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Peptide self-assembly triggered by metal ions

Rongfeng Zou,® Qi Wang,t° Junchen Wu,*® Jingxian Wu,? Carsten Schmuck*©

Through their unique and specific interactions with various metal ions, naturally occurring proteins
control structures and functions of many biological processes and functions in organisms. Inspired by
natural metallopeptides, chemists have developed artificial peptides which coordinate with metal ions
through their functional groups either for introducing a special reactivity or for constructing nano-

structures. However, the design of new coordination peptides requires a deep understanding of the

structures, assembly properties, and dynamic behaviours of such peptides. This review briefly discusses
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strategies of peptide self-assembly induced by metal coordination to different natural and non-natural
binding sites in the peptide. The structures and functions of the obtained aggregates are described as

well. We also highlight some examples of a metal-induced peptide self-assembly with relevance to

www.rsc.org/csr biotechnology applications.

1. Introduction

In nature, it has been estimated that approximately one-third of
all proteins and enzymes require metal ions as cofactors for
biological function. Metal ions often play a crucial structural,
regulatory, and/or enzymatic role in the function of biological
systems.” For decades, chemists have been trying to mimic
natural metallopeptides by synthesizing artificial peptides with
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incorporated natural or non-natural metal binding sites.” On
the other hand, coordination with metal ions can induce
conformational changes in the peptide which can dramatically
change the properties of the peptide.® For instance, the initial
stage of Alzheimer’s disease is mainly induced by o-helix/
B-sheet transition of B-amyloid peptides by coordinating with
metal ions.* On the other hand, peptides may self-assemble
through metal-ligand interactions into nanostructures which
are conformationally and functionally quite different from the
original peptide.” Using natural examples as a guide, substantial
advances have been achieved in the construction of nanostruc-
tures, including the fabrication of nanofiber materials for three-
dimensional cell culture and tissue engineering,® the assembly
of peptide nanotubes” and helical ribbons among others. The
design of molecular building blocks that undergo spontaneous
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organization into well-defined and stable macroscopic struc-
ture via covalent/noncovalent bonds is still a great challenge,
especially if the formation of a specific secondary or
even three-dimensional structure is desired. In many cases,
specific three dimensional structures of peptide aggregates
are achieved by the use of covalent connections between
functional groups at different positions in the peptides
(e.g. disulphide bridges). These linkages lead to constraints
for the conformation of the peptide and thus fix its conforma-
tion or favour the assembly of individual peptides into other
types of assemblies.® Furthermore, non-covalent interactions
can also be involved in controlling the structure of such
assemblies. For example, artificial collagen-based peptides
synthesized by Chmielewski and co-workers exhibit a triple
helix formation stabilized by an intermolecular hydrogen
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bond. Addition of metal ions then assembled these peptides
into discs, spherical shells or fibrous structures.’

We present here a summary of the most frequently used
functional groups for the construction of peptide building
blocks which undergo a metal induced self-assembly. Albrecht
et al. have provided a survey of the general approaches towards
metallocyclopeptides either in the form of small cyclic peptide
derivatives or as a part of bigger a-helix (or B-sheet) structures.
We therefore do not discuss biological activities of such artifi-
cial protein-metal complexes. As metal-assembled modular
proteins (MAMPs) have also been already reviewed,'® we will
not discuss such systems here either. The purpose of this article
is rather to gain a deeper understanding of the influence of
metal coordination on peptide self-assembly and the functions
of such artificial metallopeptides. We will show that metal
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coordination is a powerful tool for constructing diverse mole-
cular architectures. We focus on ligands and various modes of
assembly of natural and artificial peptides with metal ions in
order to introduce a special reactivity or to form different
nanostructures and functionalities.

2. Common ligands for metal
coordination

Peptide-metal assemblies are typically composed of three main
parts, namely, a peptide with a given sequence containing
metal binding residues and a specific metal ion. The peptide
sequence mainly controls the shape, size, and monodispersity
of the resulting self-assemblies."* Binding metals may not only
determine the activity of the peptides but can also act as linkers
between peptides,'*'? especially when metal binding residues
act as an anchor or a connector to fix a functional group or
conjugate another binding motif through one or more metal
ions. The type of metal binding site and its position in the
peptide not only determine the structure of the assemblies but
also significantly influence the properties of the assemblies.
Generally, metal binding sites within peptides can be classified
into two types, artificial ligands and natural ligands (Table 1).
Artificial metal-ligand residues have been synthesized to serve
as triggers for higher-order or specific secondary structure
assemblies."® Ligands such as nitrilotriacetic acid, pyridine,
bipyridine, and terpyridine have been widely used in this
context to regulate the structure and properties of peptides in
the presence of metal ions."”” In nature, histidine, cysteine,
tryptophan and glutamic acid residues serve as metal-binding
sites. Their interaction with metals induces conformational
changes or the formation of supramolecular structures.'® In
terms of self-assembly, artificial ligands possess remarkable
advantages over natural ligands mainly due to their tailor-made
chemical structure. More specifically, the high strength and
defined directionality of metal-binding by artificial residues
allow precise control over the three-dimensional structure and
stability of the final assembly.””*® Thus, in this review we
emphasize artificial ligands (Table 1) which have been used

Table 1 Natural and artificial ligands and their binding metals
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in the self-assembly of peptides. However, in some cases, the
individual metal binding residue acts only as low-affinity mono-
or bidentate ligands in the absence of a protein scaffold.”® In this
situation, the specific peptide surrounding may also increase
binding affinity.

3. Metal-triggered self-assembly of
artificial ligands

Metal-triggered self-assembly of peptides is a promising direction
in the synthesis of specific molecules with well-defined conforma-
tions or of nanostructures.*>* A wide range of artificial peptides
have been synthesized in the last few years to broaden the range of
functions and structures that can thus be achieved and to allow
more precise control of the properties of these materials.>®

In particular, peptides that utilize metal-ligand coordina-
tion as an additional binding interaction have been synthesized
to overcome the limitations posed by the otherwise exclusive
use of hydrogen bonding and hydrophobic interactions as
binding forces to hold together different units of metal free
peptide assemblies.>*>® This additional binding motif takes
advantage of the well-known features of the coordination bond.
Its high strength, reversibility, and defined directionality allow
precise control over the three-dimensional structure and stability
of the final assembly.”

Efforts aimed at generating structured materials at the nano-
meter scale have already produced important results.*® Ligands
that bind metal ions have been anchored to peptides by using
various groups. The most widely studied artificial coordination
ligands in this context are pyridine, bipyridine, terpyridine,
nitrilotriacetic acids, iminodiacetate, and crown ether moieties.

3.1 Self-assembly via pyridine coordination

Pyridines are heterocyclic compounds which possess good
binding properties for metal ions. Adaptation of the metal-
pyridine coordination strategy to the self-assembly of peptides
should provide an even more tightly bound structure. Pyridine
is a valuable building block in the design of different kinds of
peptides which adopt different structures upon metal binding.

Ligands Binding metals Ref.

Part I: artificial ligands

Pyridine Fe**, Re', °™Tc’, cu®’, pd**, Ag", Pt** 31-40
Bipyridine Zn**, Fe**, cu®', Ru*', Co**, Ni** 9, 32 and 42-50
Terpyridine Fe**, Ni**, cu®* 58-63
Nitrilotriacetic acid Ni**, Zn**, cu®*, Co** 65-70
Iminodiacetate cu®!, Zn**, Ni** 81-84
Phosphane ligand Rh", M?;*, Ca**, Ba**, Zn?*', Gd**, Au*, Pd** 7, 87 and 89-91
Crown ether Cs', Zn** 92 and 93

Part II: natural ligands

Histidine Zn**, cd**, Cu®, Ni*', Ag* 100-107
Cysteine Hg>*, Pb**, Zn**, Cd** 111 and 112
Tryptophan cu* 114

Glutamic acid La*', Yb*', ca** 117-120
Catecholate Ti*", Mo®" 122
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Fig. 1 (a) Structure of peptide 1 containing two pyridine ligands. (b) Upon
interaction of 1 with Pd(en)(NO3), different types of self-assembled aggre-
gates are formed. Reproduced with permission from ref. 31. Copyright
2004, Georg Thieme Verlag KG Stuttgart.

