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Enhancing Metal-binding with 
Noncanonical Coordinating Amino Acids
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Abstract: More than 50% of proteinogenic amino acid sidechains can bind metal ions, enabling proteins and 
peptides to bear these ions as cofactors. Nevertheless, post-translational modifications and incorporation of 
noncanonical amino acids bestow peptides and proteins myriads of other coordination capabilities, thanks to 
an enhanced metal binding. Here we summarize selected examples of natural and artificial systems that contain 
one or more noncanonical amino acids coordinating a metal ion and subsequently achieve a new or enhanced 
function. We report on a wide array of systems: from disease-related proteins that undergo sulfurylation or 
phosphorylation through natural metallophores that selectively capture precious essential ions to synthetic self-
assembly strategies, biocatalysts, and chelating agents against toxic metals. Regardless of their (bio)synthetic 
routes, all possess unique metal-binding properties that could not be effectively achieved by systems composed 
of canonical residues. 

Keywords: Metal-binding · Noncanonical amino acids · Nonribosomal peptides · Peptide siderophores · Post-
translational modifications

Numerous life processes depend on an intricate interplay be-
tween biomolecules and metal ions. In particular, proteins utilize 
various metal ions for multiple functions, where they serve as 
catalytic centers or aid in gaining appropriate folding. For these 
processes to occur in an orchestrated manner, proteins possess 
well-defined metal-binding sites that often exhibit high affinity 
and selectivity for a specific metal ion.[1,2] These characteristics 
are achieved by amino acid (AA) sequences that act as ligands 
and constitute the first coordination sphere. In most cases, these 
metal-binding sites are established by canonical AAs that are ri-
bosomally synthesized into peptides and proteins and give rise 
to a plethora of different metal-specific sequences. Nonetheless, 
post-translational modifications (PTMs) and nonproteinogenic 
AAs introduced synthetically or by nonribosomal peptide synthe-
tases (NRPS) are found to enhance metal-binding properties.[3,4] 

Herein, we summarize key examples of such unique function-
alities harnessed both in natural and artificial systems (Fig. 1,  
Table 1). 

1. Naturally Occurring Modifications
In various natural systems, noncanonical AAs (ncAAs) and 

PTMs are placed within peptidic scaffolds natively to intensify 
metal selectivity and affinity. These chemical transformations en-
dow the peptides myriads of binding capabilities that are above 
and beyond those of the proteinogenic building blocks. 

1.1 Sulfurylation and Phosphorylation 
Sulfurylation and phosphorylation are the most common ex-

amples of PTMs that significantly alter metal binding in natural 
proteins and are, in certain cases, even suggested to be a part of 
specific disease mechanisms. 1.1.1 Cholecystokinin 

The effect of tyrosine (Tyr, Y) modification on metal bind-
ing in the hormone cholecystokinin (CCK) was demonstrated 
using the model octapeptide DYMGWMDF-NH

2 
(CCK8)[5] and 

its sulfurylated and phosphorylated analogs.[6] Unlike the wild-
type (WT) species, the modified peptides were found to bind an 
additional Fe3+ ion, increasing the binding capabilities of the li-
gand to a binuclear complexation. Structural elucidation of the 
complexes suggested that in the sulfurylated analog, the sulfate 
group is incapable of solely binding the second Fe3+ ion and ad-
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Fig. 1. Metal-coordinating noncanonical AAs (ncAAs) described herein. 
Binding atoms are marked in red. Moiety 6 is not derived from an AA but 
is highly abundant in metal-binding peptides. 
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these results demonstrate that these naturally occurring modifica-
tions affect peptide–metal coordination properties and can estab-
lish new binding sites with possible physiological implications 
through an induced change in secondary protein structure.

1.1.3 Amyloid-β
A similar effect of phosphorylation is found in S8 of the 

amyloid-β (Aβ) peptide, which is prevalent in Alzheimer’s dis-
ease, and its aggregation upon Zn2+ binding.[9] Aβ has a native 
Zn2+ binding site that binds the metal ion in a 1:1 ratio. A model 
peptide of Aβ with the sequence Ac-DAEFRHDSGYEVHHQK[5] 
(pAβ(1-16)) that contains a phosphorylated Ser was used to inves-
tigate the effect of this PTM. Probing the stoichiometry between 
Zn2+ and pAβ(1-16) revealed the presence of two binding sites 
with stoichiometries of 1:1 and 1:0.5. This occurrence, which was 
not observed in the non-phosphorylated analog, indicated dimer 
formation through bridging two peptides with Zn2+ ions. A struc-
tural elucidation study revealed that the phosphate-containing 
binding site hijacked an AA residue from the original binding 
site, interrupting its completion. In the non-modified peptide, the 
fragment EVHH binds one Zn2+ ion in a first step, and His at posi-
tion 6 closes the first coordination sphere. However, the same His 
in pAβ(1-16) is excluded from this binding site by forming the 
second binding site with pS8. Consequently, the first binding site 
is completed by residues from another phosphorylated peptide, 
giving rise to the dimerization event. 

