugates leads to the formation of a
trimeric complex at the concentrations (10 µM and 50 µM)
studied.
Molecular
modelling
constrained
by
SAXS
measurements suggested a single trimeric complex with an
extended conformation. In conclusion, these results validate the
potential of building artificial protein mimics from peptide
sequences using the driving force of nucleic acid hybridization.
The results also underline the relevance of peptide structure, as
herein shown for peptide length, as a determining factor for
stability and composition of designer nanostructures.

Experimental Section
Synthesis of POC1, POC2 and POC3 (see Figure S3 for further details).
ON1-BCN (89 nmol, 0.49 mL, dissolved in Milli-Q water) was added to a
solution of azidopeptide (112 nmol) in DMSO (1.00 mL) before H2O
(0.51 mL) was added. The resulting solution was transferred to a Biotage
microwave reaction vial (2 mL) and sealed under an atmosphere of
nitrogen. The reaction was carried out on a Biotage Initiator microwave
synthesizer at 60 °C for 3 h whereupon all solvents were removed in
vacuo and the residue was re-dissolved in Milli-Q water. The same
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synthesis procedure was repeated two times. The three crude solutions
(from 267 nmol ON1-BCN) were combined and evaporated in vacuo. The
residue was precipitated to remove excess peptide by first adding two
aqueous solutions of sodium acetate (3 M, 15 µL) and sodium
perchlorate (5 M, 15 µL) followed by addition of a cold solvent system of
acetonitrile and ethanol (1.5 mL, 1:1, v/v; -20 °C). The resulting
suspensions were stored at -20 °C for 1 h, and after centrifugation
(13200 rpm, 5 min, 4 °C) the supernatants were removed and the pellet
further washed with cold solvents (2 × 1 mL; ethanol/acetonitrile, 1:1 20 °C), dried for 30 min under a flow of nitrogen. The precipitation and
washing process was repeated one more time before the pellet was redissolved in triethylammonium acetate buffer (0.05 M,1 mL) for further
purification.
The same preparation protocol was applied on synthesis of POC2 and
POC3 (Fig. S3): ON2-BCN (142 nmol, 0.98 mL, dissolved in Milli-Q
water) was added into a solution of azidopeptide (178 nmol) in DMSO
(0.98 mL). After 3 h microwave-assisted reaction, the solvents were
evaporated in vacuo, and the residue was precipitated in a solvent
system of acetonitrile and ethanol (1:1, v/v) for two times as
aforementioned. The pellet was then dissolved in triethylammonium
acetate buffer (0.05 M, 1 mL) for further purification. ON3-BCN (100 nmol,
0.95 mL, dissolved in Milli-Q water) was added into a solution of
azidopeptide (125 nmol) in DMSO (1.05 mL). After the solvents were
removed in vacuo, the residue was subsequently rinsed with Milli-Q
water and buffer (0.025 M Tris-HCl, 0.01 M sodium perchlorate, pH 7.6)
to obtain ~80% and ~20% crude POCs in water and buffer phase,
respectively. The synthesis procedure was repeated two times. Both
crude water phase and buffer phase solutions (300 nmol) were combined
individually and evaporated in vacuo to remove the solvents. Each
residue was precipitated twice in a solvent system of acetonitrile and
ethanol (1:1, v/v) in the same way. The two pellets were then separately
dissolved in triethylammonium acetate buffer (0.05 M, 1 mL×2) for further
purification.