The resulting assembly is controlled by the amino acid sequence,
the positions of the pyridine residues within this sequence, and
the kind of metal ion or metal complex fragment.

For example, Albrecht et al reported bis(pyridyl) terminated
Leu-Ala-Leu derivative 1 (Fig. 1a) which could coordinate with
Pd(en)(NO;), to form a mixture of 1:1 and 2:2 macrocycles
[Pd(en)(1),] (n =1, 2). Due to the directionality of the peptide strands,
they obtained two different “regioisomers” of the 2:2 complexes
(Fig. 1b). One in which the two peptides are aligned parallel and
another one in which the two peptides are aligned antiparallel.**

Pyridine functionalized peptides could also coordinate with
other metal complexes to form peptide-based hybrid materials.
Utilization of metal complexation for molecular recognition in
oligopeptides was reported by Gilmartin et al. They synthesized
an artificial peptide with a pendant pyridine ligand and then
incorporated the peptide into oligomeric strands (2) which are
analogous to a peptide nucleic acid (Fig. 2a). Upon addition of
transition metals (Cu®*, Fe**), the oligomers could bind stoi-
chiometric quantities of metals according to the number of
pendant ligands (Fig. 2b).>> Meanwhile, in order to mimic the
structure of DNA (and RNA) by incorporation of the pyridyl
ligands onto the peptide backbone, Ohr et al. developed a series
of supramolecular structures containing 1, 4, 5, 6, 10 metal
complexes tethered to pyridine-substituted oligopeptide scaf-
folds (peptides 3, Fig. 2a). They examined the structural and
functional properties of these single-strand pyridine oligo-
peptides depending on the peptide lengths. The pyridyl groups
within the peptides will form metal complexes which induces
specific folds into the peptide strand (Fig. 2b).**

In a related work, Gerhardt et al. reported the synthesis and
controlled assembly of four tripeptides 4. Each tripeptide 4 had
either a central pyridyl glycyl or a pyridyl alanyl residue between
two terminally protected glycines (Fig. 2a). All tripeptides were
coordinated to a complementary recognition unit, a p-methoxy
SCS-Pd pincer complex. They found that metal coordination
in all cases was fast and quantitative and that the peptide
backbones did not interfere with self-assembly (Fig. 2b). As
compared with other peptides, 4-pyridyl tripeptides were the most

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Structure of ligand—peptide monomers and oligomers 2, 3, 4; Ac:
acetyl; Bz: benzoyl; G: glycine; K: lysine. (b) Schematic shows pincer complexes
formed with the pyridyl groups of the peptides. Reproduced with permission
from ref. 32—34, Copyright 2005, 2005, 2006, American Chemical Society.

tightly binding ligands toward the palladated pincer complexes,
with the alanyl derivative being the strongest overall. The high K,
value (>1200 M ") suggests that the controlled coordination of
the metalated pincer-pyridine interaction is an interesting bio-
logical synthon and that these peptide ligands can be used to
assemble new and interesting biological scaffolds.**

The controlled coordination of radioactive metals by pyridine
functionalized peptides opens up the way to interesting radiophar-
maceutical applications. Jiang et al. used cysteine-derived peptide 5,
derived from the o-melanocyte stimulating hormone (o-MSH)
(Fig. 3a), to incorporate a [M'(CO);]" moiety (M = Re, *°™Tc)
(Fig. 3b). The peptide chelate with *°™Tc showed excellent
radiolabeling yields and in vitro stability during amino acid
challenge and serum stability assays.*’

a) HN

HaN 5 i Hj:x(n%;j\r"%uﬁrnjwz
| ) (©) % \

L/-\/\ O =Re?, gngci V\/\

Fig. 3 (a) Structures of cysteine-based peptide 5. (b) Schematic shows a
radioactive metal coordinated with the N-S-NPy group of peptide 5.
Reproduced with permission from ref. 35, Copyright 2012, American
Chemical Society.
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Fig. 4 (a) Structure of peptides 6 and 7; (b) Four a-helical coiled coil
peptides 6 connected by platinum ions; (c) metal-peptide nanoassemblies
in which the directional bonding properties of an octahedral rhenium
complex are used to induce the self-assembly of a-helical coiled-coils
formed from two peptides 7 linked with a disulfide bond. Reproduced with
permission from ref. 36 and 37. Copyright 2007, 2004, American Chemical
Society & Royal Society of Chemistry.

Pyridyl groups have also been introduced into designed
a-helical peptides to alter the oligomerization state of the peptides.
Tsurkan et al. used an assembly of pyridine-modified 30-residue
polypeptide 6 (Fig. 4a). The AQ-Pal14Pal21 polypeptide contains
two metal-binding 4-pyridylalanine residues on its solvent-exposed
surface and exists as a very stable, two-stranded o-helical coiled
coil. Upon addition of Pt(en)(NO;),, the peptide showed a sig-
nificant conformational change into a metal-bridged, four-helix
bundle (Fig. 4b).*® Tsurkan et al. further utilized disulfide cross-
linked coiled coil peptides as linear bridging ligands joining
adjacent fac-[Re(CO);] cores. The peptide sequence was based
on the IEALEGK heptad repeat, which is a two-stranded o-helical
coiled-coil peptide. The synthetic amino acid 4-pyridyl alanine
(Pal) was placed at position 14 of this sequence, which is the most
solvent-exposed position of the second heptad repeat. A cysteine
residue was placed at residue 19, which occupies the d position in
the hydrophobic core of peptide 7 (Fig. 4a). The Pal residues were
introduced to incorporate a strong metal-binding site into the
peptide and the cysteine residues were introduced to engineer an
interchain disulfide bond crosslink to stabilize the resulting
coiled-coil structure. Hence, firstly two coiled-coil peptides were
conjugated with a disulfide bond. Upon coordination with metal
ions, these two-stranded a-helical peptides formed higher-order
metal-peptide conjugates (Fig. 4c).”’

Pyridines have also been used to self-assemble cyclic pep-
tides. Panciera et al. synthesized a, y-cyclic peptide 8 bearing a
nicotinic acid attached to a serine residue through its side
chain (Fig. 5a). Directed by the pyridine moiety upon coordination
with palladium ions, the cyclic peptide forms dimers and further
self-organizes in a hierarchical process to form pom-pom-like

5204 | Chem. Soc. Rev., 2015, 44, 5200-5219
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Fig. 5 (a) Structure of cyclic peptide 8 (CP3). (b) Proposed model for the
formation of the molecular pom poms formed by self-assembly from this
cyclic peptide. Reproduced with permission from ref. 38. Copyright 2013,
Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 6 (a) Molecular structure of peptides 9a, 9b. (b) Self-assembly of
Mi,L,4 spherical complexes 10a, 10b.

molecular structures (Fig. 5b). These spherical structures are
porous materials that can encapsulate and subsequently liberate
small molecules.*®

The pyridyl groups have also been introduced into peptides
to construct sphere nanostructures or nanometer-sized channels
by metal coordination. Ikemi et al. synthesized pyridine contain-
ing peptide aptamers 9a, 9b which could coordinate with 12 Pd>*
ions to form a nano-sized M;,L,4 coordination sphere (Fig. 6a).
Quantitative formation of the M;,L,, spherical complex 10a was
obtained when ligand 9a was reacted with Pd(NOj;), in DMSO
(Fig. 6b). Ligand 9b, in which anionic Asp residues replace the
cationic Arg and Lys residues, displayed similar behavior and
properties to 9a.>°

Recently, Sawada et al. presented a new artificial nano-
assembly of pyridine substituted short peptide helices into a
protein-like two-nanometer-sized channel by metal coordina-
tion. The short peptide Gly-Pro-Pro was modified by the
introduction of 3-pyridyl groups with amide bonds at both
termini to yield peptide 11 (Fig. 7a). Folding and assembly of
this short peptide ligand were induced by Ag" coordination in
aqueous alcohol, and gave rise to a single crystal showing a
polyproline II helical conformation for the peptide in the solid
state. Furthermore, a three-dimensional network formed by
coordination driven self-assembly was observed (Fig. 7b).*°

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5cs00234f

Published on 08 May 2015. Downloaded by Pennsylvania State University on 11/05/2016 05:51:16.

