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Metalated peptide fibers derived from a natural
metal-binding peptide motif
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Abstract—Biological molecules serve as convenient scaffolds for the construction of nanoscopic architectures which can effectively
interact with small molecules and metal complexes to extend their scope for nano(bio)technological applications. Metalloproteins
possess natural metal ion binding motifs and the possibility of using these sequences to generate metalated peptide conjugates with
defined metal ion coordination offers a facile entry into metalated supramolecular aggregates. This report describes the formation of
metalated fibers from Cu-binding octarepeat motifs of the prion protein. Conjugate 1 effectively binds copper, silver, and manga-
nese, leading to persistent length and thermally stable peptide fibers, which could be applied for molecular bioelectronic
applications.
� 2007 Elsevier Ltd. All rights reserved.
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Proteins and peptides possess tremendous potential as
useful building blocks for self-assembly owing to their
defined secondary and tertiary structures and propensity
to interact with the help of various non-covalent inter-
actions. These naturally occurring motifs allow rapid
access to an array of three-dimensional structures and
various side chain functionalities present in constituent
amino acids allow further fine-tuning of properties gov-
erning the self-assembly process.1–6

Self-assembling proteins and synthetic peptides are
convenient systems for nanotechnology and nano(bio)-
technology applications due to the availability of
reproducible scale-up synthetic methodologies and the
ease of functionalisation of fibrous aggregates with
groups that can favorably interact with small molecules,
metal ions, and inorganics.7–9 In this context, it is inter-
esting to explore naturally occurring metal binding pep-
tide segments for self-assembly to obtain peptide fibers
possessing high affinity for metal ion interactions.

Mammalian and yeast prions are self-propagating pro-
teins rich in b-sheet structure which are held responsible
for the etiology of transmissible spongiform encephalo-
pathies such as scrapie in sheeps, bovine spongiform
encephalopathy in cattle, and Creutzfeldt-Jakob disease
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in humans.10–12 Cellular prion protein (PrPC) is a cupro-
glycoprotein whose conformational transition to its
infectious, aberrant isoform results in catastrophic
cognitive dysfunction in a hallmark of neurological
spongiform encephalopathies.13 Interestingly, PrPC

contains an evolutionary conserved stretch of octapep-
tide repeats (PHGGGWGQ) that selectively bind
Cu2+ ions with high affinity. Other metal ions also bind
to this octarepeat albeit with lower affinity compared to
copper.

We have previously demonstrated aggregation in trun-
cated prion octarepeats.14,15 The purpose of this study
was to gain facile access to peptide fiber formation from
prion octapeptide fragments and to extend this strategy
to construct metalated fibers from naturally occurring
metal binding motifs. Herein, we report the synthesis
of a novel bis-peptide conjugate 1, its interaction with
OO

NHN
O

Conjugate 1

Scheme 1. Molecular structure of conjugates 1–4.
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copper, silver, and manganese ions, and morphology
and thermal stability of metalated peptide fibers formed
upon aging (Scheme 1).

The synthesis of conjugate 1 was achieved by solution-
phase methodology using a fragment coupling approach
and the deprotected peptide was fully characterized.14,16

Synthetic details will be reported elsewhere. Conjugate 1
was metalated by incubation with various metal ions
and the respective metal adducts (2–4) were character-
ized by mass spectroscopy. Peaks corresponding to the
presence of two metal ions were observed for conjugate 2
[m/z 1003 (L+Cu2+�2H+) and 1065 (L+2Cu2+�4H+)],
3 [1286 (L+2Ag++2NO3

�+4H+)] and 4 [1047 (L+
2Mn2+�4H+)], respectively.

Conjugate 2 displayed an absorbance around 625 nm
which may be attributed to the Cu2+ d–d transition
(Fig. 1, inset). This was verified in the CD spectra of
conjugate 2 (Fig. 2, inset). A similar absorption maxi-
mum �620 nm has been reported for copper nanocrys-
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Figure 1. UV–vis spectra of conjugates 1–4 in water. Inset shows the
d–d transition in 2.
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Figure 2. CD spectra of 1–4 in aqueous medium. Inset shows the d–d
transition in 2.
tal-coated peptide nanotubes.17 Conjugate 3 revealed
two absorbances: a shoulder around 260 nm and a
broad peak around 450 nm. The former band could
arise from a p–p intraligand transition, while the latter
is reflective of a metal–ligand charge transfer phenome-
non (MLCT).18 Incidentally, the UV spectrum of conju-
gate 4 was devoid of useful features.

