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Nanoparticles featuring highly flexible sidechains template to
peptides, demonstrating substantial pre-organization of the
particle monolayer.
Protein–protein interactions are dictated through both noncovalent interactions and shape complementarity.1 In several
cases, the exposed face of a helical segment interacts with another
helical surface or a shallow cleft of the binding partner.2 For
example, the hydrophobic residues on the helical surface of p53, a
tumour suppressor, bind to a deep hydrophobic cleft of MDM2,
an oncoprotein, via steric complementarity.3 Therefore, the
targeting of a-helices provides a promising tool for biomedical
applications.4 Several synthetic strategies have been successfully
developed to stabilize short peptides into a-helices. The strategies
include the use of a metal ion,5 cyclodextrin dimers6 and
tetraguanidinium-based receptors.7 However, significant stabilization of peptide a-helices by synthetic scaffolds in completely
aqueous media is a challenging task.8
Nanoparticles offer a unique scaffold for biomacromolecule
recognition by proper surface functionalization.9 In preliminary
studies, we used trimethylammonium functionalized gold nanoparticles to stabilize a tetraaspartate peptide (TAP) into an a-helix
in completely aqueous media.10 These particles, however, are not
biocompatible. Incorporation of a tetra(ethylene glycol) (TEG)
unit renders access to a biocompatible nanoparticle through: (a)
increasing the water solubility,11 (b) prevention of non specific
interactions with biomolecules,12 and (c) controlled surface
recognition.13 Here we demonstrate stabilization of an a-helical
peptide by TEG-functionalized nanoparticles. Surprisingly, despite
the highly flexible structure of the sidechains, these particles display
templation to their peptide guests.
Cationic gold mixed monolayer protected clusters (MMPCs)
with y2 nm core diameter were used to induce folding of
negatively charged peptide TAP into an a-helix (Fig. 1). A series of
nanoparticles bearing different charge densities on the surface were
fabricated (Table 1). MMPCs 1–3 were synthesized via the Murray
place exchange method14 by adding different ratios of two ligands,
cationic TEG-trimethylammonium (TTMA) and neutral TEGhydroxy (TOH) (see ESI). Water-soluble MMPC 4 was prepared
according to the literature procedures.15
The 17-amino acid peptide TAP was engineered such that four
aspartate residues were placed at alternating i, i + 3, and i + 4
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positions in order to provide a more linear peptide surface suitable
for recognition by the colloid (Fig. 1). The ends of the peptide were
capped by acetylation of the amino terminus and amidation of the
carboxy terminus to decrease the helix macrodipole effect.
Moreover, a tryptophan (trp) residue was integrated at the
N-terminal as a fluorescent probe.
The ability of MMPC 1 to induce helicity was monitored in
aqueous solution (pH 11) using circular dichroism (CD). Varying
concentrations (0–10 mM) of nanoparticle were mixed with 15 mM
peptide solution, and CD spectra were collected after incubation
for 5 min. CD spectra showed a significant increase in helicity
(maximum at 192 nm, minima at 208 nm and 222 nm) of the

Fig. 1 (a) Amino acid sequence of the target peptide. (b) End and side
views of the tetraaspartate peptide. (c) Schematic depiction of the peptide
binding in helical conformation on MMPC surface (shown in relative
sizes).
The series of nanoparticles with different charge density

Table 1

Nanoparticles

TTMA : TOH

% of cationic charge

MMPC
MMPC
MMPC
MMPC

1
1
1
0

y100
y70
y55
0

1
2
3
4

:
:
:
:

0
0.43
0.78
1
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Fig. 2 CD titration of 15 mM peptide with MMPC 1 in pH 11 water:
increase in overall helicity (regular and distorted) with increase in
nanoparticle concentration.

peptide in presence of the nanoparticle (see ESI). The percent of
helicity in each incubation was calculated by curve fitting using
DICHROWEB. The overall helicity was obtained by combining
the regular helix and the distorted helix. In the absence of
nanoparticle, the peptide is in a random coil conformation
showing only y3% of helicity. Upon addition of cationic
MMPC 1 to the peptide solution, there is a substantial degree of
stabilization in the helical conformation with maximum overall
helicity up to y80% (Fig. 2). By contrast, neutral particle 4 was
unable to induce helicity in the peptide, which verifies that the
recognition of the peptide by the nanoparticle receptor is due to
charge pairing. Likewise, addition of salt to the mixture of MMPC

Fig. 4 Binding curves of 2 mM peptide with different MMPCs from
fluorescence titration in pH 11 water. Absorbance of nanoparticles was
corrected using neutral MMPC 4.