Review Article

Fig. 7 (a) Molecular structure of tripeptide 11. (b) Schematic shows how
random-coil peptide ligands are concomitantly folded by metal-directed
networking. Reproduced with permission from ref. 40. Copyright 2014,
Wiley-VCH Verlag GmbH & Co. KGaA.

The presented examples show that pyridine residues can be
introduced into peptides as “unnatural” metal binding sites to
chelate transition metal ions for biomolecular recognition or
radiolabeling metals for radiopharmaceutical applications.
Moreover, as a monodentate linker pyridine can be used to
connect two or more o-helical peptides to alter the oligomeriza-
tion state of the designed peptide structure. Pyridine can also
be used to self-assemble cyclic peptides or to coordinate with
metal ions to form different types of nanostructures.

3.2 Self-assembly via bipyridine coordination

2,2'-Bipyridine (hereafter referred to as bipyridine or bpy),
one of the most commonly used artificial ligands, is a well-
characterized metal binding site which is utilized for preparing
various supramolecular assemblies.*’ It has been introduced
into peptides for both intra- and intermolecular folding of
artificial peptides. By using bipyridine as a coordination ligand,
the peptides usually form three-dimensional octupolar mole-
cules with transition metals. Bipyridine can also be used as a
chelating group to conjugate two or more peptides.

An example for the intramolecular self-assembly of a peptide
based on bipyridine metal coordination has been reported by
Imperiali et al. They synthesized short peptide 12 which con-
tained two 2,2’-bipyridine units (Fig. 8a). Upon coordination
with different metal ions (Zn>*, Co*"), the triglycine peptidic
unit in between the two bipyridine units is forced into a loop
type conformation (Fig. 8b). The compound formed a metalla-
cyclopeptide which decreased the distance between the two
termini as monitored by a fluorescence quenching between
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Fig. 8 (a) Chemical structure of peptide 12. (b) Bipyridine metallacyclo-
peptides formed from peptide 12. Reproduced with permission from
ref. 42. Copyright 1996, American Chemical Society.
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Fig. 9 (a) Chemical structure of peptides 13, 14, 15. (b, c) Hypothetical
folding pathway illustrated for the metal ion assisted self-assembly of such
metalloproteins. Reproduced with permission from ref. 43-45. Copyright
1992, 1998, 2011, American Chemical Society & Wiley-VCH Verlag GmbH
& Co. KGaA.

two attached reporter groups, a veratrole and anthracene
group, respectively.””

For intermolecular self-assembly, bipyridine groups usually
act as bidentate chelators to coordinate with metal ions.
Ghadiri et al. first reported 15-residue amphiphilic peptide 13
with a 2,2’-bipyridine functionality at the N-terminus (Fig. 9a).
The peptide could spontaneously self-assemble with transition
metal ions to form a 45-residue triple-helical coiled-coil
metalloprotein (Fig. 9b).** Similarly, Case et al. presented a
2,2'-bipyridyl substituted tripeptide (Bpy-Gly-Glu-Leu-amide,
peptide 14, Fig. 9a) which self-assembled into three-helix
bundle metalloproteins.**

In another example, Munch et al. introduced an abiotic
bipyridine ligand into insulin that complements the native
metal-ion binding site of the peptide and enables the formation
of novel types of self-assemblies from this re-engineered insulin
variant 15 (Fig. 9a). Native insulin binds Zn** to form a
hexamer. However, the use of Fe*" to coordinate with the
engineered insulin 15 resulted in chemoselective and reversible
binding to the engineered bipyridine groups, forming a homo-
trimer (Fig. 9¢). This approach provides the first well-defined
insulin trimer and the first insulin variant for which self-
assembly could be followed visually.*

Chmielewski and co-workers have done a series of work on
incorporating bipyridines into small collagen peptides and
used metal-ligand interactions to drive self-assembly. They
designed two kinds of ways to self-assemble such peptides:
incorporating metal-binding ligands within the center of the
collagen peptide (radial design), and both at the termini and
center of a collagen peptide (cross-linked design).

The first example of radial design was achieved by the
synthesis of a centrally positioned, bipyridine-modified amino
acid within (Pro-Hyp-Gly), peptide 16 (Fig. 10a). Peptide 16

Chem. Soc. Rev., 2015, 44, 5200-5219 | 5205


http://dx.doi.org/10.1039/c5cs00234f

Published on 08 May 2015. Downloaded by Pennsylvania State University on 11/05/2016 05:51:16.

Chem Soc Rev

a)

Fig. 10 (a) Chemical structure of peptide 16. (b) Proposed model for the
formation of the triple helix and the trimer of triple helice collagen peptide
from 16. Reproduced with permission from ref. 46. Copyright 2008,
American Chemical Society.

firstly formed a triple helix by intermolecular H-bonds which
positioned the three bipyridyl ligands on the surface of the
midsection of the resulting triple helix fibres. Upon addition of
Fe”", a trimer of such triple helices was formed held together
with the aid of bipyridyl-Fe*'-complexes (Fig. 10b).*®

A much more complex radial design was further reported by
Przybyla et al. Based on their previous research, they envisioned
that the use of two bipyridine ligands along a collagen peptide
could provide multiple sites for metal coordination within
the triple helix and potentially would add rigidity to metal-
promoted radial assemblies. Peptide 17 contains repeating
POG sequences and two bipyridine ligands conjugated to
lysines (Fig. 11a). The collagen peptide firstly formed a triple
helix which led to two sets of three bipyridyl ligands each on the
surface of the triple helix. The triple helix further assembled by
coordination with transition metals (e.g. Fe**) and hierarchically
assembled into collagen peptide discs (Fig. 11b). Assembly
formation was reversed upon addition of ethylenediaminetetra-
acetic acid (EDTA) as a competing ligand.”’

o

{% et Gt .
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b)

Fig. 11 (a) Structure of peptide 17. (b) Triple helix formed from peptide 17, with
six bipyridine ligands mediating metal-promoted radial assembly. Reproduced
with permission from ref. 47. Copyright 2010, American Chemical Society.
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Fig. 12 (a) Sequence of collagen-based peptide 18 containing three
central bipyridine ligands. (b) Schematic representation of the triple helix
Hbyp3 and its self-assembly triggered by metal ions. Reproduced with
permission from ref. 9. Copyright 2013, American Chemical Society.

Extending this concept further, now three bipyridine ligands
were introduced in the collagen peptide. Accordingly, 27 amino
acid collagen-based peptide 18 was designed to radially display
nine bipyridine moieties from the resulting triple helical scaf-
fold. To improve the structural integrity of the aggregates, the
peptides was designed in such a way that it contained repeating
units of Pro-Hyp-Gly (POG) with an increasing number of
aromatic groups per triple helix (Fig. 12a). 27 amino acid
peptide 18 first self-assembled into a triple helix. These helixes
were then fused together in a metal-ion-dependent fashion into
spherical shells that were about two orders of magnitude larger
than related protein cages found in nature (Fig. 12b).°

Combining linear coordination ligands with their previous
radial-growth collagen peptide, Chmielewski and coworkers
also designed a new kind of cross-linked collagen peptide 19.
In this design, 2,4-nitrilotriacetic acid (NTA) as well as His,
terminal moieties were combined with the central bipy ligand
within one collagen peptide (Fig. 13a). The multidirectionality
of the metal-ligand interactions provided opportunity for the
formation of extensively cross-linked collagen peptide materi-
als. Upon addition of metal ions (Ni**, Cu**, Co*", and Zn*"),
the triple helix formed from peptide 19 further assembled into
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Fig. 13 (a) General structures of peptide 19, (b) schematic representation of
triple-helix formation and their assembly into a cross-linked three-dimensional
scaffold following addition of metal ions. Reproduced with permission from
ref. 48. Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 14 (a) Structure of artificial peptide 20. (b) Schematic diagram of the
self-assembly of 20 triggered by metal ions. Reproduced with permission
from ref. 32. Copyright 2005, American Chemical Society.
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Fig. 15 (a) Structures of synthetic peptides 21-26. (b) Schematic representahon
of the trlple helical collagenous peptide assembled from the N-terminal Fe2*,
Ni?* complex. Reproduced with permission from ref. 49 and 50. Copyright
2002, 2011, American Chemical Society & Wiley-VCH Verlag GmbH & Co. KGaA.