1.2 Cys Oxidation
1.2.1 Methanobactin

Methanobactin is a Cu-binding metallophore (Fig. 2).[10,11] 
This ribosomally-synthesized and post-translationally modified 
peptide (RiPP) is produced by methanotrophs, methane-metab-
olizing bacteria that require elevated intracellular Cu concentra-

ditional AAs participate in the first coordination sphere. However, 
the phosphorylated Tyr directly interacts with the cation without 
further participation of other residues, thereby demonstrating two 
different metal-binding modes installed into the peptide.[6] These 
results show the impact that a single AA modification can have 
on metal binding. 

1.1.2 α-Synuclein 
α-Synuclein (α-syn) is an additional example of the effect of 

phosphorylation on metal-binding properties.[7,8] This well-inves-
tigated protein, which makes up a large portion of insoluble fi-
brils that occur in individuals with Parkinson’s disease, undergoes 
phosphorylation at two sites: Y125 and S129 (serine, Ser). The 
impact of phosphorylation on fibril formation was examined with 
the model 14-mer peptide of the C-terminal region of α-syn (posi-
tions 119–132): Ac-DPDNEAYEMPSEEG[5] and its phosphory-
lated analogs pY125 and pS129. The peptides were reacted with 
Tb3+ ions as they display enhanced luminescence if they are bound 
near a phosphorylated Tyr and are also sensitive to multidentate 
coordination environments due to quenching by coordinated wa-
ter molecules. These properties can therefore be leveraged to gain 
insight into metal coordination. Spectroscopic data indicated that 
pY125 exhibits the strongest affinity for Tb3+ with a fivefold lower 
KD value than pS129 or its non-phosphorylated counterpart, show-
ing the importance of the location and residue of the phosphoryla-
tion site. pY125 was further evaluated on its ability to selectively 
bind metal ions using ESI-MS.[7] While no complexation was ob-
served with any of the divalent metal ions tested (Ca2+, Mg2+, Zn2+, 
Mn2+, Co2+, and Cu2+), the peptide bound Tb3+, Fe3+, and Al3+ ions, 
pointing towards a selectivity for trivalent metal ions. 

The three peptides underwent a competition experiment on 
Fe3+ ions where only pY125 was able to complex the metal ion, 
resulting in a change of its secondary structure.[7] Altogether, 