1 and peptide disrupted their interaction resulting in a sharp
decrease in helicity (Fig. 3a), validating electrostatic self-assembly.
Furthermore, dynamic light scattering (DLS) studies indicate
formation of discrete complexes upon association of peptides with
nanoparticles (see ESI).
The electrostatic interaction between particle and peptide was
regulated by using MMPCs with different cationic charge density
on the surface. CD experiments were performed to observe the
effect of charge density on helicity induction. The spectra were
obtained after incubation of each of these particles (6 mM) with
15 mM of peptide solution for 5 min and a pronounced change in
helicity was observed (Fig. 3b). As expected, helicity decreases with
decrease in charge density on the particle surface.
The binding affinity of the peptide with MMPCs 1–4 was
further investigated by fluorescence. Trp fluorescence was
monitored by adding an increasing amount of nanoparticle to
the 2 mM peptide solution. Upon binding with the peptide,
MMPCs quenched the fluorescence due to the gold core. The
corrected fluorescence intensities (I/I0) were plotted against
nanoparticle concentration and fitted with the binding equation
(Fig. 4). The calculated macroscopic binding constants (Ks) are
similar for all of the cationic particles (Table 2) with y5–6 peptides
binding per particle. The results reflect that the energy required for
conformational change is balanced by the favorable enthalpy
change due to ionic interaction.
Gold colloids have the ability to template through maximization
of binding enthalpy as the thiols are mobile on the self assembled
monolayer (SAM) surface.10,16 To determine if this was occurring
with our particles, the peptide was incubated in the presence of
MMPCs over a period of 24 h. As expected, no templation was
observed in the case of MMPC 1 (see ESI) due to the complete
coverage by the functional group. Significantly, MMPC 2 showed
Table 2 Calculated macroscopic binding constant (Ks), Gibbs free
energy change (2DG), and binding ratio (n) for the complexation
between peptide and cationic nanoparticles in pH 11 water, as
determined via fluorescence. (The errors in binding constants and
binding ratios were around 25% and 5%, respectively)

Fig. 3 (a) CD spectra of a mixture of 15 mM peptide and 6 mM of
MMPC 1 at different salt concentrations. (b) Calculated overall helicity
(regular and distorted) of 15 mM peptide in presence of 6 mM MMPCs in
water of pH 11.
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Nanoparticles

Ks/106 M21

2DG/kJ mol21

n

MMPC 1
MMPC 2
MMPC 3

4.1
2.1
2.9

38.4
36.7
37.5

5.1
6.7
4.7
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Notes and references

Fig. 5 Particle-assisted templation of peptide: increase in helicity of TAP
with time on incubation with MMPC 2.

a 16% increase in helicity within a period of 24 h due to the
mobility of the ligands on the nanoparticle surface (Fig. 5). Further
decrease in the density of the recognition unit for MMPC 3
resulted in no templation (see ESI). This lack of templation
presumably arises from the low concentration of ligands on the
surface, increasing the entropic cost of templation.
In addition to providing enhanced binding and helicity for
target peptides, the observed templation highlights the preorganized nature of the nanoparticle monolayer. Clearly, structural
information is transmitted via the highly flexible ligands from the
particle surface to the terminus, a distance of y3 nm.17 The nature
of this monolayer organization is an open and intriguing question
that a number of groups are exploring.18
In summary, we have demonstrated stabilization of a-helices
using nanoparticles featuring flexible TEG-terminated sidechains.
The electrostatic interaction and hence the extent of helicity
induction can be tuned by tailoring the monolayer of MMPCs.
Finally, despite the high flexibility of the ligands, MMPC 2 shows
templation of the particle surface to the peptide, demonstrating the
broad scope of nanoparticle templation to targets.
The authors are grateful to the NIH (GM077173) for
financial support and the Center for Hierarchical Manufacturing
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