highly cross-linked, fibrous structures due to additional inter-
molecular NTA-metal, His, and bipyridine-metal coordination
(Fig. 13b)."®

Gilmartin et al. have chosen bipyridine modified peptide
nucleic acid (PNA) and studied its self-assembly with metal
ions. PNA molecule 20 contained three bipyridine groups
(Fig. 14a), which could coordinate with either two or three
metal ions (Cu®>" and Fe®" respectively) to form two different
oligopeptide duplexes (Fig. 14b).**

In another example of the self-assembly of triple-helix
peptides, Koide et al. designed two collagenous peptides 21
and 22 which contained a bipyridine group at the N-terminal
(Fig. 15a). By coordination with Fe** ions, bpy-containing
collagen peptides 21 and 22 were assembled with Fe** ions to
form triple helix assemblies (Fig. 15b).** Similarly, LeBruin et al.
designed and synthesized four peptides, 23-26 (Fig. 15a). These
sequences consisted of five repeats of the POG tripeptide. Bidentate
2,2/-bipyridyl ligands were appended to the N-termini of the four
peptides which were designed to be optimally placed for the
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formation of 23, 25, 26 heterotrimers upon addition of an
octahedral-coordination metal ion Ni** (Fig. 15b).>°

The present examples show that bipyridine units can be
attached to peptides. In the presence of appropriate metal ions,
the peptide could self-assemble to adopt specific conformations
and form metallacyclopeptides or to form various nanostructures.

3.3 Self-assembly via terpyridine coordination

Terpyridine (2,2':6’,2"-terpyridine, often abbreviated tpy) is a
heterocyclic tridentate compound derived from pyridine.”* The
terpyridine moiety was shown to have outstanding complexa-
tion properties for a wide range of transition-metal ions.”?
Control of the geometries and spacing of functional complexes
by using terpyridine is an important aspect in the design
of bioinorganic supramolecular structures.’®>* For example,
terpyridine has been used for the self-assembly of nucleic acid.
The use of 2,2":6’,2"-terpyridine together with a monodentate,
nitrogen-coordinating ligands was reported to create an alter-
native, metal-mediated base pair of [3+1] scaffold in nucleic
acid.>® Choi et al. used Fe*" to coordinate with DNA duplexes that
had terminal tpy ligands to form DNA triangles.”® By metal-induced
cyclization, Géritz et al. used Fe** to coordinate with terpyridine for
the allosteric control of oligonucleotide hybridization.>”

In combination with peptides, terpyridine is usually con-
nected to the termini or in the middle of the peptide to form
cyclic peptides and dimer assemblies. They can also be used in
the self-assembly of cyclic peptides.

In one example, terpyridine has been used for cyclic peptide
formation. Constable et al. reported a metallamacrocycle peptide
[(27)Fe]** which consists of two terpyridines as terminal coordi-
nation groups (Fig. 16a). The proline was introduced into the
peptide as a central amino acid to support turn formation upon
metal complexation. By reaction with Fe®", peptide 27 sponta-
neously formed a [(27)Fe]** cyclic peptide in solution (Fig. 16b).
However, the formed metalla-macrocycle soon decomposed
upon prolonged standing.>®

For intermolecular self-assembly, terpyridine moieties could
be appended to the termini of the peptides or in the middle
of the peptides. Vandermeulen et al. described the supra-
molecular organization of a metalloprotein that consisted of
two N-terminal terpyridine-modified coiled-coil proteins 28
held together by Fe>" ions (Fig. 17a). Self-assembly of the

®

Fig. 16 (a) Structure of terpyridine moidified peptides 27. (b) Schematic
representation of the cyclicpeptide formed from 27 coordinate with Fe?*
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Fig. 17 (a) Structure of terpyridine modified peptide 28. (b) Schematic
representation of the dimer formed from 28 upon coordination with Fe?*
Reproduced with permission from ref. 59. Copyright 2004, CSIRO
Publishing.
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Fig. 18 (a) Molecular structure of triskelion peptides 29a, 29b. (b) General
principle of the construction of protein—inorganic hybrid compounds.
Reproduced with permission from ref. 60. Copyright 2010, Wiley-VCH
Verlag GmbH & Co. KGaA.

metalloprotein was the result of the interplay between metal-
ion complexation and protein folding. At high Fe** ion con-
centrations, folding and organization is dominated by the
formation of octahedral [Fe"(tpy),] complexes by Fe** coordina-
tion with two terminal terpyridine moieties (Fig. 17b).>°

The terpyridine residues can also be positioned in the
middle of the peptide. Bogdan et al. designed and synthesized
a series of such peptides for the directed construction of
inorganic-hybrid-protein frameworks. The synthesized ligands
were composed of a terpyridine moiety conjugated to two
epoxysuccinyl peptides on either side (peptides 29a, 29b,
Fig. 18a). Complexation of the synthesized peptides with Fe**
and Ni*" ions was found to proceed similar to that of the parent
terpyridine leading to cross-linked peptide dimers (Fig. 18b).*°

Terpyridine moieties were also combined with bipyridine
and pyridine ligands in one peptide ions. Coppock et al
synthesized heterofunctional artificial tripeptide 30 that self-
assembled into an antiparallel duplex by coordination of three
Cu”* ions. The tripeptide contains three pendant ligands,
pyridine, methyl bipyridine, and terpyridine, along an amino-
ethylglycine backbone (Fig. 19a). These ligands chelate three
Cu*" ions, forming two [Cu(tpy)(py)]*" complexes and one
[Cu(bpy),]*" complex which cross-linked two strands to give a
trimetallic supramolecular structure (Fig. 19b).®!

As an example for terpyridine used in peptide nucleic acid
(PNA) self-assembly, Bezer et al. reported the self-assembly of ss
or ds PNA to interduplex complexes. Consequently, PNA
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Fig. 19 (a) Molecular structure of tripeptide 30. (b) Molecular model of
[Cus(30),]%* formed from tripeptide 30. Reproduced W|th permission from
ref. 61. Copyright 2011, American Chemical Society.

o = cu2+ N
—_—>

PNA ( : Tpy

Fig. 20 Structure of a metalloprotein consisting of two folding motif
sequences of a N-terminal terpyridine-modified coiled-coil protein.
Reproduced with permission from ref. 62. Copyright 2011, American
Chemical Society.

duplexes that contained one or two terpyridines instead of a
nucleobase formed [Cu(tpy),]** complexes in the presence of
Cu®" (Fig. 20).%

Fujimura et al. further applied terpyridine ligands in a self-
assembling cyclic peptide. They designed cyclic tri-B-peptide 31
which has three terpyridine metal ligand binding sites (Fig. 21a).

b)

Fig. 21 (a) Chemical structure of peptide 31. (b) Schematic shows the
self-assembly process of this cyclic peptide with Cu®*. Reproduced with
permission from ref. 63. Copyright 2007, American Chemical Society.
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The terpyridine ligands covered the surface of the assemblies,
keeping the terpyridine plane parallel to the ring plane of the
cyclic tri-B-peptides. The cyclic peptides formed a rod-shaped
molecular assembly by coordinating with Cu®* (Fig. 21b).%*

Different from bipyridine, the self-assembly of terpyridine
modified peptides often induces dimer assemblies by coordi-
nation with metal ions. This depends on the properties of the
tridentate chelating terpyridine-ligand.