Purification and analysis. The four crude POCs (POC1, POC2, POC3
water phase and POC3 buffer phase) were purified by RP-HPLC using a
Waters System 600 HPLC equipment equipped with a Waters XBridge
BEH C18-column (5 μm, 100 mm × 19 mm). Elution was performed
starting with an isocratic hold of A-buffer for 2 min followed by a linear
gradient to 70% B-buffer over 16.5 min at a flow rate of 5.0 mL/min (Abuffer: 0.05 M triethylammonium acetate in Milli-Q water, pH 7.4; Bbuffer: 25% A-buffer, 75% acetonitrile). After removal of the solvents
under a flow of nitrogen, the resulting solutions were desalted via
precipitation by first adding two aqueous solutions of sodium acetate (3
M, 15 µL) and sodium perchlorate (5 M, 15 µL) followed by addition of
cold ethanol (1 mL, 99% w/w; -20 °C). The resulting suspensions were
stored at -20 °C for 1 h, and after centrifugation (13200 rpm, 5 min, 4 °C)
the supernatants were removed and the pellet further washed with cold
ethanol (2 × 1 mL; -20 °C), and dried for 30 min under a flow of nitrogen.
The precipitation and washing process was repeated one more time. The
pellet was then dissolved in Milli-Q water (1.0 mL) to give POC1 (188
nmol, 70%), POC2 (105 nmol, 74%) and POC3 (206 nmol, 69%, 157
nmol from water phase and 49 nmol from buffer phase), respectively.
Mass spectra of POCs were recorded on a Bruker Daltonics Microflex LT
MALDI-TOF MS instrument in ES+ mode (representative MS in Fig. S4).
Analytical IE-HPLC traces were recorded on a Merck-Hitachi Lachrom
system equipped with a DNAPac PA100 analytical column (13 μm, 250
mm × 4 mm) heated to 60 °C. Elution was performed with an isocratic
hold of buffer B (10 %), starting from 2 min hold on 2 % Buffer A in Milli-Q
water, followed by a linear gradient to 30% buffer A in 23 min at a flow
rate of 1.1 mL/min (buffer A: 1.0 M sodium perchlorate; buffer B: 0.25 M
Tris-Cl, pH 8.0) (representative IE-HPLC traces in Figure S4).
Concentrations of purified POCs were determined by UV at 260 nm.

CD spectroscopy. Far UV CD data were recorded on a JASCO J-815
calibrated with ammonium d-10-camphorsulfonate and the data acquired
using 0.1 or 0.2 cm path-length cells from Hellma. CD temperature series
were performed between 20 and 90 oC in a thermostated cell holder in
the CD instrument. Temperature series were measured at + 1 oC
intervals. Tm values was determined as maximum of the first derivative of
the temperature series.
Molecular Modelling. We constructed an initial molecular model of the
POC triplex by first building the oligonucleotide structure
(ON1+ON2+ON3) in BIOVIA Discovery studio visualizer[52] as all-triplex
with an arbitrary extra oligonucleotide strand on ON1 to give it the same
length as ON2 and ON3. Subsequently, we removed the extra
nucleotides on ON1 to yield the duplex/triplex topology of the
(ON1+ON2+ON3) structure. The linkers (Q in Table 1A) were
constructed in Maestro, and subjected to a short conformational search
in Macromodel,[53] from which extended conformations were selected.
The ON triplex and extended linkers were combined and attached via the
linkers to the short peptide generated by editing the coil-VaLd crystal
structure[38] in Maestro. The resulting POC trimer model was solvated in
an orthorhombic box of 63449 TIP3P water molecules[54] with charge
neutralizing Na+ counterions and an additional 0.15 M NaCl ionic
background. The solvated system was subjected to 10 ns molecular
dynamics simulation in the NPT ensemble (standard pressure and
temperature) in Desmond[55] using the OPLS_2005 force field[56] with
positional harmonic restraints on the oligonucleotide atoms. 1000
structural snapshots were extracted from the MD trajectory with VMD57
and used as input to FOXS[58,59] to predict SAXS scattering curves from
the different conformations of the molecular model (excluding hydrogens)
and to carry out fitting against experimental SAXS data obtained at 10
μM and 50 μM, respectively. Extended conformations from the first ~1 ns
of the MD trajectory generally provided better fits against experimental
data than less linear conformations sampled from the last half of the
simulation (Figure S18). The MD structure minimizing the FoXS
goodness of fit measure χ was selected and refined further (Supporting
Information S9), yielding the final approximation of the POC structure in
solution.
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