Table 1. ncAAs described herein

Name Original AA Modification Metal ions Examples

 1 pTyr (or pY) Tyr Phosphorylation
Fe3+,  
Tb3+

Cholecystokinin, 
α-Synuclein

 2 sTyr (or sY) Tyr Sulfurylation Fe3+ Cholecystokinin 

 3 pSer (or pS) Ser Phosphorylation
Fe3+,  
Tb3+,  
Zn2+

α-Synuclein,  
Amyloid-β 

 4 Cys-SO
2
- Cys Oxidation Tb3+ CaM

 5
oxazolone-
thioamide

Ser and Cys
Oxidation and 
rearrangement

Cu+ Methanobactin

 6 Catechola – – Fe3+

Fuscachelin A, 
Alterobactin A,  
and B

 7 ahOrnb Orn
Acylation and 
hydroxylation

Fe3+

Ornibactin,  
Ferrichrome,  
Attinimicin 

 8 β-OH-Asp Asp Hydroxylation Fe3+ Ornibactin, Alterobactin 
A and B

 9 Bpy-Ala Ala – Ni2+ Self-assembly,  
catalysis

10 Phen-Cys Cys – Ni2+ Self-assembly

11 HQ-Ala Ala –
Zn2+,  
Cu2+

Anchoring,  
sensing, catalysis

12 β-SH-Asp Asp Thiolation Pb2+ Peptidic  
chelating agent

acatechol is not derived from an 
AA. bN5-acyl-N5-hydroxy-ornithine  
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affinity for Fe3+ ions, with a reported Ka value of 1049–1053.[14] 
This value is one of the highest affinities reported for sidero-
phores today. The siderophores typically bind the metal ion in 
a distorted octahedral geometry, where each of the three binding 
groups contributes two coordination bonds. The overall charge 
of the complex depends on that of the ligand that is in the range 
of tri- to penta-anionic, resulting in either neutral or negatively 
charged complexes. To electrostatically stabilize the latter, basic 
AAs, usually arginine (Arg, R), serve as the second coordination 
spheres. Noteworthy, metal-binding requires only minor confor-
mational change of the ligands compared to the apo peptides. This 
exemplifies very well-defined scaffolds that are specifically tuned 
for coordinating Fe3+ ions. In addition, theoretical calculations for 
alterobactin A showed that any change in stereochemistry would 
impair Fe3+ binding, which further underlines the exquisite fine-
tuning these ligands have achieved.[14]

1.4 Peptide Antifungals 
With a remarkable resemblance to peptide siderophores, pep-

tide antifungals are formed by bacteria under symbiotic arrange-
ments with protected fungi.[15] These secondary metabolites con-
tain similar functional groups, mainly but not only the Orn-based 
hydroxymates. Recently, a new antifungal peptide named attin-
imicin (Fig. 2) was discovered that shows an iron-dependent ac-
tivity; only the apo peptide is active, where metal-binding shields 
its toxicity.[15] While the whole mechanism is still unclear, this 
peptide binds Fe3+ with an association constant of 1019, which 
is dramatically weaker than siderophores.[15] These critical dif-
ferences in binding constants hint that, unlike other siderophore-
based antimicrobial substances, attinimicin does not hijack the 
precious metal ions nor uses their transmembranal receptors to 
penetrate the cells. 

2. Artificial Systems
Proteins and peptides have found many applications in arti-

ficial systems for purposes such as catalysis, detection, and the 
formation of self-assembled structures. As de novo protein de-
sign is still a challenging task, ncAAs have been exploited too, to 
broaden the toolkit and achieve desired functions more readily.

2.1 Detection of Cys Oxidation
The amino acid Cys is subjected to a wide range of PTMs; 

some involve its oxidation that can alter metal binding. Zondlo 
and Urney probed the effect of Cys oxidation to sulfinic acid (Cys-
SO

2
–) on metal-binding in an EF-Hand motif and harnessed this 

PTM to develop it into a genetically encodable protein tag that is 
responsive to this particular Cys oxidative modification by giving 
rise to luminescence in the presence of Tb3+ ions.[16] Short pep-
tides were designed based on the Ca2+ binding calmodulin (CaM) 
EF-Hand motif, which shows the response to Cys-SO

2
– formation 

through enhanced Tb3+ binding. Cys and Cys-SO
2

– were system-
atically placed in the mimetic peptide Ac-DKDACGWISPAEAK-
NH

2
.[5] Replacing the native Asp with Cys-SO

2
– enabled a tight 

binding of Tb3+ ions without the loss of function due to similar 
properties, such as oxygen donating groups and negative charges 
at physiological pH. This occurred even though Cys-SO

2
– has a 

tetrahedral geometry and not a planar one, like Asp. Furthermore, 
it was found that the structures of this metal-bound peptide closely 
resemble the metal-bound native peptide. This undermined the as-
sumption that Cys-SO

2
– can replace Asp in this specific peptide. In 

contrast, incorporating Cys instead of Asp dramatically lowered 
the binding affinity since the thiol is a smaller functional group 
that predominantly exists in its protonated form. Interestingly, 
various Cys-related PTMs, including other oxidation species, did 
not bind Tb3+ ions within this construct, as reflected by the low 
fluorescence. Hence, Tb3+ can selectively probe the formation of 
Cys-SO

2
– species in this sequence.

tions as cofactors in methane oxidation by methane monooxy-
genases. Methanobactin, whose original sequence is (Leader)-
LCGSCYPCSCM,[5] undergoes extensive PTMs that reshape and 
enhance its chelating properties and enable exceptionally high Cu 
affinities.[11] Among these modifications, two Cys residues (bold 
and underlined) undergo a rearrangement that includes enzymatic 
oxidation to form oxazolone-thioamide moieties, each of which 
binds Cu+ bidentatly via their S and N atoms. This results in an 
N

2
S

2
 binding site with a distorted tetrahedral geometry, which 

eventually forms a mononuclear complex with an overall asso-
ciation constant in the range of 1021 M. Noteworthy, such a strong 
binding cannot be achieved by non-modified, canonical AAs. 