3.4 Self-assembly via nitrilotriacetic acid coordination

Nitrilotriacetic acid (NTA) is an aminopolycarboxylic acid that
forms coordination compounds with metal ions-such as Ca?",
Cu*, and Fe*".*" The uses of NTA are similar to those of ethylene
diamine tetraacetic acid (EDTA), as both are chelating agents. In
contrast to EDTA, NTA is highly biodegradable. NTA confers great
advantages when incorporated into peptides for self-assembly with
metals. First, NTA-modified peptides are capable of self-assembly
upon addition of an external stimulus such as metal ions. Second,
the trigger is compatible with living cells (as it uses Ca** instead of
rather toxic transition metals) and could cause self-assembly under
physiological conditions. Third, the assembly of the scaffold may
be fully reversible under mild conditions. In many cases, NTA
residues act as an anchor to bind with metal ions of histidine
tagged proteins in order to introduce a fluorescent quencher or to
immobilize histidine-tagged proteins on biosensor surfaces.
Histidine tagged proteins (often used tags are hexahistidine:
Hise or decahistidine: His;,) could interact with multivalent NTA
chelator heads (bis-, tris-, and tetrakis-NTA for example). Many
researchers used this property to design new fluorescent probes
for variety of applications. Wruss et al. used Hiss tagged protein
self-assembly with tris-NTA to detect viruses. V33333 is one of
the highest affinity very-low-density lipoprotein receptors for
viruses. Wruss et al. substituted the N-terminus of V33333-His,
with a fluorescein residue and attached a quencher dye molecule
at the NTA moiety (Fig. 22a). Upon addition of 1-2 pM free Ni*",
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Fig. 22 (a) Structure of QSY7-S-Tris-NTA. (b) The very-low-density
lipoprotein-receptor derivative V33333-Hisg was labelled at its N-terminus
with 6-carboxyfluorescein and QSY7-S-tris-NTA was bound to the C-terminal
Hisg Tag for detection of the virus. Reproduced with permission from ref. 65.
Copyright 2009, American Chemical Society.
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Fig. 23 (a) Chemical structure of the carboxyfluorescein-conjugated
chelator heads 32a—d: mono/bis/tris/tetrakis-NTA-fluo. (b) Schematic
representation of the NTA-fluo complex with fluorescein-labeled Hisg in
the presence of Ni®*. Quenching processes leading to fluorescence decay
upon complex formation are indicated by arrows. Reproduced with
permission from ref. 66. Copyright 2005, American Chemical Society.

they found that the tris-NTA peptide was conjugated with the
Hise tagged protein (Fig. 22b). The interaction of this conjugate
with a virus leads to a fluorescence resonance energy transfer
from the fluorescein residue to the quencher, which can be used
to detect virus particles.®®

Later, Lata et al. created chemical recognition units that
bind oligohistidine tags with high affinity for use as tools for
selectively attaching spectroscopic probes and other functional
elements to recombinant proteins. Compounds 32a-d con-
tained 1-4-NTA moieties, which additionally contained an
amino group to which fluorescein, a sensitive reporter probe,
was coupled (Fig. 23a). These multivalent chelator heads (MCH)
(bis-, tris-NTA for example) could interact with hexahistidine
(Hise)- and decahistidine (His;o)-tagged proteins. Upon complex
formation of these proteins with Ni**-loaded chelator-carboxy-
fluorescein conjugates, strong fluorescence quenching was
observed (Fig. 23b).°

By using a NTA moiety to coordinate a His¢-tagged protein,
Tinazli et al. successfully immobilized Hise-tagged proteins on
chip surfaces. Bis-NTA 33 was linked through an oligoethylene
glycol linker to alkyl thiols for the formation of mixed self-
assembled monolayers on gold (Fig. 24a). The surface immo-
bilized bis-NTA then conjugates with Hise-tagged proteins by
metal coordination (Fig. 24b). These multivalent chelator chips
allow specific, high-affinity, reversible, long-term immobiliza-
tion of Hisstagged proteins.®” As an alternative to thiols
to connect with the gold template, Heeres et al. envisioned
p-biotin-tris-NTA hybrid compound 34 as the linkage between
the biosensor surface (functionalized with streptavidin which
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Fig. 24 (a) Chemical structure of compounds 33, 34; (b) schematic
representation of thiol and biotin functionalized NTA compounds fixed
on the chip surface and immobilize Hisg-tagged proteins. Reproduced
with permission from ref. 67 and 68. Copyright 2005, 2009, Wiley-VCH
Verlag GmbH & Co. KGaA & American Chemical Society.
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Fig. 25 (a) Structure of collagen-based peptides containing metal-
binding ligands and various numbers of repeating POG units. All four
peptides contain a NTA unit at the N-terminus (red) and a His, unit at
the C-terminus (blue). (b) Schematic representation of the metal-
promoted assembly of the resulting triple-helical collagen-based peptides.
Reproduced with permission from ref. 69 and 70, Copyright 2009, 2012
American Chemical Society.

assembles with biotin residues) and a Hise-tagged protein of
interest (Fig. 24a and b).®®

When incorporating both natural and artificial coordination
ligands into a peptide, researchers could obtain some interesting
nanostructures. For example, Pires et al reported a series of
artificial peptides composed of histidine moieties and functional
NTA/IDA groups. In the first case, they designed central collagen-
based peptide 35¢ (NCoH9) composed of nine repeating units of
the tripeptide POG and two distinct metal-binding ligands (NTA,
histidine) at each terminus (Fig. 25a). Individual strands 35c firstly
formed triple helices which clustered six histidines at one end and
three NTAs at the other end. The addition of metal ions was found
to promote a linear assembly of 35¢ by the head to tail conjugation
of such triple helices by the metal ions (Fig. 25b).%°
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Later, they demonstrated the metal-ion-promoted supramolecu-
lar assembly of collagen-based peptide triple helices into distinct
morphologies that were controlled by the number of POG repeating
units. In this study, they synthesized four collagen-based peptides
35a-d that incorporated 5, 7, 9, and 11 POG repeating units
(Fig. 25a). The number of repeating units effectively influences
the stability of the collagen triple helix thus changing the structure
of assemblies formed from 35a-d. Similar to their previous
research, collagen peptides 35b (NCoH7), 35¢ (NCoH9), 35d
(NCoH11) formed stable triple helices and further assembled
into microsaddle structures by metal-promoted assembly
(Fig. 25b). In contrast collagen peptides 35a (NCoH5) neither
formed a stable triple helix nor participated in supramolecular
assembly with added metal ions.”®

3.5 Self-assembly via iminodiacetate acid coordination

The iminodiacetate acid (IDA) acts as a tridentate ligand that forms
a metal complex with different groups like histidine. Application
of iminodiacetate has great advantages in biochemistry.”" For
example, the ability of Cu®** conjugated to iminodiacetic acid
(IDA-Cu®") to interact preferentially with the histidine residues
of proteins has been utilized in two-dimensional crystallization
of proteins at lipid bilayers,”>”® purification of peptides and
proteins,”*”® probing the accessibility of histidine residues,””
mapping the distribution of the histidine residues on the protein
surface,”® and design of inhibitors.”>** Moreover, IDA has also
been used in metal-responsive hydrogelation systems in which it
acts as an intramolecular chelating ligand.

By using the IDA functional group, Banerjee et al. devised a
novel strategy to enhance the binding affinity of an active-site-
directed inhibitor for carbonic anhydrase. They attached
IDA-Cu** (via triethylene glycol as a spacer) to a known enzyme
inhibitor and synthesized a new inhibitor 36 (Fig. 26a). The
benzenesulfonamide group in the inhibitor is well known to
interact with the active site of carbonic anhydrase. By connect-
ing it with an IDA-Cu®" moiety, IDA-Cu”* could further interact
with one of the surface-exposed histidine (His-4) residues thus
increasing the binding affinity of the new inhibitor relative to
the benzenesulfonamide group by ca. 40-fold (Fig. 26b).5!

Based on their previous work, Banerjee et al. also attached
IDA-Cu** to benzenesulfonamide via spacers of various chain
lengths. They synthesized two ligands, 38 and 37, in which the
distances between the Cu®*" and NH, groups of sulfonamide are
29 and 22 A (Fig. 26a), respectively. The binding affinity of 38
for recombinant human carbonic anhydrase I (hCA-I) was
similar to that of benzenesulfonamide alone, whereas that of
37 was ca. two orders of magnitude higher, making 37 a
potential ligand or an inhibitor of hCA-1 (Fig. 26c).*

Micklitsch et al. reported a metal-responsive peptide-based
hydrogel in which gel formation is triggered by zinc binding.
Peptide 39 is a 20-residue B-hairpin peptide (BHP) composed of
two amphiphilic B strands (Fig. 27a). In aqueous solution and
in the absence of metal ions, the peptide is unfolded and
soluble. Addition of Zn>" ions results in chelation of the metal
by a synthetic ligand in the peptide, which in turn triggers
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Fig. 26 (a) Structure of compounds 36-38. The active-site-directed