We resorted to X-band EPR spectroscopy to investigate
possible mode(s) of metal ion coordination to peptide
conjugate 1.19 The EPR spectrum of 2 in 50% aqueous
methanol displayed an isotropic spectrum at room
temperature; however, an anisotropic spectrum with
hyperfine splitting was observed at liquid nitrogen
temperature with a gk of 2.37 and the hyperfine splitting
Ak was 134.33 gauss, thus suggesting a possible [2N, 2O]
binding mode.20–22 At pH 8, g? was 2.06, gk was 2.28
and the hyperfine splitting Ak was 199 gauss which sug-
gested a three-nitrogen and one-oxygen [3N, 1O] binding
mode.23–27 Both spectra indicate a tetragonal coordina-
tion environment.28–31 In the absence of a crystal struc-
ture, the existence of dx2�y2 or dxy ground states in
square planar, square pyramidal or tetrahedral elon-
gated geometry may be proposed based on spectral data.
The EPR spectrum of 4 displayed a characteristic six-
line spectral pattern with giso of 2.018 and hyperfine
splitting Aiso of 96 G.

FT-IR spectroscopy offers useful information about
metal-peptide interactions and aggregate formation
upon prolonged incubation.19 The following inferences
can be drawn from the IR spectra of unmetalated
conjugate 1 versus its metalated versions 2–4 (Table 1;
spectra recorded after 10 days of incubation).

• Amide I and amide II band frequencies were shifted
in comparison to 1. In the case of 2 and 4, amide I
and II bands were shifted to a lower frequency indi-
cating interactions of copper and manganese ions
with both carbonyl and NH groups.

• In the case of conjugate 3, both the amide I and II
band frequencies are shifted to slightly higher wave-
numbers suggesting that perhaps silver is bound to
the imidazole ring of the histidine residue rather than
the backbone amides.

Metal ion-induced conformational changes in conjugate
1 were studied by CD spectroscopy.32 Conjugate 1 did
not reveal any definite structure (Fig. 2). However, 2 dis-
played a structure similar to a poly-LL-proline II helix
upon interaction with copper, while 3 exhibited a switch
from the random-coil like structure present in 1 to a b-
sheet-like orientation upon interaction with silver ions
(Fig. 2). In contrast, 4 lacked a definite structure in
solution.
Table 1. IR (KBr pellet) amide absorptions of conjugates 1–4

Conjugate Amide I (cm�1) Amide II (cm�1)

1 1656 1594
2 1635 1575
3 1660 1605
4 1646 1585
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Figure 3. AFM micrograph and TGA traces of metalated peptide fibers after 15 days incubation in water at 37 �C. (a) Conjugate 2 shows a fiber
cross-section of 220–230 nm and stability 185 �C; (b) 3 (15–40 nm; �200 �C); (c) 4 (20–30 nm; �200 �C).
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It can be reasoned that Cu(II) with an intermediary
acidic character is likely to interact with histidine and
backbone nitrogens and carbonyl oxygens, while Ag(I)
primarily coordinates to histidine nitrogens possibly in
a linear Ag–N–Ag fashion, without interacting with
the peptide backbone.33–35 Although speculative in the
absence of crystal data, it can be proposed that intra-
molecular coordination in the case of Cu(II) and inter-
molecular coordination for Ag(I), may contribute to
the two geometries observed in the CD spectra. Interest-
ingly, the existence of a poly-LL-proline II helix secondary
structure has previously been demonstrated for prion
octarepeat peptides.36–38

Aging of metalated peptides 2–4 for 15 days lead to
extensive growth of nanofibers (incubation in water at
37 �C). The cross-sectional diameter of fiber adducts
2–4 were �220–230, 15–40, and 20–30 nm, respec-
tively.39 Gazit and co-workers have recently reported
thermogravimetric analyses (TGA) to describe the ther-
mal stability of the diphenylalanine nanotubes.40 We
also performed TGA to evaluate the thermal stability
of these fibers.41 It was found that metalated peptide
fibers derived from 2 were stable up to 185 �C, while
fibers from 3 and 4 exhibited stability up to 200 �C
(Fig. 3), compared to unmetalated 1 which is stable up
to 160 �C (data not shown). These results suggest appre-
ciable thermal stability of the metalated fibers.

In conclusion this report describes an expeditious entry
for the generation of thermally stable metalated peptide
fibers from a naturally occurring metal binding motif
derived from the prion octarepeat sequence. It is pro-
posed that conjugation of peptide sub-segments, from
metal binding regions, may provide opportunities for
the design and growth of metalated fibers with potential
applications in molecular bioelectronics and nano(bio)-
technological research.
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