1.3 Peptide Siderophores 
Peptidic iron siderophores are another example of highly 

modified compounds that enhance selective and potent metal-
binding.[12] This class of nonribosomal peptides evolved to supply 
the microorganism sufficient amounts of essential Fe3+ ions that 
under aerobic conditions are scarce. These ligands are, therefore, 
among the strongest binders for Fe3+ ions. These ultrahigh affini-
ties achieved by siderophores are thanks to the unique functional 
groups that are not found in non-modified peptides and proteins. 
Three functional groups are repeatedly present as Fe3+ bidentate 
binders in these siderophores: catecholate, hydroxymate, and 
α-hydroxy carboxylate (Fig. 1, Table 1, compounds 6–8, respec-
tively).[12] While the catechol is not derived from an AA but is 
introduced to the assembly-line directly as a catechol thioester, 
the other two binding groups are modified AAs: hydroxymates 
are products of ornithine (Orn) acylation and hydroxylation and 
α-hydroxy carboxylates of aspartic acid (Asp) hydroxylation.[13]

Peptide siderophores can be found linear or cyclic. Examples 
of such peptides are ornibactin, fuscachelin A, ferrichrome, al-
terobactin A, and its linear counterpart, alterobactin B (examples 
in Fig. 2). Alterobactin A demonstrates an extraordinarily high 
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vestigated for its coordination properties. Inspired by β-OH-Asp 
in siderophores, we envisioned that this AA that mimics the che-
lating agent dimercaptosuccinic acid (DMSA; Fig. 3c) could also 
serve as an excellent coordinating residue of Pb2+ ions. This is due 
to the preference of these toxic ions to bind both thiolates and car-
boxylates so that upon binding, a stabilizing five-membered ring 
is formed. We, therefore, synthesized a peptide analog with the 
sequence cyc-[(SD) βADβA] (Fig. 3b), replacing Cys with SAsp. 
This peptide was found to be superior to the Cys-containing pep-
tide, with improved characteristics in every tested aspect: higher 
potency in recovering Pb-contaminated cells, lack of toxicity, en-
hanced affinity, and metal selectivity.[26] It was also found stable 
toward oxidation and degradation for 48 h in human blood serum, 
while the Cys-containing peptide underwent oxidation in a similar 
setup.[26] These results indicate the great promise that ncAAs also 
hold toward pharmaceutical purposes.

3. Conclusions and Outlook
The examples presented herein manifest the vast potential 

of ncAAs to allow polypeptides to attain strong metal-binding 
properties that cannot be achieved with proteinogenic residues. 
Natural systems rely on dynamic metal coordination that enables 
fast binding and release of the ion(s) upon a chemical or physical 
trigger. In addition, as ribosomal polypeptides are composed of 
the same proteinogenic AAs but serve a wide array of properties 
and functionalities, an ultra-strong metal-binding by a canonical 
AA could negatively influence many biomolecules that should not 
have interacted with metals. As some systems still require more 
potent and robust metal-binding properties, nature overcame this 
challenge by the modifications described above. 

Inspired by these abilities, and while observing the artificial 
systems that implement ncAAs for various purposes, we learn 
about the multiple options latent with ncAA incorporation. 
Whether for achieving metal selectivity or outstanding affinity, 
inducing new functionality by incorporating non-native metal 
ions, or introducing non-essential ions to natural systems, all can 
be performed elegantly with the aid of ncAAs. 
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2.2 Coordination-driven Self-assembly
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Ala (bpy-Ala; Fig. 1, Table 1, compound 9) residues into an acet-
yltransferase via site-directed mutagenesis. This AA bears two 
nitrogens that can act as a ligand for metal ions. Adding Ni2+ ions 
to these modified proteins was shown to induce well-defined self-
assembly of protein subunits through chelation. Ni2+ ions bridged 
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2
]2+, where each 

bpy-Ala derives from a separate protein molecule. As the WT 
protein did not form any higher-ordered structures, it was shown 
that metal chelation was the main driving force for self-assembly, 
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semblies, such as 1D and 2D structures or fibrils, could be gener-
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proach was exploited with the phenanthroline (Phen; Fig. 1, Table 
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