Enzyme

inhibitor benzenesulfonamide and the histidine-binding residue IDA-
Cu?* were connected via a triethylene glycol spacer. (b) Surface-assisted
enhancement of the binding affinity of the inhibitor. The inhibitor is bound
both to the active-site pocket and a surface-exposed histidine residue of
the enzyme at the same time. (c) Binding affinity depends on the linker
length. Whereas the second binding site of the ligand with a shorter linker
can easily loop around and interact with a complementary peripheral site,
the ligand containing a longer spacer fails to find a complementary
interacting site on the surface enzyme. Reproduced with permission from
ref. 81 and 82. Copyright 2004, 2005 American Chemical Society.
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Fig. 27 (a) Primary sequence of B-hairpin peptide 39 which contains the
synthetic amino acid 3-amidoethoxyaminodiacetoxy-2-amino propionic
acid as a metal binding site. (b) Proposed mechanism of metal-triggered
folding and the self-assembly of peptide 39. Reproduced with permission
from ref. 83. Copyright 2011, Wiley-VCH Verlag GmbH & Co. KGaA.

peptide folding and its subsequent self-assembly into a B-sheet-
rich moderately rigid, fibrillar hydrogel (Fig. 27b).*

The controlled assembly of peptide-based copolymers into
novel functional biomaterials may potentially lead to signifi-
cant technological advances. Pires et al. used a block-like
assembly process on tandem repeats of collagen peptides to
expand the repertoire of accessible architectures based on
collagen peptides. In this case, they synthesized two collagen
blocks 40 and 41 which contained mono-functional chelating
groups (with one IDA, or one histidine at each terminus,
Fig. 28a). When the collagen peptides assembled in the
presence of metal ions (zZn>*, Cu**, and Ni**), the triple helices
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Fig. 28 (a) Sequences of collagen-based peptides 40 (IdaCol) and 41
(HisCol); (b) schematic representation of the metal-promoted assembly of
triple-helical collagen-based peptides. Reproduced with permission from
ref. 84. Copyright 2011, American Chemical Society.
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Fig. 29 (a) Chemical structure of 42. (b) Induction of an a-helix by binding
of rhodium() to phosphanoserine residues. Reproduced with permission
from ref. 87. Copyright 1996, American Chemical Society.

were connected by metal ions at each terminus and formed
periodically banded microstructures (Fig. 28b). This exquisite
control of higher-order co-assembly mimics the banding
observed in natural collagen fibers.%*

3.6 Self-assembly via phosphane ligand coordination

Phosphorus is a good donor atom for the formation of coordination
compounds. The coordination chemistry of phosphane ligands was
pioneered by Mann, Chatt, and others beginning in the 1930s.5>%°
Phosphane ligands can act as intramolecular and intermolecular
linkers to conjugate peptides to macrocyclic peptides or peptide
nanostructures. Furthermore, phosphine moieties have been intro-
duced into cyclic peptides for the precise construction of homo- and
hetero-dimeric cyclic peptides.

For intramolecular self-assembly, Gilbertson et al. synthesized
an artificial amino acid which contained two diphenylphos-
phano serine units in i and { + 4 positions (Fig. 29a). The two
diphenylphosphano moieties of the peptide could bind to Rh* to
induce an a-helical conformation in the peptide (Fig. 29b).%”

Stupp et al. introduced a series of artificial peptides which
also self-assemble with the aid of phosphane ligands. They
introduced peptide amphiphiles (PAs) which may self-assemble
into supermolecules in response to various stimuli, including
the presence of metal ions.®® PAs 43-45 are composed of a
peptide segment containing 6-12 amino acids coupled via an
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Fig. 30 (a) Structure of PA-43-45. (b) Scheme of PA-43-45 nanofiber
self-assembly. Reproduced with permission from ref. 90 and 91. Copyright
2005, 2006, Elsevier Ltd & Wiley-VCH Verlag GmbH & Co. KGaA.

amide bond to a fatty acid chain (Fig. 30a). They found that
treatment of a solution of these PA with divalent Ca®" immedi-
ately caused gelation of the solution by metals coordinating
with the phosphane groups of the PA (Fig. 30b).*® Later, they
improved the self-assembly of PA with polyvalent metal ions. In
this case, PA molecules can assemble into robust nanofibrillar
networks at physiological pH upon the addition of polyvalent
metal ions such as Mg>*, Ca>, Ba®*, Zn*>*, Gd*". These nano-
structured networks even form in the presence of tissue fluids
or cell culture media that contain these ions.’*!

Selective coordination properties of the appropriate metal
with phosphine in a cyclic peptide allow us to precisely control
the formation of homo- or heterodimers between two such
peptides. Panciera et al. designed cyclic peptides 46, 47 based
on 3-aminocyclohexane-carboxylic acid (y-Ach) for this purpose
which contained phosphine or alkyne moieties attached to an
amino acid side chain (Fig. 31a). In the presence of metals such
as Pd*" or Au', metal coordination leads to the formation
of dimers (Fig. 31b). Selective heterodimer formation can be
achieved by forming gold acetylide complexes. Homodimers
can be formed by coordination with bidentate phosphines.”

3.7 Self-assembly via crown-ether coordination

Crown ethers are cyclic compounds that consist of a ring
containing several ether groups. They can strongly bind certain
cations. The oxygen atoms are well situated to coordinate with
a cation located at the interior of the ring, whereas the exterior
of the ring is hydrophobic. Crown ethers have been used to
stabilize the conformation of peptides.

Voyer et al. described a crown ether functionalized peptide
48 (Fig. 32a). In the absence of metal ions the peptide adopts a
B-sheet type structure which is not affected upon addition of
sodium or potassium cations. However, Cs" is able to form a
sandwich complex with the crown ether units and thus leads to
macrocyclization (Fig. 32b). In order to form the complex,
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Fig. 31 (a) Cyclic peptides 46, 47 containing 3-aminocyclohexane-
carboxylic acid y-Ach and y-Acp residues. (b) Structure of heterodimer
D(S)47—-47[Au] and the observed homodimer D(S)46—47[Au] resulting from
mixing 46 and 47 upon interaction with gold(). Reproduced with permission
from ref. 7. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.

a) c) H
N
N-t-BOC-AA-CE-AA-CE-A-CONH-nC;H, [ N
CE = 3,4-(18-Crown-6)-L-Phenylalanine N

48) N LWO

-H

<

H
o
ATANP
b)
o Cs*
_>
B-sheet B-turn

Fig. 32 (a) Schematic structure of peptide 48. (b) Schematic representa-
tion of the B-sheet to B-turn conformational change induced by addition
of metal ions. (c) Chemical structure of triazanonane (ATANP) residue used
in this helix—loop—helix assembly.

peptide 48 had to change from a f-sheet conformation to a
B-turn conformation.®?

Rossi et al. reported three helix-loop-helix peptides which
bear the triazanonane (ATANP) unit (Fig. 32¢). Upon addition of
Zn**, the a-helix conformation of the peptides was stabilized.
They further used the Zn>* complexes of the three peptides to
successfully catalyze the transesterification of the RNA model
substrate 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP).??

4. Metal-triggered self-assembly using
natural ligands

Metal-triggered self-assembly of natural peptides pertain to
natural coordinating ligands, including histidine, cysteine,

This journal is © The Royal Society of Chemistry 2015
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tryptophan and glutamic acid etc. (Table 1). There has been
increasing interest in the metal-triggered self-assembly of arti-
ficial peptides using natural coordination ligands, as synthetic
biology is used to understand nature through mimicry.** This
approach has provided us with the opportunity to develop novel
biological systems and new functions.

4.1 Self-assembly via histidine coordination

Histidine is an o-amino acid with an imidazole functional
group. The imidazole ring of histidine bears a nitrogen lone
pair which is able to coordinate with metal ions. This makes
histidine a common group to control the structure of metal
organic structures. In many metallopeptides, histidine moieties
act as co-initiators to reconstruct the structure of the proteins.
For example, the self-assembly of histidine rich amyloid-B
peptides (AP peptides) with metal ions has been considered
to be one of the most important causes in Alzheimer’s disease.
Many chemists have done a lot of work on the self-assembly of
amyloid-f peptides with metal ions for a better knowledge of
amyloid structures and mechanisms in Alzheimer’s disease.”>™”
Besides, histidine residues were used as an anchor to bind metal
ions or as a connector to assemble collagen peptides. Histidine
moieties also act as stabilizers to stabilize helical coiled coil
peptides in the presence of transition-metal ions.

In order to figure out the possible mechanism of Alzheimer’s
disease, Lynn and co-workers did a lot of work on the influence of
metal ions to induce amyloid fibril formation.’®*® For example,
they described conditions which radically alter the relative rates of
nucleation and propagation in amyloid formation. To emphasize
the impact of these interactions on fibril formation, they focused
on the most critical histidine residues at positions 13 and 14 of full
length B-amyloid AP(1-42) (middle sequence YEVHHQKLVEFFA;
Fig. 33). Upon addition of Zn**, the nucleation and propagation
rates of self-assembly for this peptide increased significantly.'*
Later, they found that by restricting the possible metal binding
sites of the amyloid peptide, Zn>* can specifically control the rate
of self-assembly and dramatically regulate amyloid morphology via
distinct coordination environments. Hence, their studies open
up the possibility of better resolving the precise mechanism of
amyloid self-assembly."”!

Yang et al. used peptide 49 (Ac-:AEAEAKAKAEAEAKAK-NH,)
as a model peptide to coordinate metal ions. The peptide was
modified by adding a functional Cu**-binding group, GGH25
(G: glycine; H: histidine), to the C-terminus of 49. The mole-
cular structure of peptide 49, known as EAK16 (II) GGH, is
shown in Fig. 34a. The designed peptide may bind strongly to
copper to form short or long fibres, leading to highly stable
metal-peptide complexes (Fig. 34b)."*

A
Amyloid-B peptide

Fig. 33 Zn®*'-induced self-assembly of two B-amyloid strands. Repro-
duced with permission from ref. 100 and 101. Copyright 2002, 2006,
American Chemical Society.
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a)

Ac- AEAEAKAKAEAEAKAK-GGH-NH, =
b) (49)

ﬂ M(Q}/\Af

l

Y—— i ——X
S,

Fig. 34 (a) Schematic diagram of peptide 49. (b) Possible self-assembly
mode of peptide 49 coordinated to Cu?*. Reproduced with permission
from ref. 102, Copyright 2006, American Chemical Society.

a) N Nuu OH OH
o OHH o \H o 9 o uw © 9 o OHH o
A LA AR CH R 8 O L
Hoo :\SHH o] H oo j\” o :\OHH [ :\SHH O/H

07 "NH,

(50)
" o a
pale
P
Lt

Intermolecular
Coordination

Intramolecular
Coordination

Fig. 35 (a) Schematic structure of Ac-SCHGDQGSDCSI-NH, 50. (b)
Models of peptide 50 coordinated to different equivalents of Cd>* generated
using molecular modeling.

Inspired by the metal binding loops of metal-responsive
transcriptional activators, Jancsoé et al. designed dodecapeptide
50 (Fig. 35a). In the absence of metal ions, the peptide mainly
displays characteristics of a random coil. This protein forms
different types of structures upon addition of various amounts
of Cd**. One equivalent leads to folding of the peptide into a
cyclic aggregate (intramolecular coordination of Cd**) whereas
in the presence of only half an equivalent a cyclic dimer is
formed (intermolecular coordination) (Fig. 35b).**®

Hsu et al. reported highly effective and simple means to
assemble small, synthetic collagen-related peptides into var-
ious higher-order structures by utilizing metal-histidine coor-
dination. They synthesized two short, collagen-related peptides
51 and 52, HG (PPG)yGH(X,) (PPG refers to Pro-Pro-Gly) and
HG(PPG),(PHG)(PPG),GH (PHG), in which histidine residues
are incorporated as metal-binding sites (Fig. 36a). The two
peptides could form marginally stable collagen triple helices.
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a)
HG(PPG)gGH = HG(PPG),PHG(PPG),GH =
(51) (52)
b)
(4
3 g gl o 1 e 4
c)
: o  Igbodant
2 B b
© =2zn*, Ccu>

Fig. 36 (a) Chemical structure of peptides 51, 52. (b) lllustration of a PPG
triplet and self-assembly of peptide 51 via metal—histidine coordination. (c)
Illustration of a PPG triplet and self-assembly of peptides related to PPG
repeat collagen 52 via metal—-histidine coordination. Reproduced with
permission from ref. 104. Copyright 2012, American Chemical Society.

a)

AcNH- E IAQHEKE IQAIEKK IAQHEYK IQAIEEK IAQHKEK IQAIK -CONH; {
53

c
) VGG IEKKIEA IEKKIEA HEKKHEA IEKKIEA -NH,
(54)

Q =Ag
e e =

Fig. 37 (a, ¢) Amino acid sequence of 53, 54. (b, d) Model of 53, 54 self-
assembly in the presence of metal ions. Reproduced with permission from
ref. 105 and 106. Copyright 2008, 1998, American Chemical Society.

Upon addition of Cu*" and Zn*", the histidine groups at the end
of peptide 51 could coordinate with metal ions by end-to-end
assembly to form nanofibrils (Fig. 36b). However, histidine
groups in the middle of 52 combined the end-to-end coordina-
tion with radial assembly and led to nanofibrils and microscale
spherical aggregates (Fig. 36¢)."%*

Histidine self-assembly with metal ions has also been applied to
helical coiled coil peptides. Dublin et al. reported 41-residue peptide
53 comprising six heptad repeats of a coiled-coil structural motif
(Fig. 37a). Three proximal histidine residues within the structure
provide a potential metal-ion binding site. The peptide had the
ability to self-assemble in the presence of silver(i). The process
involved selective recognition and binding of Ag" with histidine
groups at a complementary site within the peptide sequence
(Fig. 37b). Metal coordination induced a conformational transition
that resulted in a specific mode of self-association.’® Suzuki et al.
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K 1H/>
w © w © H o [o] /QE” o
%N%H%N\Au/}gN\/\/\)‘l\ﬁk” T N\)J\H/\IO(OH
D@" (55)

O = Cu*, Ag*

MM
Fig. 38 (a) Molecular structure of peptide 55. (b) Possible mode of 55

self-assembly in the presence of metal ions. Reproduced with permission
from ref. 107. Copyright 2007, Elsevier Ltd.

designed a triple-stranded parallel o-helical coiled coil with the
amino acid sequence YGG(IEKKIEA), (Fig. 37c). A metal-binding
site located in the hydrophobic core of this peptide was obtained
upon replacing the two Ile residues of the third heptad with His
residues. This peptide 54, YGG(IEKKIEA),(HEKKHEA)(IEKKIEA),
was found to undergo metal-ion-induced self-assembly into a
triple-stranded coiled coil (Fig. 37d). The peptide had a random
structure in aqueous solution but exhibited an o-helical con-
formation in the presence of Ni**. Its very high affinity for Ni**
suggests that its metal-binding site, the histidine residues, has a
six-coordinated, octahedral geometry.'®

Ghosh et al. reported bis-peptide conjugate 55, which contained
two histidine residues (Fig. 38a). The peptide could interact with
copper or silver ions. FT-IR spectroscopy shows that the amide
I band frequencies of peptide 55 shifted from 1656 cm ' to
1635 cm™ ' when incubated with Cu®>" while being slightly higher
when coordinate with Ag(1). They proposed that Cu®" with an
intermediary soft character is likely to interact both with the
histidine residues as well as the backbone amide groups, while
Ag" primarily coordinates to histidine preferentially in a linear
Ag-N-Ag fashion, without interacting with the peptide backbone
(Fig. 38b). Upon addition of metal ions, peptide 55 formed
morphological and thermal stable peptide fibers (cross-section:
220-230 nm with Cu**; 15-40 nm with Ag") upon aging.'””

4.2 Self-assembly via cysteine coordination

The thiol side chain in cysteine (Cys) often participates in enzymatic
reactions by coordination with different metals,'®® for example with
zinc in zinc finger proteins and in alcohol dehydrogenase, copper in
the blue copper proteins, iron in cytochrome P450, and nickel in the
[NiFe]-hydrogenases.'® The thiol group also has a high affinity for
heavy metals, so that proteins containing cysteine, such as metal-
lothionein, will bind metals such as mercury, lead, and cadmium
tightly."'® Peptides (including a-helical peptides) which contained
cysteine have been developed to induce a conformational change or
enhance structural stability and to promote self-assembly upon
binding to a variety of metal cations.

Knerr et al. designed self-assembling peptide 56 (Fig. 39a,
metal-binding hairpin), which could undergo hydrogelation
upon binding to heavy-metal ions such as Pb*", Zn**, Cd**

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c5cs00234f

Published on 08 May 2015. Downloaded by Pennsylvania State University on 11/05/2016 05:51:16.

Review Article

a) VKVKVKV-C-GPKE-C-VKVKVKV-NH,
(56)
b)

(&) o

—

Q = Pb?", Zn?, Cd?*, Hg?*

Fig. 39 (a) Primary sequence of metal-binding hairpin (MBHP) peptide 56.
(b) Proposed mechanism of metal-ion-triggered folding and self-assembly
of 56.

a)

G LKALEEK LKALEEK CKALEEK LKALEEK G -NH;,
" (57)
b)

AVAVAVARE =

Fig. 40 (a) Amino acid sequence of de novo designed peptide 57. (b)
Model of peptide 57 self-assembly into three-stranded coiled coils con-
formation in the presence of metal ions. Reproduced with permission from
ref. 112. Copyright 1998, Elsevier.

and Hg”'. Its peptide sequence is composed of naturally
occurring amino acids with strategically placed cysteine resi-
dues, which could chelate a number of hazardous metal ions.
The peptide sequence contains two cysteine residues on oppos-
ing ends of a f-turn that can be employed as thiolate ligands for
metal complexation. Upon coordination with metal ions, the
peptide underwent an intramolecular fB-turn folding and
further self-assembled into a hydrogel network (Fig. 39b)."*
Another example was reported by Dieckmann et al They
prepared peptide 57 that self-assembled in aqueous solution to
form two- and three-stranded o-helical coiled coils (Fig. 40a). The
peptide contains a single cysteine residue at an a position of the
heptad repeat. The cysteine containing peptide could bind to Hg”".
Cysteine at the a position forms three-coordinate Hg complexes at
high pH, at which the trimeric aggregation state predominates
whereas dimeric complexes formed at lower pH (Fig. 40b)."*?

4.3 Self-assembly via tryptophan coordination

Tryptophan contains a heterocyclic indole functional group,
which is able to coordinate with metal ions. Tryptophan based
self-assembly triggered by metal ions shows great advantages
in biochemical processes.''®

An interesting example is triskelion peptide 58 which
has a tryptophan-tryptophan dipeptide unit on each of its
three arms (Fig. 41a). Cu®* could possibly coordinate with the
amide groups and tryptophan residues of the peptide. Fig. 41b
shows the possible mode of coordination for the peptide
58-Cu** complex. Addition of Cu®** altered the nanostructure

This journal is © The Royal Society of Chemistry 2015
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Fig. 41 Molecular structure of triskelion peptide conjugate 58 and its
possible complexation mode with Cu?*. Reproduced with permission from
ref. 114. Copyright 2008, Elsevier.

of preformed vesicles obtained from 58 to short fibres or
sheet structures."™*

4.4 Self-assembly via glutamic acid coordination

Carboxyglutamic acid (Gla) is an uncommon amino acid intro-
duced into proteins by a post-translational carboxylation of
glutamic acid residues.'*® This modification is found in clot-
ting factors and other proteins of the coagulation cascade.™*®
This modification introduces an affinity for metal ions like
calcium. By coordination with Ca", carboxyglutamic acid moi-
eties can stabilize the conformation of peptides or act as linkers
to form dimeric coiled-coils.

Dai and co-workers reported Ca®-induced self-assembly in
designed peptides 59a-d with optimally spaced y-carboxyglutamic
acid residues. They firstly synthesized several carboxyglutamate
(Gla)-containing neuroactive conantokin (con) peptides (59a
and 59b, Fig. 42). Ca** coordination induces dimer formation
with strictly antiparallel chain orientation in both 59a and 59b

a) 5 bcdefgabcdefgabcdefga
P GEyyLQyNQyLIRYKSN-NH
GEyyYQYMLYyNLRYyAEVKKNANH =
GEyyYQKMLYyNLRYyAEVKKNA-NH
GEYEYQyMLYNLRYAEYKKNA-NH
(59)

b) ‘
=Ca?
AM/\ _»O -

e Qg8

c)

o =Ca%*

Fig. 42 (a) Primary sequences of conantokin (con) peptides. The helical
heptad repeat for each peptide is denoted a—g. (b), (c) Possible mode of
conantokin peptide self-assembly in the presence of metal ions. Repro-
duced with permission from ref. 117-119. Copyright 2004, 2009, 2011,
Elsevier science Ltd & Elsevier Inc.
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peptides in which the Gla residues are positioned at 7, i + 4,
i+7,i+11” intervals (Fig. 42b).""”

In order to probe the self-assembly in conantokin peptides
with an extended Gla network, they further synthesized a 59c¢
(con-T) variant (59d) that contains five Gla residues spaced at
“Lbi+ 4,1+ 7,0+ 11, i + 14”7 intervals (Fig. 42). Upon
coordinating with Ca**, the peptide strands in the complex
can orient in both parallel and antiparallel forms which is
similar to the arrangement of a and d residues in typical
heptads of coiled-coils (Fig. 42b)."*®

To further evaluate the role of Gla residues in peptide self-
assembly, they extended the same Gla arrangement to designed
peptides: NH,-(YLSYEAK);-CONH, and NH,-yLSYEAKyLSg-
QANYLSYKAE-CONH,. These peptides exhibit no helicity on
their own, but undergo structural transitions to helical con-
formations in the presence of Ca*".'"®

Kohn et al. focused on the design of an a-helical coiled-
coil peptide with the aid of Gla-metal coordination.
The metal-binding coiled-coil 60 is composed of identical
35-residue polypeptide chains which contain a Cys residue
allowing the formation of an interchain disulfide bridge
(Fig. 43a). Upon binding with metal ions, the two disulfide-
bridged peptides undergo transition from the random coil
to the o-helix (Fig. 43b). The folded form is stabilized by
metal binding because the metal is chelated by the Gla
side chains.'*®

4.5 Self-assembly via catecholate coordination

Siderophores are small, high-affinity iron chelating compounds
secreted by microorganisms such as bacteria, fungi and
grasses. Hey contain catechols as metal-binding sites and are
amongst the strongest soluble Fe** binding agents known.""

Albrecht et al. synthesized Val-Val-Val tripeptide 61 with
two catechol units at each terminus (Fig. 44a). The tripeptide
could coordinate to Ti** to form an interesting 3:2 loop-like
macrocycle. One peptide acts a linker binding together two
intramolecularly folded peptides to ultimately form loop-type
macrocycles (Fig. 44b). If the tripeptide coordinates with Mo®",
only single metallacyclopeptides are formed [(61)MoO,]*~
(Fig. 44b).">>

a)Ac - Q CGALQKQ VGALQKX VGALXKQ NGALQKQ VGALQK - NH;

X = y-Carboxyglutamic acid
b)

) =Ca>
© 4

Fig. 43 (a) Sequences of native, 35-residue coiled-coil peptide 60. (b)
Possible mode of Gla2N, binding analog in 60 peptide self-assembly with
metal ions. Reproduced with permission from ref. 120. Copyright 1998,
American Chemical Society.
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Fig. 44 (a) Chemical structure of tripeptide 61. (b) Schematic representa-
tion of the loop-type macrocycle [(61)sTi,]*~ and of metallacyclopeptide
[(61)MoO,]%~.

5. Conclusion and outlook

In this article, we have endeavoured to present examples for
metal-ion-induced peptide self-assembly based on both natural
and artificial ligands. Burgeoning biotechnological interest in
this area has stimulated the discovery and development of new
biomaterials that can undergo self-assembly into well-ordered
and functional structures. Although the field is still in its
infancy, the self-assembly of biological molecules ultimately
holds promise in developing materials, devices, and techno-
logies beyond our current imagination. Undoubtedly, future
efforts will focus on the discovery, selection, and development
of new, functional metal-peptide biomolecules from combina-
torial peptide libraries for use in biofabrication. Furthermore,
metallobiomolecules will remain highly attractive systems for
further investigation in the foreseeable future, as they present
diverse challenges in the structure, reactivity, kinetics, mecha-
nism, and synthesis.
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